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Enhanced CAR-T cell activity against
solid tumors by vaccine boosting
through the chimeric receptor

Leyuan Ma'2, Tanmay Dichwalkar’, Jason Y. H. Chang’, Benjamin Cossette’,
Daniel Garafola', Angela Q. Zhang', Michael Fichter’, Chensu Wang', Simon Liang’,
Murillo Silva', Sudha Kumari', Naveen K. Mehta'>3>, Wuhbet Abraham’,

Nikki Thai', Na Li', K. Dane Wittrup®*, Darrell J. Irvine"23%6%

Chimeric antigen receptor-T cell (CAR-T) therapy has been effective in the treatment of
hematologic malighancies, but it has shown limited efficacy against solid tumors. Here
we demonstrate an approach to enhancing CAR-T function in solid tumors by directly
vaccine-boosting donor cells through their chimeric receptor in vivo. We designed
amphiphile CAR-T ligands (amph-ligands) that, upon injection, trafficked to lymph nodes
and decorated the surfaces of antigen-presenting cells, thereby priming CAR-Ts in

the native lymph node microenvironment. Amph-ligand boosting triggered massive
CAR-T expansion, increased donor cell polyfunctionality, and enhanced antitumor efficacy
in multiple immunocompetent mouse tumor models. We demonstrate two approaches
to generalizing this strategy to any chimeric antigen receptor, enabling this simple
non-human leukocyte antigen-restricted approach to enhanced CAR-T functionality to

be applied to existing CAR-T designs.

himeric antigen receptor-T cell (CAR-T)

immunotherapy targeting the CD19 anti-

gen has produced some marked clinical

responses in patients with leukemia and

lymphoma, including a high proportion of
durable complete remissions (7, 2). However,
poor functional persistence of CAR-Ts in some
patients results in disease progression (3). De-
spite the success of CAR-T therapy in hemato-
logical cancers, it has to date been much less
effective for solid tumors, and strategies to en-
hance efficacy in this setting remain an impor-
tant goal (4, 5). Therapeutic vaccination is one
well-established approach to enhance endoge-
nous T cell responses against cancer (6). Several
groups have demonstrated the concept of pre-
paring CAR-Ts from virus-specific endogenous
lymphocytes or introducing a CAR together with
a second antigen receptor specific for a target
peptide and then vaccinating recipients against
the viral or secondary antigen to boost CAR-T
therapy (7-9). However, these approaches suf-
fer from being human leukocyte antigen (HLA)
restricted, and the use of endogenous T cell
receptors (TCRs) may be superseded by recent
advances where CARs genetically targeted to
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the native TCR locus (thereby deleting the
native TCR) have significantly enhanced acti-
vity (10).

‘We recently developed a strategy to target vac-
cines to lymph nodes by linking peptide antigens
to albumin-binding phospholipid polymers (11).
Small peptides are normally rapidly dispersed
into the blood after parenteral injection, but
binding of amphiphile peptides to endogenous
albumin, which constitutively traffics from blood
to lymph, retargets these molecules to lymph
nodes (LNs). In addition to exhibiting efficient
lymph trafficking, these lipid-tailed molecules
can also insert into cell membranes (12). We
therefore hypothesized that by attaching a small
molecule, peptide, or protein ligand for a CAR to
the same polymer-lipid tail, CAR ligands could
be delivered by albumin to LNs and subsequently
partition into membranes of resident antigen-
presenting cells (APCs), thereby codisplaying the
amphiphile ligand (amph-ligand) from the APC
surface together with native cytokine-receptor
costimulation (Fig. 1A). Here we show how the
dual properties of amph-ligands, lymph node
targeting and membrane insertion, combine to
create a booster vaccine for CAR-Ts. This amph-
ligand strategy safely expands CAR-Ts in vivo,
while increasing their functionality and enhanc-
ing antitumor activity in multiple models of solid
tumors.

To test the ability of amph-ligands to func-
tionally decorate APCs in vivo, we first employed
arecently described “retargetable” CAR recogniz-
ing the small molecule fluorescein isothiocyanate
(FITC), which is directed against tumors by co-
administration of a FITC-conjugated antitumor
antibody (13). The anti-FITC scFv 4m5.3 peptide
(14) was fused to the CD8a transmembrane do-

www.SCIENCEMAG.org

main followed by CD28 and CD3( intracellular
domains; the cognate amph-ligand for this mu-
rine CAR is FITC-poly(ethylene glycol) (PEG)-
1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(amph-FITC; Fig. 1B). When incubated with model
APCs in vitro, amph-FITC was absorbed into the
plasma membrane in a dose-dependent manner,
and despite ongoing endocytosis, many mole-
cules remained accessible to surface staining
with an anti-FITC antibody (Fig. 1, C and D).
Amph-FITC-coated cells stimulated FITC-CAR-
Ts in a dose-dependent manner and were killed
by FITC-CAR-Ts (Fig. 1, E and F).

On the basis of these findings, we next tested
whether amph-FITC molecules could decorate
APCs in LNs to prime FITC-CAR-Ts in vivo. Sub-
cutaneous (s.c.) immunization of mice with free
FITC did not result in accumulation in the drain-
ing LNs, whereas 10 nmol of amph-FITC was
detectable for 21 days (fig. SIA). Amph-FITC
primarily accumulated in draining LNs, with
low to negligible levels detectable in the liver,
spleen, and other organs (fig. S1B). Confocal
imaging of LNs showed that amph-FITC ini-
tially accumulated in interfollicular regions but
partitioned onto CD11c" dendritic cells (DCs) in
T cell areas over time (Fig. 2, A and B, and fig.
S1C). Surface-displayed FITC could be detected
on sorted FITC* CDI11c" cells stained with an anti-
body against FITC (Fig. 2C and fig. S1D). In con-
trast to the efficient amph-FITC insertion into
the membranes of many LN cell types in vitro,
surface-accessible FITC was present primarily
on macrophages and CD11c* CD11b" DCs in vivo
(Fig. 2D and fig. S2, A and C). DCs line colla-
gen conduits that carry lymph fluid into the
LN, and we hypothesize that the anatomic struc-
ture of LNs in part dictates preferential access
of these cells to amph-vax molecules entering
LNs (I5). This is supported by the observation
that amph-FITC coinjected with a low-molecular-
weight dextran [which is known to be trans-
ported through the LN conduit system (16)]
showed substantial colocalization in fiber-like
structures extending from the sinuses (fig. S2D).
Immunization using amph-FITC together with the
STING agonist adjuvant cyclic-di-GMP increased
the duration of amph-FITC display on multiple
APCs and, as expected, led to up-regulation of
costimulatory molecules on amph-FITC* DCs
(Fig. 2E and fig. S2E). Notably, however, surface-
accessible FITC decayed quickly and persisted on
only a small fraction of cells.

To test the ability of amph-ligand immuniza-
tion to expand CAR-Ts in vivo, we transferred
CD45.1" FITC-CAR-Ts into lymphocyte (lympho)-
depleted congenic CD45.2" recipient mice and
subsequently vaccinated twice with amph-FITC
and adjuvant. The CAR-Ts expanded substan-
tially after amph-FITC vaccination, and expan-
sion was increased by coadministering adjuvant
(Fig. 2F). For example, transfer of 5 x 10* FITC-
CAR-T followed by amph-FITC vaccination with
adjuvant expanded these cells to a peak of
~70% of the total CD8" T cell compartment,
yielding a CAR-T population nearly double the
size achieved by administering a 200-fold-greater
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ligand immunization, we depleted different cell
types in LNs. CAR-T expansion in response to
amph-FITC immunization was not impaired
in Batf3~'~ mice lacking cross-presenting DCs,
but depletion of total DCs in CDI1c-diphtheria
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toxin receptor (DTR) mice or macrophages using
chlodronate liposomes led to significant reduc-
tions in CAR-T cell numbers (fig. S3, A to C). In
addition, the cytokine functionality of respond-
ing CAR-Ts was reduced in all three settings (fig.
S3, A to C). In vivo blockade of a collection of co-
stimulatory molecules expressed by APCs also
markedly suppressed both FITC-CAR-T expan-
sion and cytokine functionality in response to
amph-FITC immunization (fig. S3D).

A key concern with amph-ligand delivery is
the potential for toxicity from CAR-T-mediated
killing of decorated cells in LNs or other tissues.
Consistent with the low fraction of any cell type
with detectable surface FITC ligand, no signifi-
cant changes in viable LN cell populations were
detectable 1 day, 3 days, or 14 days after amph-
FITC immunization (fig. S4, A to C). No changes
in systemic liver enzymes, liver histopathology or
CAR-T infiltration, or serum cytoKine levels were
observed after amph-FITC boosting (fig. S4, D to
I). We further evaluated the functional integrity
of vaccinated LNs by administering an amph-
FITC boost in the presence or absence of trans-
ferred FITC-CAR-Ts and then immunizing animals
with ovalbumin at the same site 5, 7, or 14 days
later (fig. S4J). We observed decreased expan-
sion and functionality of endogenous SIINFEKL-
specific T cells when animals were immunized
5 days—but not 7 or 14 days—after amph-FITC
boost, suggesting that the combination of CAR-T
transfer and amph-FITC vaccination has a short-
term effect on priming of endogenous T cell
responses [which recovers rapidly (fig. S4K)].
Owing to the lack of T cell help, repeated amph-
FITC immunization with adjuvant elicited no
antibody response against the amph-ligand it-
self (fig. S5).

We next evaluated if amph-ligands could be
used to prime a bona fide tumor antigen-specific
CAR. The EGFRvIII-specific 139scFv CAR recog-
nizes a short linear epitope derived from EGFRVIIL
(17). We prepared murine T cells expressing this
CAR and synthesized an amph-vax molecule
composed of PEG-DSPE linked to the peptide
ligand with or without an N-terminal FITC label
(amph-pepvlIIl; Fig. 3A). Similar to amph-FITC,
amph-pepvlIII inserted in cell membranes in vitro
and the amph-pepvIII-coated cells stimulated
EGFRVIII-CAR-Ts (fig. S6, A and B). Immunization
of mice with amph-pepvIII triggered EGFRVIII-
CAR-T proliferation in vivo (Fig. 3B). To test the
therapeutic impact of vaccine boosting, we trans-
duced murine CT-2A glioma cells with EGFRVIII;
these cells were efficiently killed by EGFRVIII-
CAR-Ts in vitro (fig. S6, C and D). Transfer of
EGFRVIIT-CAR-T into lympho-depleted CT-2A-
mEGFRVIII tumor-bearing mice that were then
immunized with amph-pepvIII expanded the
CAR-Ts substantially in the periphery (Fig. 3C).
Vaccination induced significant increases in
the proportion of cells with an effector phenotype
(fig. S6E) and 5- to 10-fold increases in CAR-
T cell polyfunctionality (Fig. 3D). Amph-vax boost-
ing greatly increased CAR-T infiltration into tumors,
and these tumor-infiltrating lymphocytes expressed
higher levels of granzyme B and Ki67 than un-

boosted CAR-Ts (Fig. 3E). In therapeutic studies,
animals receiving both CAR-T and repeated
amph-vax boosting had significantly delayed
tumor growth and prolonged survival (Fig. 3, F
and G). Treatment with 1 x 10° CAR-Ts alone led
to no long-term survivors, while this same CAR-T
dose boosted by amph-vaccination eliminated
tumors in a majority of animals (Fig. 3, F and G).
Administration of amph-pepvIII with adjuvant
in the absence of CAR-Ts had no therapeutic
impact (fig. S6F). EGFRVIII-CAR-Ts from vacci-
nated animals persisted over time, and surviv-
ing animals rejected tumor rechallenge at day
75 (fig. S6, G and H). Notably, animals that re-
jected primary tumors after CAR-T plus amph-
vax boosting therapy also rejected rechallenge
with parental CT-2A tumor cells lacking the lig-
and for the CAR-Ts, suggesting induction of an
endogenous T cell response against other tumor
antigens (fig. S6I). Motivated by this finding, we
evaluated the reactivity of splenocytes from CT-
2A-mEGFVIII tumor-bearing mice that received
CAR-Ts with or without two amph-pepvIII boosts.
Enzyme-linked immunosorbent spot (ELISPOT)
analysis of interferon-y (IFN-y) production by
splenocytes cultured with parental CT-2A cells
revealed a strong endogenous T cell response
against parental tumors (Fig. 3H). Similar to
amph-FITC-vaccinated mice, no antibody re-
sponse was elicited against pepvIII after three
rounds of weekly vaccination (fig. S6J). We also
evaluated the therapeutic efficacy of CAR-T plus
amph vaccination in tumor-bearing mice with-
out lympho-depletion preconditioning. Tumor
progression in animals receiving CAR-T alone
was indistinguishable from that in animals re-
ceiving control untransduced T cells, whereas
CAR-T transfer combined with amph-pepvIII
immunization delayed tumor growth and pro-
longed animal survival (Fig. 3, I and J). In both
the lympho-depleted and non-lympho-depleted
settings, amph-vax boosting was accompanied
by small transient alterations in animal body
weight and minimal alterations in serum cyto-
kine levels (fig. S6, K and L). To assess the util-
ity of amph-vax boosting with a more potent
“third-generation” CAR design, we generated an
EGFRvIII-targeting CAR containing both CD28
and 41BB co-stimulatory domains. This CAR was
well-expressed and functional in vitro (fig. S7, A
and C). We then treated large (~50-mm?) estab-
lished CT-2A-mEGFRVIII tumors with EGFRVIII-
28BBzCAR-T cells, with or without amph-pepvIII
boosting. In this high tumor burden setting, the
CAR-Ts alone had a modest impact on tumor
progression, and amph-ligand boosting greatly
improved tumor control and enhanced overall
survival (fig. S7, D and E).

Although use of a peptide ligand for CAR-Ts
was effective, some CARs recognize three-dimensional
structural epitopes (I8). As an alternative strategy
to amph-ligand boost with any CAR regardless
of the nature of its binding domain or specific-
ity, we devised a tandem scFv-based bispecific
CAR based on recently reported designs (19).
The anti-FITC scFv was fused to the N-terminal
extracellular domain of a tumor-targeting CAR

www.SCIENCEMAG.org

(TA99) that recognized the melanoma-associated
antigen TRP1 (Fig. 4, A and B). FITC/TRP1-CAR-
Ts were activated both by amph-FITC-coated
target cells and by TRP1-expressing B16F10 cells
(fig. S8A), and killed TRP1" target cells at levels
equivalent to those cells expressing mono-
specific TRP1-CAR (Fig. 4C). In vivo, amph-
FITC vaccination stimulated FITC/TRPI-bispecific
CAR-T proliferation (fig. S8B). Similar to obser-
vations in the EGFRVIII system, amph-vax boost-
ing of FITC/TRP1-CAR-T in B16F10 tumor-bearing
animals led to pronounced CAR-T expansion in
the periphery and increased tumor infiltration
(fig. S8, C and D), with minimal serum cytokine
elevation and transient fluctuations in body
weight after each vaccination (fig. S8, E and F).
Whereas adoptive therapy with FITC/TRP1-CAR-
T alone had almost no effect on B16F10 tumor
progression, repeated boosting after transfer with
amph-FITC led to pronounced slowing in tumor
growth and extended survival (Fig. 4, D and E).
One resistance mechanism to CAR-T therapy is
loss of surface antigen (20), but we did not ob-
serve apparent Trpl loss upon tumor outgrowth
in this model (fig. S8, G and H). To assess poten-
tial autoimmune toxicity induced by amph-vax
boosting, we examined thymus and skin tis-
sues (which naturally express Trpl) from treated
animals, but we found no changes in histopathology
or CAR-T infiltration into the thymus with amph-
vax boosting (fig. S8, I to K). We also assessed
whether CAR-T therapy with vaccine boosting
would be more effective if mixed CD4/CD8 CAR-
Ts were used. In vitro, both CD4" and CD8" CAR-Ts
were activated by culture with amph-ligand-
coated target cells (fig. SS8L), and similar ther-
apeutic efficacy was observed when B16F10 tumors
were treated with CD8 as with mixed CD4/CD8
FITC/Trp1-CAR-Ts boosted by amph-FITC vac-
cination (fig. S8, M and N).

To assess the broad applicability of this bi-
specific CAR platform irrespective of animal
strain or haplotype and to evaluate treatment
of metastatic disease, we prepared 4T1 tumor
cells transduced to express mEGFRvVIII and
luciferase, modeling EGFRVIII" breast cancer
(21) on the BALB/c background. A cognate FITC/
EGFRvIII-bispecific CAR was generated, which
was well-expressed in BALB/c T cells and was
functional in vitro and in vivo (fig. S9, A and
D). 4T1-mEGFRVIII tumor cells were injected
intravenously (i.v.) into BALB/c mice to induce
lung metastases and then treated with FITC/
EGFRVIII-CAR-T with or without amph-FITC
boosting. Tumor progression as assessed by
bioluminescence imaging was significantly im-
pacted only when CAR-Ts were supplemented
with amph-ligand boosting (fig. SOE), leading
to prolonged survival and clearance of tumors
in two of five animals (fig. SOF). In the CAR-T
plus amph-vax-treated animals that relapsed,
EGFRVIII surface levels were markedly reduced,
suggesting selection of low-antigen-expressing
or null tumor cells during therapy (fig. S9G).
Finally, to verify that this bispecific CAR ap-
proach could also be used to boost human CAR-T,
we constructed a FITC/hCD19-bispecific human
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Fig. 3. Amph-peptide ligands boost CAR-Ts in vivo for enhanced
solid tumor immunotherapy in mice. (A) Structure of amph-pepvlll
and surface expression of EGFRvIII CAR. (B) Representative histogram
showing EGFRVIII-CAR-T proliferation in LNs 48 hours after amph-pepvlll
vaccination (n = 3 animals per group). (C and D) Expansion (C) and
cytokine polyfunctionality at day 7 (D) of circulating EGFRvIII-CAR-Ts
following a single amph-pepvlll immunization (n = 5 animals per group).
(E) Enumeration, granzyme B levels, and Ki67 levels of tumor-infiltrating
EGFRVIII-CAR-Ts (n = 4 animals per group) with or without amph-pepvlll
boost. (F to J) Tumor growth [(F) and (1)], ELISPOT of enriched CD3*
splenocytes cultured with irradiated parental CT-2A tumor cells (H), and
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Days post tumor inoculation

survival [(G) and (J)] of mEGFRVIII-CT-2A tumor-bearing mice treated
with EGFRVIII-CAR-T with or without amph-pepvlil vaccination for
animals that were lympho-depleted [(F) and (G) n = 5 animals per group;
(H) n = 4 animals per group)], or lympho-replete [(I) and (J) n =7
animals per group)] prior to adoptive transfer. The black arrow indicates
time of CT-2A-EGFRVIII tumor rechallenge. The red arrow indicates

time of parental CT-2A tumor rechallenge. P values were determined

by unpaired Student’s t test [(D), (E), and (H)], by an RM two-way
ANOVA with Tukey's multiple-comparisons test [(C), (F), and (1)], or

by log-rank test [(G) and (J)]. Error bars represent 95% CI. ***P < 0.001;
**P < 0.01; *P < 0.05; n.s., not significant.
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against CD19 (22) and expressed this CAR in | 1.
human T cells (Fig. 4F). Human FITC/hCD19-
CAR-Ts were stimulated by both CD19* Raji cells
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Adaptive mutability of colorectal cancers in response

to targeted therapies
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The emergence of drug resistance limits the efficacy of targeted therapies in human tumors. The
prevalent view is that resistance is a fait accompli: when treatment is initiated, cancers already contain
drug-resistant mutant cells. Bacteria exposed to antibiotics transiently increase their mutation rates
(adaptive mutability), thus improving the likelihood of survival. We investigated whether human
colorectal cancer (CRC) cells likewise exploit adaptive mutability to evade therapeutic pressure. We
found that epidermal growth factor receptor (EGFR)/BRAF inhibition down-regulates mismatch repair
(MMR) and homologous recombination DNA-repair genes and concomitantly up-regulates error-prone
polymerases in drug-tolerant (persister) cells. MMR proteins were also down-regulated in patient-derived
xenografts and tumor specimens during therapy. EGFR/BRAF inhibition induced DNA damage, increased
mutability, and triggered microsatellite instability. Thus, like unicellular organisms, tumor cells

evade therapeutic pressures by enhancing mutability.

ore than 75 years ago, Luria and

Delbriick demonstrated that bacte-

rial resistance to phage viruses was

due to random mutations that spon-

taneously occurred in the absence of
selection (I). Resistance to targeted thera-
pies in human tumors is also widely thought
to be due to mutations that exist before treat-
ment (2). The conventional view is that re-
lapses occur because drug-resistant mutant
subclones are present in any detectable meta-
static lesion before the initiation of therapy.
According to this view, resistance is a fait
accompli, and the time to recurrence is merely
the interval required for preexisting drug-
resistant (mutant) cells to repopulate the
lesion (3).

Here, we explore the hypothesis that resist-
ance to targeted therapies can also be fostered
by a transient increase in genomic instability
during treatment, leading to de novo muta-
genesis. A similar process has been shown to
increase the emergence of microbial strains
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resistant to antibiotics (4, 5). In a stable mi-
croenvironment, the mutation rate of micro-
organisms is usually low, which precludes the
accumulation of deleterious mutations. How-
ever, several mechanisms of stress-induced
genetic instability and increased mutabil-
ity, known as stress-induced mutagenesis
(SIM), have been described in bacteria and
yeast (6-12).

Bacterial persister cells can survive lethal
stress conditions imposed by antibiotics
through a reduction in growth rate. A sub-
sequent reduction in the efficiency of DNA
mismatch repair (MMR) (4, 9, 13) and a shift
to error-prone DNA polymerases increases
the rate at which adaptive mutations occur
in the surviving population (4, 9, 14, 15). Se-
lection then allows the growth of mutant
subpopulations capable of replicating under
stressful conditions. Once the stressed pop-
ulation has adapted to the new conditions,
the hypermutator status is counterselected
to avoid the accumulation of deleterious mu-
tations and to prevent the continuous in-
crease of mutational load (9, 16-20). Together,
these processes boost genetic diversity, foster
adaptability to new microenvironments, and
contribute to the development of resistance
(9, 12, 18, 19).

In the setting of cancer, the emergence of
a drug-tolerant persister population is often
observed when oncogene-dependent tumor
cells are challenged with targeted agents (21).
Persister cancer cells survive exposure to tar-
geted therapies through poorly understood
mechanisms (21) and represent a reservoir

from which genetically divergent, drug-resistant
derivatives eventually emerge (22, 23). Recent
work showed that drug-resistant mutant can-
cer cells can originate not only from rare,
preexisting mutant clones, but also from drug-
tolerant subpopulations (24). The probability
that the latter resistance mechanism occurs
would be greatly increased if the genetic di-
versity of tumor cells were enhanced during
treatment. Accordingly, we hypothesized that
during the persister state, tumor cells, like
unicellular organisms, alter DNA-repair and
DNA-replication mechanisms to enhance
adaptive mutability.

Targeted therapy—-induced down-regulation of
MMR and HR proficiency of CRC cells

To test our hypothesis, we studied the re-
sponse of microsatellite-stable (MSS) human
colorectal cancer (CRC) cell lines to the anti-
EGFR (epidermal growth factor receptor) anti-
body cetuximab, which is approved, together
with panitumumab, for the treatment of pa-
tients with metastatic CRC whose tumors lack
RAS and BRAF mutations (25), or with the
BRAF inhibitor dabrafenib (DAB) as combina-
torial treatment, which has shown promising
activity in patients with CRC harboring BRAF
mutations (26). We selected human CRC cell
lines that are RAS and BRAF wild-type and
sensitive to EGFR blockade (DiFi cells, fig. S1A)
or that carry the oncogenic BRAF p.V60OE mu-
tation and are sensitive to concomitant EGFR
and BRAF inhibition (WiDr cells, fig. S1A).
Treatment with targeted agents led to Gy cell-
cycle arrest (fig. S1B). However, a small num-
ber of drug-tolerant persister cells survived
several weeks after treatment initiation (fig.
S1, C and D). Indeed, when drug pressure was
removed, these cells rapidly resumed growth
and again showed sensitivity to targeted ther-
apy, thus demonstrating that persisters are
only transiently and reversibly resistant to
the treatment (fig. S1, E and F). By contrast,
prolonged treatment led to the generation of
permanently resistant cells, which did not
reacquire sensitivity after the removal of drug
pressure (fig. S1, E and F).

We next assessed whether CRC cells modu-
late the expression of DNA-repair genes upon
drug treatment. Transcriptional profiles re-
vealed decreased expression of the MMR genes
MLHI1, MSH2, and MSHG6, as well as of ho-
mologous recombination (HR) effectors such
as BRCA2 and RAD51 (Fig. 1A and fig. S1, G
and H). Expression of EXOI, a gene coding for
an exonuclease that participates in mismatch
and double-strand break (DSB) repair, was also
affected (Fig. 1A and fig. S1, G and H). A time-
dependent down-regulation of MMR and HR
proteins was also observed (Fig. 1B and fig. S2,
A and B). Comparable results were obtained
in another cetuximab-sensitive human CRC
cell line, NCIH508 (fig. S3, A to C), and in
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BRAF-mutant HT29 cells that were derived
from the same patient from whom the WiDr
cell line originated (fig. S3, D and E). Further-
more, we confirmed that down-regulation or
loss of DNA-repair components is maintained
in persister cells (fig. S4, A to D). Therapy-
induced modulation of DNA-repair gene ex-
pression was transient and expression levels
returned to normal upon removal of treatment
(fig. S5A). Cancer cells that had previously
developed permanent resistance to targeted
agents did not modulate the expression of
DNA-repair genes in response to drugs (fig.
S5, B and C).

To ascertain whether targeted therapies
affect DNA-repair competence in CRC cells,
we used fluorescence-based multiplex host-
cell reactivation (FM-HCR) assays (27). CRC
cells were transfected with a G:G mismatch-
containing plasmid to determine the impact
of drug treatment on MMR capacity. An
MMR-deficient (MMRd) human CRC cell
line (LIM1215) was used as a positive control
for MMR loss. We found that in CRC cells
treated with targeted agents, MMR proficiency
(MMRp) was significantly reduced (Fig. 1C and
fig. S6A).

We next evaluated cellular HR capability by
using the two-step, plasmid-based pDRGFP/
pCBASce-I assay (28). Upon stable expres-
sion of the pDRGFP plasmid, we measured
the generation of a green fluorescent sig-
nal upon DSBs induced by Sce-I expression.
This assay showed that both DiFi and WiDr
cells had a marked reduction in HR profi-
ciency upon treatment with targeted thera-
pies (Fig. 1D and fig. S6B).

MMR proteins are down-regulated in samples of
CRC residual disease after targeted treatment

To determine whether the cell-based findings
extend to patient-derived tumor samples, we
exploited our CRC biobank of molecularly and
therapeutically annotated patient-derived xe-
nograft (PDX) models (29, 30). We selected
six MSS PDX models with wild-type KRAS,
NRAS, and BRAF in which EGFR inhibition by
cetuximab led to tumor regression to a var-
iable extent, paralleling the clinical scenario
(Fig. 2A). Immunohistochemistry analysis un-
veiled areas with down-regulation of MLH1
and/or MSH2 in all neoplastic samples ob-
tained when tumors were at the point of maxi-
mum response to cetuximab but still contained
residual persisters (Fig. 2, B and C, and fig.
S7, A to D), as compared with placebo-treated
controls.

We next investigated whether down-regulation
of DNA-repair proteins also occurs in clinical
specimens from two CRC patients who achieved
an objective partial response upon treatment
with FOLFOX (folinic acid, 5-fluorouracil, and
oxaliplatin) plus panitumumab. In both in-
stances, tumor specimens were longitudinally
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collected at diagnosis and at maximal ther-
apeutic response, when a limited number of
tumor cells persist despite treatment. MLH1
and MSH2 were down-regulated in tumor
samples obtained at response compared with
pretreatment specimens, confirming the clin-
ical relevance of our findings (Fig. 2D).
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Induction of DNA damage and error-prone
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In addition to reduced DNA-repair ability,
we found that targeted therapies triggered
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DNA polymerases. DNA polymerases usually
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Fig. 1. CRC cells modulate DNA-repair effectors in response to targeted agents. (A) CRC cells were
treated with cetuximab alone (DiFi) or in combination with the BRAF inhibitor DAB (WiDr) for 96 hours and
RNA-sequencing analysis was performed. MMR (yellow), HR (green), and DNA polymerase (blue) genes
are reported. Results represent means of two independent experiments. (B) CRC cells were treated

and analyzed at the indicated time points by Western blot. CTX, cetuximab; pERK, phosphorylated
extracellular signal-regulated kinase. (C) CRC cells were transfected with G:C undamaged (UNDAMAG)
plasmid or with G:G mismatch-damaged (DAMAG) plasmid. Where indicated (DRUG), cells were treated with
targeted therapies for 50-60 hours and analyzed by flow cytometry. A mock transfection was used as a
control. Quantification of MMR capacity of each cell line relative to control is reported in the bar graph.
LIM1215, MMR-deficient CRC cells, were used as a positive control for MMR loss. Results represent means of
two independent experiments. *p < 0.05 (Student's t test). (D) pDRGFP-stably expressing CRC cells were
transfected with the pCBASce-I plasmid and then either left in the absence of drug or treated with targeted
therapies for 50-60 hours and analyzed by flow cytometry. A mock transfection was used as a control.
Quantification of HR capacity of each cell line relative to mock is reported in the bar graph. Results represent

means + SD (n = 3). **p < 0.01 (Student's t test).

www.SCIENCEMAG.org 20 December 2019 Vol 366 Issue 6472 aav4474



Science

RESEARCH ARTICLE

involved in accurate DNA replication, such
as POLS and POLe, were down-regulated,
whereas DNA polymerases characterized by
poor accuracy, low processivity, and absence
of proofreading capacity (i.e., error-prone
polymerases) were induced (Fig. 1A and fig.

S4A). These included Poly, Polk, and Revl
(which belong to the Y family of polymerases,
orthologous to the bacterial stress-induced
polymerases Pol IV and Pol V), as well as
PolA and Polu (37) (Fig. 1, A and B, and figs.
S1, G and H; S2B; S3, B to C and E; and S4,
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Fig. 2. MMR down-regulation in CRC PDXs and
patients treated with targeted therapies. (A) Extent
of tumor regression in PDX models after treatment
with cetuximab (20 mg/kg twice weekly) for 6 weeks.
Each bar is the average of tumor volumes from

six mice. (B) Growth-curve kinetics in two out of

six PDXs. Shown are mean tumor volumes + SEM

(n = 6). Gray arrows indicate treatment initiation.

(C) Immunohistochemical staining with anti-MLH1 and
anti-MSH2 antibodies of histologic tumor sections
derived from indicated PDXs treated with cetuximab for
6 weeks. Tumor section derived from the placebo
arm was used as a control. Scale bar, 0.1 mm.
Magnifications are 40x (scale bar, 0.05 mm).

(D) Immunohistochemical staining with anti-MLH1

and anti-MSH2 antibodies of tumor sections derived
from two CRC patients treated with FOLFOX + the
anti-EGFR monoclonal antibody panitumumab. Tumor
sections were derived from the primary lesion at
diagnosis (pretreatment) and at the time of partial
response (PR) when the lesions shrank. Scale bar,

0.1 mm. Magnifications are 40x (scale bar, 0.05 mm).

A and D). Error-prone polymerases replace
canonical high-fidelity polymerases that stall
when encountering a DNA lesion and facil-
itate DNA replication across DNA damage
sites in a manner that introduces errors into
the genome (15, 16, 20); this may lead to base
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Fig. 3. Targeted therapies trigger a stress response, increase ROS levels,
and induce DNA damage in CRC cells. (A) CRC cells were treated as reported
and fixed and stained with anti-yH2AX antibody at the indicated time points. Vehicle-
treated cells (NT) were used as controls. Nuclei are stained with DAPI (blue) and
anti-yH2AX antibody (red). Scale bar, 50 um. Representative images for each
condition are shown. (B) Quantification of nuclear yH2AX foci in DiFi (left panel) and
WiDr (right panel) cells. Results represent means + SD (n = 3 for 48 and 72 hours;
n =2 for 96 hours). *p < 0.05; **p < 0.01; ***p < 0.001 (two-way ANOVA).
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(C) CRC cells were treated as indicated and ROS levels were measured. NAC
was used as a control to rescue ROS production. Results represent means

of two independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 (Student's
t test). (D) CRC cells were treated with targeted therapies and analyzed by
Western blot at the indicated time points. pAMPK, phosphorylated adenosine
monophosphate kinase. (E) Wild-type DiFi (left panel) and BRAF-mutated WiDr
(right panel) cells were transfected with the indicated siRNA or combination of
SiRNAs for 72 hours and analyzed by Western blot. ALL STAR, nontargeting siRNA.
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Fig. 4. Treatment with targeted therapies promotes mutagenesis in CRC
cells. (A) Schematic representation of the CA-NanoLuc reporter assay.

(B) MMRd HCT116 and MMRp DiFi, WiDr, and NCIH508 CRC cells were transduced
with the NanoLuc lentivirus. At the indicated time points, NanoLuc signal was
evaluated and normalized to cell viability. Results represent means + SD (n = 3).
**p < 0.01; ***p < 0.001 (Student's t test). NS, not a statistically significant
difference. (C) NanoLuc signal in HT29 MLHI-KO clones (cl. 1 and cl. 2).
NanoLuc signal was evaluated after 72 and 96 hours of growth in standard

mispairings, incorporation of aberrant DNA
primer ends, and increased mutagenesis rate
(32, 33).

We therefore investigated whether treat-
ment with targeted therapies leads to genomic
damage in cancer cells and if error-prone-
mediated repair of DNA damage is favored
when CRC cells encounter the hostile environ-
ment imposed by targeted therapies. Indeed,
quantification of phosphorylation of H2AX
at Ser'®® (yH2AX), a common marker of DNA
damage (34), revealed a dose- and time-
dependent increase in the number of foci-
positive nuclei upon drug treatment (Fig. 3, A
and B, and fig. S8, A and B), whereas no fur-
ther increase was observed in permanently
resistant cells upon drug treatment (fig. S8, C
and D). In addition, we observed a dose- and
time-dependent increase in the number of
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53BP1-positive nuclei upon EGFR and BRAF
blockade (fig. S9, A and B). In direct opposition
to BRCA1, 53BP1 promotes nonhomologous
end joining-mediated DSB repair while pre-
venting HR through restriction of end resec-
tion (35). These data suggest that targeted
therapies trigger a switch from high-fidelity to
error-prone-mediated repair of DNA damage,
thereby potentially increasing the occurrence
of mutations conferring drug resistance.

‘We next explored the possible causes of the
DNA damage observed upon the administra-
tion of targeted therapies. Although several
chemotherapeutic agents directly generate
DNA damage, drugs interfering with oncogenic
signaling (such as EGFR or BRAF inhibitors)
are not directly genotoxic. However, it has been
shown that certain targeted therapies, such as
ABL and BRAF inhibitors, increase the levels
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conditions and normalized to cell viability. NanoLuc signal from MLHI KO
clones was then compared with signal detected in MLHI wild-type cells (CTR).
Results represent means + SD (n = 4). *p < 0.05; **p < 0.01; ***p < 0.001
(Student’s t test). (D) DiFi, WiDr, and NCIH508 CRC cells were treated

as indicated. NanolLuc signal was normalized to cell viability. NanoLuc signal
from treated cells was then compared with signal detected in untreated
(NT) cells. Results represent means + SD (n = 3). *p < 0.05; **p < 0.01;
**%*p < 0.001 (Student's t test).

of reactive oxygen species (ROS) in cancer cells
(86, 37), potentially contributing to DNA dam-
age during treatment. ROS levels significantly
increased when CRC cells were exposed to
EGFR and BRAF inhibitors (Fig. 3C). By con-
trast, ROS levels were not increased in per-
manently drug-resistant (adapted) cells upon
drug treatment (fig. SOC).

The drug-induced increase in ROS levels
was abrogated when targeted therapies were
administered in the presence of the antioxi-
dant N-acetyl-L-cysteine (NAC) (Fig. 3C). NAC
administration partially reduced the number
of YH2AX foci-positive nuclei upon EGFR and
BRAF blockade (fig. S10, A and B). However,
cotreatment with NAC did not prevent or res-
cue down-regulation of DNA-repair genes (fig.
S10C). The addition of NAC delayed onset of
relapse to targeted therapies when administered
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Fig. 5. Adaptive mutability leads to genetic instability in CRC cells in response
to therapy-induced stress. (A) Percentage of unstable microsatellite regions in
DiFi and WiDr persister and resistant cells compared with their parental counterpart
(CTRL). (B) Length distribution of one representative microsatellite region for
drug-resistant DiFi and WiDr cell lines. ***p < 0.001 (3 test). (C) Number of
unstable microsatellite sites detected by NGS-based high-depth capture panel in

WiDr cells (parental) treated with cetuximab + DAB for 14 days (persisters) and at
resistance. (D) DNA was collected from one vehicle-treated and one cetuximab-
resistant PDX. Percentage of unstable microsatellite regions of the tumor collected
from the cetuximab-resistant mouse (PDX CTX-R) compared with the vehicle-
treated (CTRL) mouse is reported. (E) Length distribution of one representative
microsatellite region. ***p < 0.001 (x test).

together with mitogen-activated protein kinase
(MAPK) pathway inhibitors (fig. S10, D and E)
(38, 39).

Interfering with oncogenic dependencies
initiates a stress response in CRCs

To elucidate the mechanistic basis of therapy-
induced mutagenesis in cancer cells, we tested
whether the adaptive mutability that we ob-
served in response to targeted therapies was
simply a secondary response to G; cell-cycle
arrest or DNA damage or if it represented an
active stress response. We found that thymidine-
mediated cell-cycle stress (fig. S11, A to C) or
direct DNA damage with the alkylating agent
oxaliplatin (fig. S11, D to F) instead promoted
the up-regulation of the MMR- and HR-repair
systems (fig. S11, C and F), and G; cell-cycle
arrest by nutrient starvation did not lead to
modulation of DNA-repair gene expression
(fig. S11, G to I). In bacterial cells, both the
DNA damage-activated SOS response and the
general stress response appear to be required
to induce adaptive mutagenesis (14). We there-
fore examined the modulation of the kinase
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mammalian target of rapamycin (mTOR),
which is a master regulator of mammalian
cellular stress response (40). Indeed, the mTOR
effectors pS6K-p70K were down-regulated with
kinetics comparable to that of MMR and HR
regulation upon EGFR and BRAF pharma-
cological blockade (Fig. 3D). However, silenc-
ing of mTOR did not affect the expression of
DNA-repair proteins or yYH2AX (Fig. 3E). It
is therefore plausible that down-regulation
of mTOR contributes to stress-induced muta-
genesis of cancer cells but is not sufficient to
activate this phenotype.

The exquisite sensitivity of DiFi and WiDr
cells to EGFR and BRAF blockade reflects cell-
specific oncogenic alterations. The EGFR locus
is amplified in DiFi cells (2); the WiDr cells
carry the BRAF p.V600OE oncogenic mutation,
but they also become dependent on feedback
activation of EGFR when treated with BRAF
inhibitors (4I). We therefore investigated
whether interfering with the oncogenic depen-
dency of cancer cells could directly initiate the
drug-induced stress phenotype. Indeed, small
interfering RNA (siRNA)-mediated knockdown

www.SCIENCEMAG.org

of EGFR or KRAS in DiFi cells and of BRAF
(£EGFR) in WiDr cells led to reduced expres-
sion of DNA-repair proteins, triggered DNA
damage and mTOR down-regulation (Fig. 3E),
and increased ROS levels (fig. S12). These re-
sults exclude the possibility that drug-induced
down-regulation of DNA-repair pathways
could be due to a nonspecific (off-target) effect
of the anti-EGFR antibody cetuximab or the
BRAF inhibitor dabrafenib.

Targeted therapies induce adaptive mutability
in CRC cells

Next, we tested whether the stress response
induced by targeted therapies translated into
increased mutagenesis in CRC cells. We used
areporter assay in which a dinucleotide CA-
repeat microsatellite drives the NanoLuc en-
zyme coding sequence out of frame (Fig. 4A).
Random mutations that introduce frameshifts
in this region, in the absence of a functional
MMR, would restore the NanoLuc open read-
ing frame, leading to bioluminescence. Analo-
gous approaches have previously been used to
measure MMR defects in cancer cells (42-44).
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To validate the assay, we first introduced the
CA-NanoLuc vector into a MMRd human CRC
cell line (HCT116) and three MMRp human
CRC cell lines (DiFi, WiDr, and NCIH508). The
NanoLuc signal was significantly higher in
MMRA cells after 48 hours of standard growth
conditions (Fig. 4B). This difference was further
increased when HCT116 cells were kept in cul-
ture for several days, whereas the signal in the
MMRp lines remained low (Fig. 4B), indicat-
ing that the CA-NanoLuc assay effectively de-
tects MMR deficiency in cancer cells.

We next used the CA-NanoLuc system to
measure the impact of ectopic inactivation
of MMR in CRC cells. To this end, we used
CRISPR-CAS9 to inactivate the MLHI gene
in the HT29 human CRC cell line. After the
isolation of two independent MLH1 knockout
(KO) clones (fig. S13, A and B), they were
transduced with the CA-NanoLuc vector. MLHI
KO clones exhibited higher levels of NanoLuc
signal as expected, confirming that the assay
can detect inactivation of DNA MMR (Fig. 4C).
Next, drug-dependent (transient) MMR down-
regulation was evaluated. EGFR and BRAF in-
hibition led to time-dependent increases of
bioluminescence (Fig. 4D), paralleling the
down-regulation of DNA-repair effectors and
the up-regulation of low-fidelity polymerases.
We further found that permanently resist-
ant derivatives no longer exhibited adaptive
mutability in response to targeted therapies
(fig. S14).

Genomic alterations in CRC cells upon
treatment with targeted therapies

To determine whether molecular evidence of
adaptive mutability was present in the genome
of CRC cells treated with EGFR and BRAF
inhibitors, we analyzed whole-exome sequenc-
ing (WES) data from DiFi and WiDr parental,
persister, and drug-resistant derivative cells.
The overall mutational burden (i.e., the num-
ber of mutations per megabase) of persisters
and the drug-resistant cell population was
only marginally affected (fig. S15, A and B).
As a control, we assessed whether MMR per-
manent inactivation induced by MLHI KO
affected the mutational burden of HT29 CRC
cells and found that it was only marginally
affected (fig. S16A).

Given these results, we changed our approach.
Because treatment with targeted therapies led
to a transient MMR-deficient phenotype, we
reasoned that MMR status could be more
easily detected by examining microsatellite
regions, where DNA replication slippage errors
occur frequently and are ineffectively repaired
in the absence of MMR. Indeed, WES analysis
unveiled alterations in microsatellite regions of
HT?29 in which the MLHI gene was genetically
knocked out (fig. S16, B and C). We also de-
tected increased genetic instability in the micro-
satellite regions of CRC cells made resistant

to targeted agents (Fig. 5, A and B), as shown by
a shift in the length of microsatellite regions,
highlighting the impact of targeted therapies
on the DNA-repair process and mutagenicity.
To detect the occurrence of microsatellite
alterations in nonclonal cell populations, we
utilized a high-depth capture panel that de-
tects hotspot somatic variants and shifts in
the length of microsatellite regions. Indeed,
such high-sensitivity analysis unveiled a sig-
nificant shift in the length of microsatellite
regions in both persister and drug-resistant
cells (Fig. 5C and fig. S17).

We next assessed the impact of targeted
therapies on the genomic landscape of PDXs
by studying a PDX model (CRC0078) (Fig. 2A
and fig. S7D) that was continuously treated
with cetuximab until it developed resistance
(fig. S18). WES analysis of the cetuximab-
resistant tumor tissue revealed alterations in
microsatellite genomic regions that were not
present in the PDX tumor collected from the
corresponding untreated mouse (Fig. 5, D
and E). Overall, these results indicate that CRC
cells and a CRC PDX model exposed to tar-
geted therapies experience loss of replication
fidelity in regions of nucleotide repeats.

Discussion

The development of resistance has emerged
as a major limitation of targeted therapies
directed against oncoproteins such as EGFR,
BRAF, and ABL (25).

In this study, we tested the hypothesis that
cancer cells treated with targeted therapies ac-
tivate stress-induced mutagenic mechanisms.
‘We found that persister (drug-tolerant) cancer
cells that survive EGFR and/or BRAF inhibition
exhibit DNA damage, down-regulate mismatch
and HR repair proteins, switch from high-
fidelity to error-prone-mediated repair of DNA
damage, and transiently increase their muta-
genic ability.

Stress-induced mutagenesis is a character-
istic trait of unicellular organisms to tran-
siently accelerate genetic diversity in a fraction
of the population when encountering a hos-
tile environment. (16). Indeed, we found that
therapy-induced modulation of DNA repair in
cancer cells is also transitory and reverts back
once a mutational landscape able to restore
the ability to grow in the presence of the drug
is achieved. We postulate that in cells of mul-
ticellular organisms, stress-induced mutagen-
esis is not operational. However, in cancer cells
that have lost tissue-imposed homeostasis—
and in many ways operate like unicellular
organisms—this ancestral program is still avail-
able and is unleashed by oncoprotein-targeted
drugs. A similar process has also been ob-
served in cancer cells undergoing hypoxia-
driven stress (7, 45, 46).

The analysis of mutational signatures has
emerged as a valuable tool with which to docu-

ment the mutational processes operative in
cells (47). In future studies, it will be interest-
ing to establish whether specific mutational
signatures emerge under targeted therapies.
Resolving such processes, which we postulate
occur transiently in small cell subpopulations,
is likely to require extensive genomic com-
parisons of multiple clones and independent
data points.

These results may have clinical implications.
The knowledge that cancer cells under ther-
apeutic stress down-regulate key effectors of
the DNA-repair machinery, such as MMR and
HR, exposes a vulnerability that could be clin-
ically exploited. For example, it will be impor-
tant to assess whether down-regulation of HR
proteins confers sensitivity to poly-ADP-ribose
polymerases (PARP) inhibitors as observed in
HR-deficient cancers (48-50). Moreover, phar-
macological or genetic interference could be
deployed to curb the cellular mechanisms that
initiate drug-driven adaptive mutagenesis with
the goal of reducing the generation of new
variants during treatment. This strategy could
potentially increase and prolong the clinical
efficacy of targeted therapies.
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While immunotherapy holds great promise for combating cancer, the limited efficacy due to an immunosuppressive
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tumor microenvironment and systemic toxicity hinder the broader application of cancer immunotherapy. Here,
we report a combinatorial immunotherapy approach that uses a highly efficient and tumor-selective gene carrier
to improve anticancer efficacy and circumvent the systemic toxicity. In this study, we engineered tumor-targeted
lipid-dendrimer-calcium-phosphate (TT-LDCP) nanoparticles (NPs) with thymine-functionalized dendrimers that
exhibit not only enhanced gene delivery capacity but also immune adjuvant properties by activating the stimulator
of interferon genes (STING)-cGAS pathway. TT-LDCP NPs delivered siRNA against immune checkpoint ligand PD-L1
and immunostimulatory IL-2—-encoding plasmid DNA to hepatocellular carcinoma (HCC), increased tumoral infiltra-
tion and activation of CD8" T cells, augmented the efficacy of cancer vaccine immunotherapy, and suppressed
HCC progression. Our work presents nanotechnology-enabled dual delivery of siRNA and plasmid DNA that selectively
targets and reprograms the immunosuppressive tumor microenvironment to improve cancerimmunotherapy.

INTRODUCTION

Immunotherapy is rapidly emerging as a promising therapeutic strat-
egy against cancer. In contrast to conventional anticancer agents that
are often directly cytotoxic toward cancer cells, immunotherapy
activates immune cells to recognize and eradicate tumor cells. Recently
developed cancer immunotherapies include vaccines, chimeric antigen
receptor T cell therapy, immune checkpoint blockade, and cytokine
therapy (I). For example, in the clinic, interleukin-2 (IL-2), a key
cytokine that drives the proliferation and activation of T cells, is used
as an effective immunotherapy against cancer (2). Nivolumab—the
first anti-PD-1 (programmed cell death 1) antibody—has shown
substantial clinical activity in various cancer types. Vaccines com-
posed of genetically modified tumor cells secreting various cytokines
[i.e., granulocyte-macrophage colony-stimulating factor (GM-CSF)
and IL-2] reportedly stimulate potent, specific, and long-lasting
antitumor effects (3). However, immunotherapy-based stimulation
of the immune system often induces adverse autoreactive immune
responses and related side effects (4). Confoundingly, an immuno-
suppressive tumor microenvironment (TME) limits the efficacy of
immunotherapy. The structurally and functionally aberrant tumor
vasculature leads to a highly heterogeneous and hypoxic TME that
facilitates the release of immunosuppressive cytokines from both
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tumor and stromal cells, promotes the infiltration of immuno-
suppressive bone marrow—derived cells, and limits the tumor infil-
tration of T cells, leading to suppression of the antitumor immune
response (4, 5). Thus, the application of immunotherapy to treat
cancer remains challenging, and there is an urgent need to explore
new strategies that are safe and effective (6).

Hepatocellular carcinoma (HCC), an aggressive primary liver
cancer, develops from chronically damaged tissue (7). HCC is asso-
ciated with a hypoxic and inflammatory TME that promotes tumor
progression and causes resistance to therapy (8). Immunosuppression
mechanisms, such as deficiency of immunostimulatory cytokines and
induction of immunosuppressive cytokines and immunoregulatory
cells caused by tumor hypoxia, are involved in the development
of immunotherapy resistance and limit its therapeutic outcome (8).
Although recently developed immune checkpoint inhibitors provided
clinical benefit to patients with advanced HCC, targeting a single
pathway may not be sufficient to achieve potent immunotherapeutic
effects (9, 10). Thus, the development of combination strategies tar-
geting multiple immune regulatory pathways may effectively shift the
TME in HCC toward a proimmune state and achieve potent antitumor
immunity with substantial therapeutic benefit (10, 11).

Here, we propose applying dual-targeted immunogene therapy
using small interfering RNA (siRNA) against immunosuppressive
factors and plasmid DNA (pDNA) encoding immunostimulating
cytokines to modulate the TME and activate immune effector cells.
Despite the potential of immunogene therapy in cancer treatment,
the barriers against therapeutic siRNA/pDNA reaching their target
cells and exerting efficient gene silencing/gene expression effects
limit their potential. The short half-life in blood circulation, lack
of tumor-specific cellular uptake, inefficient intracellular release of
siRNA/pDNA, and poor nuclear entry of pDNA limit their efficacy
in vivo (12). To overcome these challenges, nanoscale formulations
were designed and used to encapsulate the therapeutic genetic
cargoes with enhanced stability, controlled cargo release properties,
and increased transfection activity (13, 14). In this study, we designed
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nanoparticles (NPs) that contain an HCC-targeting peptide and a
unique dendrimer-calcium phosphate (CaP) core that harbors nucleic
acids for gene delivery. Figure 1 illustrates our design of a tumor-
targeted NP that carries siRNA against the immune checkpoint PD-L1
and pDNA encoding the immunostimulating cytokine IL-2 to pro-
mote antitumor immunity and increase the efficacy of whole-cell
cancer vaccines. This nanoscale immunogene therapy exhibits multi-
functional characteristics, including (i) a tumor-targeting peptide
(SP94) that enhances the tumor accumulation of NPs and increases
the efficiency of intracellular delivery of the therapeutic pPDNA/siRNA
to HCC cells (15, 16); (ii) a pH stimuli-responsive CaP core to achieve
endosomal escape, along with enhanced release of the nucleic acid;
(iii) thymine-capped polyamidoamine (PAMAM) dendrimers loaded
in the CaP core to further enhance the endosomal escape and nuclear
entry of pDNA, leading to promising gene transfection activity; and
(iv) thymine-capped PAMAM dendrimers that can activate the
stimulator of interferon genes (STING)-cyclic GMP-AMP synthase
(cGAS) pathway and serve as immunotherapy adjuvants to promote
cellular immunity. Efficient tumor-targeted delivery of therapeutic
gene cocktails that achieve tumor-specific expression of immuno-
stimulating cytokines and down-regulation of immune checkpoints
holds promise for effective and safe immunotherapy regimens.

RESULTS

Preparation and characterization of tumor-targeted lipid/
dendrimer/CaP NPs loaded with siRNA and pDNA

To overcome the challenges of current gene delivery carriers, we
designed complex NPs with a core-shell structure composed of a
dendrimer-CaP core loaded with nucleic acids that are coated
with a synthetic lipid bilayer shell. The preparation and proposed
structure of the siRNA/pDNA-loaded, HCC-targeted lipid-
dendrimer-CaP (LDCP) NPs are shown in Fig. 1. While excessive
nucleic acid condensation can impede the release of sSiRNA/pDNA,
insufficient interaction of dendrimers with nucleic acid may limit
the transfection efficiency. We found that unmodified, 10 and 50%
thymine-modified PAMAM more readily condensed siRNA/pDNA
than 90% thymine-modified PAMAM (Fig. 2A). Alternatively, both
50 and 90% thymine-modified PAMAM showed efficient dissocia-
tion of siRNA/pDNA in the presence of anionic materials, such as
heparin (Fig. 2B). Of the tested thymine coverages, only the 50%
thymine-modified PAMAM promoted both siRNA/pDNA con-
densation and efficient release of siRNA/pDNA, which is predictive
of increased transfection activity. This finding is consistent with
previous studies suggesting enhanced gene transfection mediated
by the 50% thymine-capped PAMAM dendrimer/pDNA complex
(17). Thus, 50% thymine-capped PAMAM dendrimers were used
to form the dendrimer/siRNA/pDNA complex at a weight ratio of
approximately 2:1:1. Assembly of the dendrimer/siRNA/pDNA
complex in 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA)-coated
CaP cores was performed in a water-in-oil microemulsion con-
taining Igepal-520 as a surfactant (18). To increase the in vivo
stability and cellular uptake of NPs, outer leaflet lipids {1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP), cholesterol, and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DSPE-PEG2000)} were added to the DOPA-coated
dendrimer/siRNA/pDNA/CaP cores. To achieve tumor-specific uptake
of siRNA/pDNA, we further modified the surface of the NPs with the
HCC-targeting peptide SP94.

24

To assess the impact of 50% thymine-capped PAMAM dendrimers
on NP characteristics, transmission electron microscopy (TEM) was
performed. Dendrimer incorporation did not significantly affect NP
sphere formation as NPs with or without added dendrimers formed
well-dispersed spheres (Fig. 2C). The average diameters of lipid-CaP
(LCP) NPs without added dendrimers and LDCP NPs with 50%
thymine-capped PAMAM dendrimers were 87.1 + 3.6 and 110.5 +
8.7 nm, respectively (Fig. 2D). NPs with or without added dendrimers
showed a similar negative zeta potential of approximately -7 mV
and a polydispersity index of 0.2 to 0.3 (Fig. 2D). While the percentage
of pDNA encapsulated in NPs (greater than 95%) was not affected
by dendrimers, the percentages of encapsulated siRNA increased
from 64% in LCP NPs to 87% in LDCP NPs (Fig. 2D). To evaluate
whether siRNA/pDNA would be efficiently released in acidic
endosomes/lysosomes after entering cancer cells, TEM images were
captured under acidic pH conditions. Structural alteration of the
NPs due to decomposition of the CaP cores was observed (Fig. 2C). As
expected, the release of genetic cargoes (FAM-labeled siRNA) from
LDCP NPs under physiological conditions (pH 7.4) was much slower
than that observed under acidic conditions (pH 5.5) (fig. S1), indicating
pH-dependent decomposition of the CaP cores in NPs, which signi-
fies the endosomal/lysosomal release of siRNA/pDNA from LDCP NPs.

TT-LDCP NPs efficiently deliver siRNA and pDNA into HCC
cells with potent transfection efficiency in vitro and in vivo
We next examined how the thymine-capped PAMAM dendrimer
and HCC-targeted SP94 peptide affected uptake of NPs in vitro and
in vivo. We examined the cellular uptake of siRNA/pDNA loaded in
LDCP NPs in two HCC cell lines: human Hep3B and murine HCA-1.
The cellular uptake of fluorescently labeled siRNA/pDNA in both
cell lines was higher when the siRNA/pDNA was loaded in tumor-
targeted LDCP (TT-LDCP) NPs than when it was loaded in non-
targeted LDCP NPs or in TT-LCP (TT-LCP) NPs without dendrimers
(Fig. 3, A and B). In addition, enhanced nuclear uptake of pDNA
was observed for pDNA delivered by TT-LDCP NPs containing
50% thymine-capped PAMAM, compared with pDNA delivered by
TT-LCP NPs or by TT-LDCP NPs containing unmodified PAMAM
(Fig. 3, A and B, and figs. S2 and S3).

We further evaluated the biodistribution of TT-LDCP NPs in
murine orthotopic HCC (HCA-1) models after intravenous admin-
istration of NPs. FAM-labeled siRNA was used to track the bio-
distribution of TT-LDCP NPs (fig. S4). Increased uptakes of TT-LDCP
NPs in tumor, liver, spleen, and lung were observed compared with
free siRNA 2 hours after intravenous administration. More signifi-
cantly, most TT-LDCP NPs were accumulating to a larger extent in
tumors and liver as compared with other organs (fig. S4). We then
studied the uptake of fluorescently labeled siRNA/pDNA in murine
orthotopic HCC (HCA-1) models after intravenous administration
of LDCP NPs. Higher siRNA/pDNA delivery was observed in HCC
tumor tissue of mice that received TT-LDCP NPs compared with
mice that received nontargeted NPs (Fig. 3C and fig. S5). Delivery
was mostly cytosolic with a heterogeneous distribution within the
HCC tumor tissues (Fig. 3C).

Next, we studied how the thymine-capped PAMAM dendrimer
and HCC-targeted SP94 peptide affected the transfection efficiency
of pDNA encoding firefly luciferase (luc pDNA) in human (Hep3B,
JHH-7) and murine (HCA-1) HCC cells. At higher concentrations
of pDNA, all cell lines exhibited significantly increased luciferase
expression when luc pDNA was delivered by TT-LDCP NPs compared
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Fig. 1. Schematic representation of the mechanism ofimmunogene therapy by TT-LDCP NPs containing siRNA against theimmune checkpoint PD-L1 and pDNA encoding
the immunostimulating cytokine IL-2. Active tumor targeting was achieved through the addition of the HCC-targeted SP94 peptide to the surface of the NPs. The thymine-
capped PAMAM dendrimer/CaP complexes achieved highly efficient gene transfection efficacy by enhancing nuclear delivery of the pDNA. Furthermore, thymine-capped
PAMAM dendrimers stimulate the STING pathway and serve as an adjuvant to promote the maturation of intratumoral DCs. Efficient tumor-targeted codelivery of PD-L1 siRNA and
IL-2 pDNA achieves tumor-specific expression of IL-2 and down-regulation of PD-L1, increases infiltration and activation of CD8" T cells in HCC, and induces a strong tumor-suppressive
effect in HCC in synergy with a vaccine. CaP, calcium phosphate; TIDC, tumor-infiltrating dendritic cell; TT-LDCP NPs, tumor-targeted lipid-dendrimer-calcium-phosphate

NPs; IFN-y, interferon-y.

to delivery by LDCP NPs or TT-LCP NPs (Fig. 3D and fig. $6). In
addition, enhanced transfection efficacy was observed when luc pPDNA
was delivered by TT-LDCP NPs containing 50% thymine-capped
PAMAM, compared to delivery by NPs containing unmodified, 10 or
90% modified PAMAM. Our results indicate that 50% thymine
coverage is optimal for dendrimer-mediated delivery of pDNA through
the nuclear barrier to achieve effective gene transfection (fig. S7).

We further evaluated the transfection efficiency of pDNA in
orthotopic HCC (HCA-1) models by measuring luciferase expression
in different organs 48 hours after systemic administration of luc
pDNA in different formulations. Luciferase expression in liver
tumors was significantly higher in mice that received TT-LDCP NPs,
compared to that in mice that received LDCP NPs, TT-LCP NPs, or
free pDNA. No significant difference in luciferase expression was
observed in the liver, heart, spleen, kidney, and lung (Fig. 3E). Our
results using TT-LDCP NPs demonstrate ligand (HCC-targeted SP94
peptide)- and dendrimer-dependent cellular uptake and transfection
efficiency in HCC in vitro and in vivo.

Codelivery of PD-L1 siRNA and IL-2 pDNA by TT-LDCP NPs
silences PD-L1 expression and increases IL-2 production

in HCC cells in vitro and in vivo

To enhance antitumor immunity, siRNA against the immune check-
point ligand PD-L1 and pDNA encoding the immunostimulatory
cytokine IL-2 were loaded into TT-LDCP NPs, and their effect on
target gene expression was examined in HCA-1 HCC cells. Compared

with delivery by nontargeted NPs, IL-2 pDNA delivered by TT-LDCP
NPs significantly increased IL-2 secretion from HCA-1 cells (Fig. 4A).
In addition, PD-L1 siRNA loaded in TT-LDCP NPs efficiently
silenced PD-L1 expression in HCA-1 cells, whereas PD-L1 siRNA
formulated in nontargeted LDCP NPs did not affect PD-L1 expres-
sion (Fig. 4B). Neither the control siRNA nor the control pDNA
(pEGFP pDNA) delivered by TT-LDCP NPs altered IL-2 or PD-L1
expression in HCA-1 cells (Fig. 4, A and B).

We next evaluated the effects of PD-L1 siRNA and IL-2 pDNA
codelivered by TT-LDCP NPs on the expression of PD-L1 and IL-2 in
an orthotopic HCC (HCA-1) model (Fig. 4, C and D). Systemic co-
administration of PD-L1 siRNA and IL-2 pDNA in TT-LDCP NPs
significantly decreased PD-L1 and increased IL-2 expression in liver
tumors (Fig. 4, C and D). PD-L1 siRNA and IL-2 pDNA codelivered
by LDCP NPs or TT-LCP NPs showed minimal impact on the ex-
pression of PD-L1 or IL-2 in HCA-1 tumors (Fig. 4, C and D). Our
results indicate that delivery of PD-L1 siRNA and IL-2 pDNA by
TT-LDCP NPs is efficient and can decrease the expression of the
immune checkpoint ligand PD-L1 and increase the production of the
immunostimulatory cytokine IL-2 in HCC.

Codelivery of PD-L1 siRNA and IL-2 pDNA by TT-LDCP NPs
significantly increases tumoral infiltration of CD8" T cells,
suppresses primary HCC growth, and inhibits distal metastasis
We next assessed whether TT-LDCP NPs that codeliver PD-L1 siRNA/
IL-2 pDNA could effectively shape antitumoral effector immunity
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Fig. 2. Characterization of LDCP NPs. (A and B) Assay of interaction between dendrimer and pDNA or siRNA. For the condensation assays (A), dendrimer was mixed with
PicoGreen-labeled pDNA (or siRNA) at various dendrimer:pDNA (or siRNA) weight ratios (1:1, 2:1, 3:1, 5:1, and 10:1) (pDNA, n=4; siRNA, n=5). **P < 0.01 and ***P < 0.001
compared with the D50 group. For the dissociation assays (B), the dendrimer was mixed with pDNA (or siRNA) at a weight ratio of 2:1. Heparin was added to PicoGreen-labeled
dendrimer-pDNA (or siRNA) complexes in a range of concentrations (0, 100, 200, 500, and 1000 pg/ml) to mimic the environment in the cytoplasm, to reduce the interac-
tion between dendrimers and pDNA (or siRNA), and force dendrimer release of pDNA or siRNA (n =5). Relative fluorescence intensity was quantified compared with
PicoGreen-labeled pDNA or siRNA without adding dendrimer. DO, dendrimer without thymine group; D10, dendrimer modified with 10% thymine group; D50, dendrimer
modified with 50% thymine group; and D90, dendrimer modified with 90% thymine group. The data are the means + SEM. (C) Representative TEM images of LDCP and
LCP NPs. Scale bars, 100 nm. (D) Sizes, zeta potentials, and encapsulation efficacies of LDCP and LCP NPs. PDI, polydispersity index; EE, encapsulation efficiency; FL, fluo-
rescence. Data are means £ SD (n =4 to 6). **P <0.01 compared with the LCP group.

in HCC. Treatment of mice bearing orthotopic HCC tumors with
PD-L1 siRNA and IL-2 pDNA in TT-LDCP NPs significantly facil-
itated tumoral infiltration of CD8" T cells, compared with that
seen upon treatment with PD-L1 siRNA or IL-2 pDNA alone in
TT-LDCP NPs (Fig. 4E). No effect on CD8" T cell numbers was
observed in the absence of dendrimers (Fig. 4E), and none of the
combinations tested affected the number of tumor-infiltrating CD4"
T cells (Fig. 4F).
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Accordingly, we evaluated whether the increase in tumor-infiltrating
T cells in HCC cells upon codelivery of PD-L1 siRNA and IL-2
pDNA led to suppression of tumor growth. Compared with treat-
ment with PD-L1 siRNA or IL-2 pDNA alone in TT-LDCP NPs,
cotreatment with PD-L1 siRNA and IL-2 pDNA in TT-LDCP NPs
significantly suppressed tumor growth in the HCC orthotopic model
(Fig. 4G). Codelivery of PD-L1 siRNA and IL-2 pDNA in nontargeted
NPs or in TT-LCP NPs without dendrimers showed only a moderate
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Fig. 3. Tumoral uptake and transfection efficiency of TT-LDCP NPs containing pDNA and siRNA in vitro and in vivo. (A) HCA-1 and Hep3B cells were treated with
Cy5-labeled pDNA (red, 0.2 pg/ml) and FAM-labeled siRNA (green, 0.2 ug/ml) in TT-LCP, LDCP, or TT-LDCP NPs for 12 hours and observed with confocal microscopy. The
arrowhead represents Cy5-labeled pDNA in the nucleus. The nuclei are blue [4',6-diamidino-2-phenylindole (DAPI)]. Scale bars, 20 um. (B) Uptake of fluorescently labeled
pPDNA, and siRNA was imaged and quantified with a Zeiss LSM 780 confocal microscope (TT-LCP, LDCP, n = 5; TT-LDCP, n = 4). Data are means + SEM. *P < 0.05, **P < 0.01,
and ***P < 0.001. (C) Tumoral uptake of siRNA (green) and pDNA (red) was detected 4 hours after intravenous administration of siRNA/pDNA loaded in LDCP or TT-LDCP
at a dose of 1.2 mg/kg. Scale bar, 50 um. (D) Transfection efficiency as a measure of luciferase expression was evaluated by treating HCC cells (HCA-1 and Hep3B) with luc
pPDNA loaded in different formulations for 48 hours. Data are means + SEM. *P < 0.05 and ***P < 0.001 (n = 6). (E) Representative images of luciferase expression in dissected
organs of mice with orthotopic HCA-1 tumors 48 hours after receiving an intravenous injection of luc pDNA (0.6 mg/kg) in different formulations. Images were taken with
an In Vivo Imaging System (IVIS-200, XENOGEN, USA) after intraperitoneal administration of D-luciferin (60 mg/kg, Promega). Bioluminescence quantification in major
organs (free pDNA/siRNA, LDCP, n = 3; TT-LCP, TT-LDCP, n = 4), expressed as average radiance + SEM. #p <0.01 compared with LDCP; ***P < 0.001 compared with TT-LCP.

inhibitory effect on tumor growth (Fig. 4G). Because mice bearing
orthotopic HCA-1 tumors develop metastases in the lungs 4 weeks
after HCC implantation (19), we also evaluated the effect of PD-L1
siRNA and IL-2 pDNA codelivery on metastasis. We observed that
codelivery of PD-L1 siRNA and IL-2 pDNA in TT-LDCP NPs not

only inhibited primary HCC growth but also suppressed distal lung
metastasis (Fig. 4, H and I). The combination of PD-L1 siRNA
and IL-2 pDNA in TT-LDCP NPs was well tolerated by mice,
as demonstrated by unchanged hepatic enzyme levels [aspartate
aminotransferase (AST), alanine aminotransferase (ALT), alkaline
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Fig. 4. Delivery of IL-2 pDNA and PD-L1 siRNA in TT-LDCP NPs modulated TME and suppressed tumor progression in a murine orthotopic HCC model. HCA-1 cells
were treated with TT-LDCP NPs containing IL-2 pDNA or PD-L1 siRNA, followed by enzyme-linked immunosorbent assay (ELISA)-based estimation of IL-2 secretion
(A) and Western blotting for PD-L1 expression (B). (A) Samples from supernatants were collected 48 hours after treatment and tested for the presence of IL-2 by ELISA.
Data are means + SEM (n=6), *P < 0.05. (B) PD-L1 inhibition of HCA-1 cells was investigated by Western blotting. HCA-1 cells were incubated with PD-L1 siRNA (4 ug/ml)
loaded in different formulations for 48 hours. (C and D) On the 14th day after HCC tumor implantation, tumor-bearing mice were treated with TT-LDCP NPs containing
IL-2 pDNA and PD-L1 siRNA with two consecutive intravenous administrations (1.2 mg/kg per dose), and euthanized 24 hours after the last treatment for immunostaining
of tumors. The expression of IL-2 and PD-L1 in murine orthotopic HCC tumors was imaged and quantified with a Zeiss LSM 780 confocal microscope. Scale bars, 50 um.
Data are means + SEM (control, TT-LCP, TT-LDCP, n=5; LDCP, n=7); **P < 0.01 and ***P < 0.001. (E and F) Orthotopic HCA-1 tumor-bearing mice were intravenously in-
jected with different formulations containing IL-2 pDNA and PD-L1 siRNA (1.2 mg/kg per dose, 3 doses per week) starting on the 10th day after tumor implantation. The
mice were euthanized 2 weeks after the first treatment for further analysis. Recruitment of CD8" (E) and CD4" (F) T cells in tumors subjected to different treatments was
measured by flow cytometry (control, n=18; TT-LCP, n=7; LDCP, n=4; TT-LDCP, n = 10; TT-LDCP/IL-2 pDNA, n = 10; TT-LDCP/PD-L1 siRNA, n = 12). Data are means + SEM.
(G) Size of tumors in orthotopic tumor-bearing mice was significantly reduced upon treatment with IL-2 pDNA and PD-L1 siRNA loaded in TT-LDCP NPs (control, n=12;
TT-LCP, n=5;LDCP, n=5; TT-LDCP, n = 12; TT-LDCP/IL-2 pDNA, n = 8; TT-LDCP/PD-L1 siRNA, n = 7). Data are means + SEM. (H) The number of lung metastatic nodules was
significantly reduced in mice treated with IL-2 pDNA and PD-L1 siRNA in TT-LDCP NPs. (I) Hematoxylin and eosin staining images showing distant metastasis tumor
nodules in the lung. Scale bars, 200 um. Data are means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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phosphatase (ALP), and gamma-glutamyl transferase (y-GT)] when
compared with untreated mice (fig. S8). Evaluation of systemic tox-
icities by hematoxylin and eosin staining showed no histopathological
changes in the major organs after treatment of PD-L1 siRNA and
IL-2 pDNA in TT-LDCP NPs (fig. S8).

PD-L1 siRNA and IL-2 pDNA codelivered by TT-LDCP NPs
reprogram the TME and sensitize HCC to a cancer vaccine
The immunosuppressive TME is a major cause for failure of cancer
vaccine immunotherapy (20). Therefore, we next examined whether
codelivery of PD-L1 siRNA and IL-2 pDNA could modulate the
immunosuppressive TME to restore the efficacy of a tumor vaccine
in HCC. To establish an immunostimulating whole-cell hepatoma
vaccine, HCA-1 cells were transfected with the codon-optimized
GM-CSF (¢cGM-CSF) as an adjuvant to promoting dendritic cell
(DC) recruitment and maturation and augment vaccine efficacy by
facilitating the development of both humoral and cellular immunity
(3, 21). Mice implanted with HCA-1 HCC tumors were vaccinated
with the GM-CSF-secreting HCA-1 cells in combination with our
TT-LDCP-based immunogene therapy (Fig. 5A). Vaccination alone
only moderately increased the T cell infiltration in tumors compared
with untreated mice (Fig. 5B). Treatment with PD-L1 siRNA and
IL-2 pDNA in TT-LDCP NPs significantly enhanced the intratumoral
infiltration of CD8" T cells in mice vaccinated with cGM-CSF-
transduced HCA-1 cells: The number of tumor-infiltrating CD8*
T cells in the combined immunogene therapy and vaccine group was
threefold higher than that of the control group and twofold higher
than that of the vaccine group (Fig. 5B). Although the combination
of TT-LDCP-based immunogene therapy and HCC vaccination only
slightly increased the number of tumor-infiltrating T cells compared
with that of TT-LDCP-based immunogene therapy alone (Fig. 5B),
the combination significantly increased the activation of tumor-
infiltrating CD8 T cells, as indicated by granzyme B (Fig. 5, C and D)
and interferon-y (IFN-y) expression (Fig. 5E), compared with that
of TT-LDCP-based immunogene therapy or vaccine treatment alone
(Fig. 5, Cto E).

We further assessed whether a combination of TT-LDCP NPs
containing PD-L1 siRNA/IL-2 pDNA and vaccine treatment could
effectively suppress HCC progression. Vaccination alone led to moder-
ate tumor growth inhibition, suggesting that the immunosuppressive
TME limited the anticancer efficacy of the HCC vaccine (Fig. 5F).
The combined administration of the HCC vaccine together with
PD-L1 siRNA and IL-2 pDNA loaded in TT-LDCP NPs significantly
suppressed cancer progression and increased the overall survival of
mice, compared with mice that received immunogene therapy or
vaccination alone (Fig. 5, F and G).

Our findings demonstrating a role for CD8" T cells in immunogene-
mediated tumor growth suppression prompted us to assess the role
of splenic CD8" T cells in response to combined immunogene and
HCC vaccine therapy. To further verify the tumor-specific T cell
response induced by the combination of immunogene therapy and
HCC vaccination, lymphocytes were collected from the spleens of
HCA-1 tumor-bearing mice after treatment with PD-L1 siRNA and
IL-2 pDNA in TT-LDCP NPs and/or HCC vaccine. The splenic
lymphocytes were cocultured with mitomycin C-treated HCA-1 cells,
followed by estimation of IFN-y secretion. Splenic lymphocytes from
mice treated with a combination of TT-LDCP-based immunogene
therapy and HCC vaccination secreted higher levels of IFN-y
than those from mice treated with TT-LDCP-based immunogene

therapy or vaccine treatment alone, indicating increased activity
(Fig. 5H). In addition, the splenic lymphocytes were cocultured
with HCA-1 cells for 48 hours, followed by the staining with 7-AAD
(7-aminoactinomycin D) to assess the cell-mediated cytotoxicity.
Splenic lymphocytes from mice treated with a combination of
TT-LDCP-based immunogene therapy and HCC vaccination showed
enhanced cell death in HCA-1 cells compared with the controls (fig. S9).
Moreover, splenic CD8" T cells isolated from HCA-1 tumor-bearing
mice after immunogene and/or HCC vaccine treatments were adop-
tively transferred into mice that had received intrahepatic inocula-
tions of HCA-1 HCC cells (Fig. 5I). Splenic CD8" T cells from mice
treated with the combination of immunogene therapy and HCC
vaccination significantly suppressed tumor growth after being adop-
tively transferred into HCA-1 tumor-bearing mice (Fig. 5I). These
results verified that PD-L1 siRNA and IL-2 pDNA in TT-LDCP
together with the HCC vaccine efficiently activate tumor-specific
immune responses to suppress cancer progression.

To examine whether immunogene therapy is able to regulate
antigen-specific immune response, we investigated the effect of
immunogene therapy in hemagglutinin (HA)-expressing BNL HCC
models. The murine HCC BNL-HA cells were generated by stable
transfection of BNL-HCC cells with the HA gene and orthotopically
implanted in the livers of 6- to 8-week-old male BALB/c mice.
Consistently, treatment with PD-L1 siRNA and IL-2 pDNA in
TT-LDCP NPs significantly increased activation of CD8" T cells
and suppressed HCC progression in the orthotopic BNL-HA HCC
model (fig. S10). To obtain direct evidence that immunogene
therapy led to the accumulation of antigen-specific cytotoxic T cells
in tumors, an HA tetramer assay was performed in mice treated
with immunogene therapy. The proportion of HA peptide-specific
CTLs among intratumor CD8" T cells was increased after treat-
ment of immunogene therapy compared with the control group
(fig. S10).

Thymine-capped PAMAM dendrimers in TT-LDCP NPs
stimulate the STING pathway and promote the maturation

of tumor-infiltrating DCs

Although production of IL-2 and down-regulation of immune check-
point molecules such as PD-L1 may help recruit and activate cyto-
toxic T cells, the antitumor immune response in the TME may still
be limited due to tumor-induced functional deficiency of tumor-
associated antigen-presenting cells (APCs), such as intratumoral
DCs (22). Cationic macromolecules (i.e., chitosan) or nanoformu-
lations (i.e., NPs containing DNA) can promote the maturation of
DCs and stimulate innate immunity through activation of the STING
pathway (23). We, therefore, examined the possible adjuvant mech-
anisms underlying enhanced tumor immunity seen with TT-LDCP
NPs. We examined whether thymine-capped dendrimers loaded in
TT-NPs could activate the STING pathway in HCC cells and indi-
rectly trigger the maturation of intratumoral DCs. TT-LDCP NPs
loaded with control siRNA and pDNA (pEGFP pDNA) significantly
induced STING-dependent TBK1 and IRF3 activation (Fig. 6A)
and increased the expression of STING-triggered proinflammatory
cytokines, CCL5, CXCL10, and IFN-B, in HCA-1 cells (Fig. 6B).
Naked dendrimer/siRNA/pDNA complex (Fig. 6A, left, lane 3) or
siRNA/pDNA loaded in TT-LCP without dendrimers (Fig. 6A, right,
lane 2) only moderately stimulated the STING-TBK1-IRF3 pathway.
Dendrimer or siRNA/pDNA alone did not significantly activate
the STING pathway. Our results indicate that the incorporation of
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Fig. 5. IL-2 pDNA and PD-L1 siRNA in TT-LDCP NPs enhanced cytotoxic T cell activation and suppressed tumor progression in combination with a whole-cancer
cell vaccine in a murine orthotopic HCA-1 HCC model. (A) Three days after the implantation of HCA-1 cells, mice were injected intraperitoneally five times (at 2- to
3-day intervals) with the HCC vaccine. For the combination groups, mice treated with the HCC vaccine received intravenous immunogene therapy (1.2 mg siRNA
and pDNA/kg per dose) on days 10, 12, 14,17, 19, and 21. Immunogene therapy: IL-2 pDNA and PD-L1 siRNA in TT-LDCP; vaccine: 5 X 10° mitomycin C-treated cGM-CSF-
overexpressing HCA-1 cells. (B) Combination of immunogene therapy and the vaccine increased the number of CD8" T cells in tumors, as measured by flow cytometry
(control, n=18; immunogene therapy, n = 10; vaccine, n = 6; combination group, n = 6). Data are means + SEM. (C and D) The percentage of granzyme B-positive CD8" T cells
in HCA-1 tumors was imaged and quantified 24 days after implantation for the treatment with immunogene therapy or the HCC vaccine. DAPI, blue; granzyme B, green;
CD8™ T cells, red (control, n = 8; immunogene therapy, n = 6; vaccine, n = 6; combination group, n = 7). (E) IFN-y intracellular staining in tumor-infiltrating CD8" T cells
measured by flow cytometry (n=5). (F and G) The combination of immunogene therapy and vaccine treatment significantly reduced tumor sizes (control, n=12; immu-
nogene therapy, n = 12; vaccine, n = 12; combination group, n = 24) and distal lung metastatic nodules (F) and increased the overall survival (G) (n =5, **P < 0.01 compared
with control; *P < 0.05 compared with vaccine treatment) in an orthotopic HCC model. (H) IFN-y production by splenocytes from HCA-1 tumor-bearing mice that were
subjected to different treatments. Splenocytes from HCA-1 tumor-bearing mice were incubated with or without mitomycin C-treated HCA-1 cells for 48 hours at 37°C.
Samples from supernatants were collected and analyzed for IFN-y secretion by ELISA (n=6). Data are means + SEM. (I) Mice with established orthotopic HCA-1 tumors
received adoptive transfer of CD8" T cells from HCA-1 tumor-bearing mice treated with different treatments. The adoptive transfer of tumor-specific effector T cells from
mice that received the combined immunogene therapy and vaccine treatment resulted in a significant reduction in the size of primary tumors and the number of distal
lung metastatic nodules (n = 6). Data are means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 6. STING activation and DC maturation after treatment with TT-LDCP NPs containing siRNA/pDNA. (A) Protein extracts from HCA-1 cells treated with different
formulations including dendrimers alone, pEGFP pDNA/control siRNA, dendrimers/pEGFP pDNA/control siRNA complex, or pEGFP pDNA/control siRNA loaded in TT-LCP
or TT-LDCP for 6 hours were resolved by SDS-polyacrylamide gel electrophoresis, and phosphorylation of the indicated proteins was detected by Western blot. (B) Quan-
titative polymerase chain reaction analysis of Ifnb, Ccl5, and Cxc/10 mRNA expression by HCA-1 cells stimulated for 6 hours with different formulations (n =4 to 7). Data are
means + SEM. *P < 0.05 and ***P < 0.001. (C) Thymine-capped PAMAM dendrimers/pEGFP pDNA/control siRNA loaded in TT-LDCP NPs induced intratumoral DC matura-
tion. Orthotopic HCA-1 tumor-bearing mice were intravenously injected with different formulations containing pEGFP pDNA/control siRNA (1.2 mg/kg per dose,
three doses per week) on the 10th day after tumor implantation. The mice were euthanized 2 weeks after the first treatment for flow cytometry analysis. The number of
MHCII* CD86" mature intratumoral DCs increased after treatment with pDNA/siRNA in TT-LDCP NPs. D50, dendrimer modified with 50% thymine group. n = 10. Data are
means + SEM. ****P < 0.001. (D) Efficient tumor-targeted codelivery of PD-L1 siRNA and IL-2 pDNA by TT-LDCP NPs achieves tumor-specific expression of IL-2 and
down-regulation of PD-L1, activates TIDCs and increases infiltration and activation of CD8" T cells in HCC, and induces a strong tumor-suppressive effect in HCC in
synergy with a vaccine.
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dendrimers in the gene delivery system is critical to the stimulation
of STING-mediated innate immunity in cancer cells.

We next evaluated whether TT-LDCP-mediated STING activation
in HCC cells could promote the maturation of tumor-infiltrating
DCs in vivo. Treatment of mice bearing orthotopic HCC implants
with TT-LDCP NPs carrying control siRNA and pEGFP pDNA
resulted in substantial up-regulation of the DC maturation markers,
CD86 and major histocompatibility complex II (MHCII), on CD45"
tumor-infiltrating DCs (Fig. 6C). Thus, thymine-capped PAMAM
dendrimers incorporated into TT-LDCP NPs perform dual func-
tions, working not only as gene carriers for the codelivery of siRNA
and pDNA into malignant HCC but also as adjuvants that stimulate
the STING pathway and activate tumor-infiltrating DCs.

In conclusion, efficient infiltration and activation of effector im-
mune cells in the immunosuppressive TME are key to the success of
immunotherapy. We designed a nanodelivery system, TT-LDCP NP,
that enables high stability, efficient endosomal release, and selective
tumor delivery of therapeutic genetic cargoes. We incorporated
50% thymine-capped PAMAM dendrimer to stimulate innate im-
munity and facilitate the cellular and nuclear delivery of genetic
cargoes, achieving potent gene transfection efficacy. Using this gene
delivery system, we codelivered PD-L1 siRNA and IL-2 pDNA into
HCC cells, resulting in enhanced tumoral CD8" T cell infiltration and
activation, leading to suppression of HCC progression (Fig. 6D).
The immunogene therapy acted synergistically with a cancer vaccine
to achieve tumor-specific immune responses, leading to improved
overall survival in an orthotopic HCC model (Fig. 6D). This highly
efficient tumor-targeted siRNA/pDNA dual delivery system simul-
taneously inhibited an immune checkpoint and provided an immuno-
stimulating cytokine. This system has the potential to be translated
into a safe and promising immunotherapy approach for clinical
cancer treatment.

DISCUSSION

The 50% thymine-capped PAMAM dendrimer loaded in LDCP NPs
provides distinct advantages for immunogene therapy. First, this
dendrimer condenses the genetic cargoes (siRNA and pDNA) and
increases the stability of the nanoscale nucleic acid—-dendrimer—CaP
cores. Thymines and primary amines on the thymine-capped
dendrimer may synergistically interact with and protect siRNA/
PDNA via electrostatic interaction and hydrogen bonding (17). Second,
the dendrimer triggers efficient endosomal escape and intracellular
release of genetic cargoes (24), increases pPDNA uptake in the nucleus,
and induces strong transfection activity.

In addition to serving as an efficient gene carrier, the thymine-
capped PAMAM dendrimer incorporated in NPs promoted STING-
dependent signaling in HCC cells and activated intratumoral DCs,
which play a crucial role in mediating antitumor immunity in the
immunosuppressive TME. CD103" DCs, a specific subset of intra-
tumoral DCs, produce cytokines to stimulate T cells, cross-present
cell-associated antigens to CD8" T cells, and activate immune re-
sponses to overcome immune-evasion mechanisms in the TME (25).
Thus, the development of strategies to increase the sufficient and
active presence of intratumoral DCs is required to activate T cell-
mediated immune responses that may increase the efficacy of im-
munotherapy (26). We showed that treatment with tumor-targeted
LDCP NPs containing dendrimers and siRNA/pDNA up-regulated
the expression levels of the costimulatory molecules CD86 and
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MHCII in tumor-infiltrating DCs, indicating enhanced DC matu-
ration and activation. Therefore, the thymine-capped PAMAM
dendrimer can serve as both a gene delivery carrier and an adjuvant
that can stimulate the STING pathway and activate tumor-associated
APCs to shape antitumoral effector immunity and enhance the
therapeutic response for immunogene therapy.

Several immunotherapy strategies are used or are being developed
as effective cancer treatments, including (i) vaccines and adoptive
T cell therapy directed to tumor-associated neoantigens to prime
T cell responses, (ii) low-dose radiotherapy or chemotherapy to
induce immunogenic cell death as an in situ vaccination approach,
(i) inhibition of checkpoints promoting T cell anergy or exhaus-
tion, and (iv) immunostimulating agents to activate immune cells
in the TME (27). However, the development of resistance mecha-
nisms that prevent immune cell infiltration or activation in the TME
limits the therapeutic outcomes of such immunotherapies (4, 28).
Thus, approaches combining immunotherapies have been developed
to simultaneously induce mechanisms that can interact synergisti-
cally to achieve enhanced anticancer immunity. In the clinic, the
combined use of antibodies blocking the CTLA-4 (cytotoxic T lym-
phocyte antigen 4) and PD-1 checkpoints is a promising approach
for the treatment of advanced melanoma (29). In addition to check-
point blockades, there is preclinical evidence that anti-CD137 im-
munostimulatory monoclonal antibodies increase anticancer efficacy
of adoptive T cell therapy (30). While an immunotherapy cocktail
may increase anticancer efficacy, it may augment immune-related
adverse toxicity (31). In this study, TT-LDCP NP, a highly efficient
and tumor-selective gene carrier, not only delivers combined genetic
cargoes to simultaneously block immune checkpoints and provide
costimulating molecules but also maximizes the bioavailability of
therapeutic cargoes in tumors to reduce side effects.

In this study, we showed that delivery of PD-L1 siRNA into HCC
cells not only augmented anticancer immunity, as indicated by in-
creased tumor-infiltrating CD8" T cells, but also significantly sup-
pressed distal metastasis. In addition to the immunosuppressive
effect of PD-L1 via engagement of its receptor PD-1 on T cells, recent
studies have reported that cancer cell-intrinsic PD-L1 reprograms
metabolic activities and promotes metastasis-related phenotypes (32).
Down-regulating PD-L1 reverses epithelial-to-mesenchymal transi-
tion in cancer cells and inhibits their invasion and migration activity,
suggesting that PD-L1 may serve as a potential target for suppress-
ing metastasis (33). In addition to PD-L1, several other immuno-
suppressive molecules, such as indoleamine 2,3-dioxygenase (IDO),
and cytokines [i.e., transforming growth factor-p (TGF-), IL-10,
and prostaglandin E2] produced by cancer cells or stromal cells also
play important roles in modulating immune cell phenotypes in the
TME, inhibiting T cell activation and promoting immune tolerance,
resulting in suppression of anticancer immunity (34-36). We envi-
sion that in the future, the TT-LDCP NPs developed in this study
can serve as efficient tools to deliver siRNA cocktails against multiple
key immunosuppressive factors and reprogram immune cells residing
in the TME, leading to reduced tumor progression.

IL-2 has long been recognized as a key cytokine that drives T cell
proliferation and enhances effector T cell activity, and IL-2 was the
first effective immunotherapy for human cancer (2). However, re-
petitive systemic administration of IL-2, which is required to obtain
sufficient exposure at tumor tissues and achieve tumor suppression,
causes adverse events in patients (37). In addition, recent studies have
shown that treatment with low-dose IL-2 induces immune tolerance
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and promotes the development of regulatory T cells that may im-
pair antitumor immunity and limit therapeutic efficacy (37). Our
findings, on the other hand, showed that TT-LDCP NP-mediated
delivery of IL-2 pDNA to tumor cells resulted in high levels of se-
creted IL-2 in the TME and enhanced tumor immunity by increasing
the proliferation of tumor-specific cytotoxic T cells and facilitating
infiltration of activated T cells into tumors when combined with
PD-L1 siRNA. Furthermore, tumor-targeted delivery of IL-2 pDNA
with NPs may further decrease the systemic side effects observed
with systemic administration of IL-2 for treatment.

Although TT-LDCP NPs can selectively and efficiently deliver
siRNA/pDNA into tumors, their transient transfection efficacy may
limit clinical application. To prolong pDNA/siRNA expression and the
antitumor response, cutting-edge technologies, such as the Sleeping
Beauty transposon and CRISPR-based genome editing systems, can
be exploited. If the death of tumor cells results in reduced expres-
sion of IL-2 that limits immune stimulation, stromal cells can be
targeted instead of cancer cells. For example, targeted delivery of
pDNA into tumor-associated fibroblasts causes the stromal cells to
sustainably produce immunostimulating cytokines, modulate the
immunosuppressive TME, and achieve long-term antitumor immu-
nity (38). More studies are needed to overcome limitations and
achieve successful clinical translation of cancer gene therapy.

In summary, nanotechnology-enabled delivery of siRNA against
immunosuppressive factors and pDNA encoding immunostimulating
cytokines is safe, highly efficient, selectively targeted to the TME,
synergistic in action with a cancer vaccine, and suitable as a next-
generation cancer immunotherapy strategy. This system has the
potential for new immunotherapy cocktails to be used in the clinic.

MATERIALS AND METHODS

Study design

This was a preclinical study to assess the efficacy and safety of a PD-L1
siRNA and IL-2 pDNA delivered by a tumor-targeted nanocarrier
to silence PD-L1 expression and increase IL-2 production in HCC
cells. We hypothesized that down-regulation of PD-L1 and produc-
tion of IL-2 in HCC would stimulate antitumor immunity and sup-
press HCC progression, as well as improve anticancer efficacy when
combined with cancer vaccine treatment. This hypothesis was tested
through an established orthotopic murine HCC model. The
numbers of mice used for the in vivo experiments are specified in
the figure legends.

Cells and materials

The murine HCC cell line HCA-1 and the human HCC cell lines Hep3B
and JHH-7 were provided by D. Duda, MGH Boston. Hep3B cells were
maintained in minimum essential medium (MEM)-alpha medium,
JHH-7 cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM)/F12 medium, and HCA-1 cells were maintained in DMEM
medium (Sigma-Aldrich, St. Louis, MO). All media were supplemented
with 10% fetal bovine serum and were purchased from Invitrogen
(Carlsbad, CA). The SP94 peptide (NH2-CGGSFSIIHTPILPL-COOH)
was synthesized and purified (95% purity) by Kelowna International
Scientific Inc. (Taipei, Taiwan). Dimethyl sulfoxide and cholesterol
were purchased from Sigma-Aldrich (St. Louis, MO). Ethanol (EtOH)
was obtained from Alfa Aesar (Ward Hill, MA). DOPA, 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), DOTAP, DSPE-PEG2000, and
DSPE-PEG2000-maleimide were purchased from Avanti Polar Lipids

(Alabaster, AL). Luciferin was purchased from Promega Corp.
(Madison, WI). Plasmids encoding firefly Luc driven by the cyto-
megalovirus (CMV) promoter were gifts from C.-W. J. Chang,
National Tsing Hua University, Taiwan. pCMV-Luc plasmid was
cloned by inserting luciferase DNA (from pGL3, Promega) into the
pcDNA3 plasmid. pEGFP-C3 plasmids were purchased from Addgene.
Control siRNA with the sequence 5'- AAUUCUCCGAACGUGUCAC-
GUTT-3’, PD-L1_01 siRNA with the sequence 5'-GAUAUUUG-
CUGGCAUUAUAUU-3', and PD-L1_02 siRNA with the sequence
5-GAGGUAAUCUGGACAAACAUU-3’" were purchased from
Dharmacon (Lafayette, CO, USA).

The synthesis of thymine-capped PAMAM dendrimers

The thymine was converted to (bromobutyl)thymine according to a
previous report (39). Upon mixing (bromobutyl)thymine (47.8 mg)
with G4NH, (Sigma-Aldrich, 1 ml, 5.7 pmol, 10 weight % methanol
solution) in deionized water (4 ml), dendrimers capped with thy-
mine molecules of 50% coverage were successfully synthesized by
microwaving the relevant mixture at 300 W and 120°C for 30 min
(CEM, Discover LabMate System). For each synthesis, the resulting
crude mixture was extracted by dichloromethane to remove excess
(bromobutyl)thymine, and the compound was freeze dried from the
aqueous solution.

Preparation of LDCP NPs loaded with siRNA and pDNA

LDCP NPs were prepared using a modified protocol (16, 40). Two
separate microemulsions (3 ml each) were prepared. To prepare the
calcium-loaded microemulsion, pDNA (6.5 pg) and siRNA (6.5 ug),
dendrimer (26 pg), and 40 pl of 500 mM CacCl, (pH 7) were added
to the oil phase of cyclohexane and Igepal-520 (7:3, v/v). To prepare
the phosphate buffer-loaded microemulsion, Na,HPOy, solution
(74 pl, 100 mM, pH 9) and DOPA (74 pl, 35 mM) were added into
to the oil phase of cyclohexane and Igepal-520 (7:3, v/v). Two sepa-
rate microemulsions were stirred for 10 min at room temperature.
The emulsions were then mixed for 20 min to form the condensed
cores of CaP/pDNA/siRNA/dendrimer. Later, 6 ml of 100% EtOH
was added to disrupt the emulsion, and the mixture was centrifuged
at 10,000¢ for 20 min. After removing the supernatant solution, the
CaP/pDNA/siRNA/dendrimer cores were collected and washed
twice with 100% EtOH to remove residual organic solvents. The
CaP/pDNA/siRNA/dendrimer cores were suspended in chloroform,
vortexe, and sonicated. A mixture of free lipids (DOPC:DOTAP:DSPE-
PEG2000:DSPE-PEG2000-MAL:cholesterol = 1:1:1.8:0.2:4 molar
ratio) was added into the CaP/pDNA/siRNA/dendrimer cores
(2.5:1 ratio of total free lipids to DOPA) and then dried under N,.
After evaporating the chloroform, 160 ul of water was added to form
LDCP NPs. For peptide conjugation, peptide was reduced using im-
mobilized TCEP disulfide-reducing gel (Thermo Fisher Scientific)
according to the manufacturer’s recommendations. SP94 peptides were
added into LDCP NPs where they reacted with DSPE-PEG2000-
maleimide on the surface of the NPs. Four hours later, the unreacted
maleimide groups were quenched by adding 1-cysteine.

Characterization of NPs

The LDCP or LCP NPs were formulated as described above and were
resuspended in deionized water. The morphology of the NPs was
characterized by TEM (H-7500, Hitachi High-Tech, Tokyo, Japan).
The NPs were dropped on dried Formvar-coated 100-mesh copper
grids at room temperature. All grids were further dried for 2 days
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before imaging. The particle size and surface charge were examined
using a Zetasizer system (Zetasizer nano zs, Malvern Instruments Ltd.,
Worcestershire, UK) at room temperature.

Animals and orthotopic HCC models

C3H/HeNCrNarl male mice were purchased from the National
Laboratory Animal Center (Taipei, Taiwan). Murine HCC HCA-1
cells were orthotopically implanted in the livers of 6- to 8-week-old
male C3H mice as previously described (19). Briefly, 1.0 x 10° HCC
cells [suspended in 20 pl in a 1:1 solution of Matrigel in phosphate-
buffered saline (PBS)] were injected in the subcapsular region using
a 28-gauge needle. All animals received humane care in compliance
with the Guide for the Care and Use of Laboratory Animals published
by the National Academy of Sciences, and all study procedures and
protocols were approved by the Animal Research Committee of the
National Tsing Hua University (Hsinchu, Taiwan).

To evaluate the anticancer effect of immunogene therapy, PD-L1
siRNA and IL-2 pDNA loaded in different formulations (1.2 mg/kg
per dose, three doses per week) were intravenously administered to
mice with orthotopic HCC beginning 10 days after the implantation.
The tumor volume was evaluated 2 weeks after the first treatment.
The tumor tissue was collected for further analysis. Tumor size was
measured using a caliper and estimated using the formula: tumor
volume = length x width?/2.

Quantitative reverse transcription

polymerase chain reaction

To evaluate gene expression by quantitative reverse transcription
polymerase chain reaction (PCR), the cells were seeded in 12-well
plates and allowed to grow for 12 hours. Later, the cells were exposed
to different formulations. The cells were washed in PBS and lysed
by TRIzol reagent (Thermo Fisher, USA) at 6 hours after treatment.
Then, 1 ug of total RNA was reverse transcribed into cDNA using
the High-Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, USA) on a Piko Thermal Cycler (Thermo Fisher Scientific,
USA) according to the manufacturer’s instructions. Quantitative PCR
was performed using TagMan Universal PCR Master Mix (Applied
Biosystems, USA) on a 7500 Real-Time PCR System (Applied Bio-
systems, USA). The gene expression levels were evaluated using Ct
in all tested samples and normalized to B-actin as a reference gene.
The primer sequences are listed in table S1.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/3/eaax5032/DC1

Supplementary Materials and Methods

Table S1. List of genes examined by real-time PCR and the primer sequences used.

Fig. S1. The kinetic profile for the release of genetic cargoes from LDCP NPs.

Fig. S2. Cellular uptake of TT-LDCP NPs containing pDNA and siRNA in vitro.

Fig. S3. Intracellular uptake of FITC-labeled dendrimers delivered by TT-LDCP NPs.

Fig. S4. Tissue distribution of TT-LDCP NPs in orthotopic HCC models.

Fig. S5. Tumoral uptake of Cy5-labeled pDNA and FAM-labeled siRNA delivered by TT-LDCP NPs.
Fig. S6. Transfection efficiency of TT-LDCP NPs containing pDNA in human HCC JHH-7 cells.
Fig. S7. Transfection efficiency of TT-LDCP NPs containing pDNA in vitro.

Fig. S8. In vivo administration of PD-L1 siRNA and IL-2 pDNA in TT-LDCP NPs did not show
systemic toxicity.

Fig. $9. Comparison of cytotoxicity mediated by splenic lymphocytes as assessed by flow cytometry.
Fig. $10.IL-2 pDNA and PD-L1 siRNA in TT-LDCP NPs suppressed tumor progression, enhanced
cytotoxic T cell activation, and increased HA-specific CD8" T cells in a murine orthotopic
BNL-HA HCC model.

View/request a protocol for this paper from Bio-protocol.
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Tracking extracellular vesicle phenotypic changes
enables treatment monitoring in melanoma
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Monitoring targeted therapy in real time for cancer patients could provide vital information about the develop-
ment of drug resistance and improve therapeutic outcomes. Extracellular vesicles (EVs) have recently emerged as
a promising cancer biomarker, and EV phenotyping shows high potential for monitoring treatment responses.
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Here, we demonstrate the feasibility of monitoring patient treatment responses based on the plasma EV pheno-
typic evolution using a multiplex EV phenotype analyzer chip (EPAC). EPAC incorporates the nanomixing-
enhanced microchip and the multiplex surface-enhanced Raman scattering (SERS) nanotag system for direct EV
phenotyping without EV enrichment. In a preclinical model, we observe the EV phenotypic heterogeneity and
different phenotypic responses to the treatment. Furthermore, we successfully detect cancer-specific EV pheno-
types from melanoma patient plasma. We longitudinally monitor the EV phenotypic evolution of eight melanoma
patients receiving targeted therapy and find specific EV profiles involved in the development of drug resistance,
reflecting the potential of EV phenotyping for monitoring treatment responses.

INTRODUCTION

Targeted therapies can slow down the progress of many cancers by
disrupting molecular activities of targeted cellular pathways and
mutated genes, which, in turn, blocks the outgrowth of tumor cells
(1). Although targeted therapies are effective, most patients develop
a drug nonresponsiveness within months, which eventually results
in tumor relapse (I). A promising way to improve therapeutic out-
comes could be the use of informative biomarkers and technologies
to track therapy responses in real time and predict the early devel-
opment of drug resistance with the aim of treatment adjustment (2).
In this context, extracellular vesicles (EV's) have emerged as inform-
ative biomarkers with high potential to become an important tool for
cancer diagnosis and therapy monitoring (3, 4). EVs are membrane-
encapsulated nanoscopic bodies that are secreted from cells (3).
EVs carry functional molecular cargoes that include transmembrane/
cytoplasmic proteins, DNAs/RNAs, and lipids, which serve as bio-
markers for tumor staging and predicting responses to therapy (5).
For instance, by characterizing EV phenotypes (defined by the rela-
tive levels of transmembrane proteins), recent studies have success-
fully obtained proteomic information to forecast the metastatic stages
in glioma (6) and melanoma (7). In addition, tracking of treatment
responses via EV phenotypes has been demonstrated in glioblastoma
(8,9), breast carcinoma (10, 11), pancreatic cancer (12), and colorectal
cancer (13). In the case of colorectal cancer, the EV phenotype served as
an indication for successful surgical removal of the tumor by a de-
creased level of a double-positive CD147/CD9 EV subpopulation (13).
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While there is growing evidence suggesting that EV phenotypes
reflect biological functions including metastasis and therapy resist-
ance (5), the clinical translation of EVs is limited by the EV hetero-
geneity. The EV heterogeneity makes it extremely difficult to isolate
and detect specific EV subpopulations (e.g., tumor-derived EVs)
among other nontarget EV's present in circulation. For example,
different EV subpopulations can have similar morphological and
physical properties (e.g., size), which can result in co-isolation of
bulk EV populations and render the interrogation of target EV sub-
populations intractable (5). In addition, multiplex phenotyping of EVs
in a small volume for treatment monitoring is also impractical to be
achieved with conventional methods such as immunoblotting and
enzyme-linked immunosorbent assay (ELISA). Recently, there are a
few new technologies that have been developed for the multiplex
EV phenotype analysis; however, most of them are not a real multi-
plex assay, as these methods do not measure multiple biomarkers
simultaneously (8, 14, 15). These methods have not been used to
perform longitudinal studies to better understand EV phenotypic
evolution in response to treatment. Here, we develop an EV pheno-
type analyzer chip (EPAC) for EV phenotype analysis to enable the
monitoring of therapy responses over time. EPAC uses a nanomixing
strategy to minimize the nonspecific adsorption, which is particu-
larly beneficial when capturing EV's directly from complex biological
samples. This is followed by a multiplex phenotype readout using
surface-enhanced Raman spectroscopy (SERS). We achieve multi-
plex biomarker detection by simultaneously labeling the target EV's
with unique SERS nanotags [i.e., gold nanoparticles (AuNPs) with
dedicated reporters and tumor-specific antibodies].

Using EPAC, we monitor the EV phenotypic changes in four
patient-derived melanoma cell lines treated with the BRAF inhibi-
tor that targets mutant BRAF V600, which is found in approximately
40% of melanoma patients (16). We focus on the detection of four
selected biomarkers in EVs including melanoma chondroitin sul-
fate proteoglycan (MCSP), melanoma cell adhesion molecule (MCAM),
low-affinity nerve growth factor receptor (LNGFR), and receptor
tyrosine protein kinase (ErbB3). These biomarkers have been demon-
strated to often change with treatment and melanoma progression
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(17). We monitor and observe EV heterogeneity and phenotype
variations based on changes in the expression levels of these four
biomarkers during the treatment. EPAC further enables the differ-
entiation of 11 melanoma patients and 12 healthy individuals based on
plasma EV phenotypes, as well as the monitoring of phenotypic changes
in EVs from 8 melanoma patients receiving targeted therapies.

RESULTS AND DISCUSSION

Working scheme

The schematic workflow of EPAC for monitoring the EV phenotypic
evolution during treatment is shown in Fig. 1. As indicated in
Fig. 1A, we selected melanoma cell-derived EV's as a model whose
parental cell lines harbor the BRAF V600E mutation to evaluate
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responses to the BRAF inhibitor treatment. The BRAF V600E
mutation leads to constitutive activation of the cellular mitogen-
activated protein kinase (MAPK) signaling pathway (Fig. 1A),
thereby driving cell cycle progression and tumor growth (18).
Treating BRAF V600 mutant melanoma patients or cell lines with
BRAF inhibitors specifically disrupts this pathway to shrink or slow
tumor growth (18). As the molecular information packaged within
EVs originates directly from their parental tumor cells, we speculated
that profiling melanoma EV phenotypes might provide a snapshot
of the host cell state, making it feasible to be implemented as a treat-
ment monitoring biomarker.

To analyze the phenotypes of melanoma EVs directly from
complex biological samples (i.e., cell culture medium and diluted
patient plasma) without the need for purification and enrichment

G Multiplex SERS mapping
SERS image SERS nanotag spectra

g . |
. |_FAWi

800 1000 1200 1400 1600
Raman shift (cm ') _£ny

Q&
&

®,

&
%

& ;
. ;
gl o
~a* N°’I‘ta"9|°t f Capture antibody & ; SERS nanotags
molecules :
&

D Tracking of EV phenotypes during treatment

AN

Before
treatment

Treatment
response

Tumor
recurrence

Fig. 1. Schematic for EV phenotyping by EPAC. (A) A melanoma cell with a BRAF V600E mutation secretes EVs into circulation or cell culture medium. (B) The sample is
directly injected into EPAC, where the applied nanomixing fluid flow increases EV collisions with the capture antibody and SERS nanotags and shears off nontarget mol-
ecules (e.g., protein aggregates and apoptotic bodies) and free SERS nanotags. (C) The characterization of EV phenotypes is performed by SERS mapping. The false-color
SERS spectral images are established on the basis of the characteristic peak intensities of SERS nanotags (MCSP-MBA, red; MCAM-TFMBA, blue; ErbB3-DTNB, green; LNG-
FR-MPY, yellow). (D) EV phenotypes defined by the relative expression levels of four biomarkers are extracted from the average signal spectra of false-color SERS spectral
images. EV phenotypes are unique to each EV subpopulation. By analyzing EV samples before, during, and after BRAF inhibitor treatment, the phenotypic evolution can
be tracked to provide information on treatment responses and early signs of drug resistance.
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steps, we performed the immunoaffinity-based isolation and labeling
via the EPAC (Fig. 1B). To characterize the EVs using EPAC, we
used a nanomixing strategy developed in our laboratory (see Materials
and Methods) (19, 20). The EPAC not only improved the EV capture
efficiency as indicated previously (20) but also addressed the critical
problems present in current EV SERS phenotyping technologies,
such as nonspecific adsorption and long incubation time because of
slow binding kinetics of SERS nanotags to target EVs. The nano-
mixing force thereby enabled a streamlined plasma EV phenotype
analysis within 40 min, which was faster than conventional methods
[e.g., >3 hours given by >1 hour for EV isolation (2I) and >2 hours
for ELISAs (22)]. The stepwise functionalization of EPAC is shown
in fig. S1.

To profile EV phenotypes in a small sample volume, EPAC relies on
a multiplex SERS nanotag system (Fig. 1C). Each type of SERS nano-
tags targeted a single biomarker: 4-mercaptobenzoic acid (MBA) for
MCSP, 2,3,5,6-tetrafluoro-MBA (TFMBA) for MCAM, 5,5’-dithiobis
(2-nitrobenzoic acid) (DTNB) for ErbB3, and 4-mercaptopyridine
(MPY) for LNGEFR. The signal readout was achieved by SERS map-
ping. The false-color SERS spectral image was generated on the
basis of the characteristic peaks of Raman reporters (1075 cm ™" for
MBA, 1375 cm ™ for TEMBA, 1335 cm™' for DTNB, and 1000 cm ™
for MPY). The signal intensities in the mapped area were propor-
tional to the numbers of EVs and their expressing biomarker levels.

The EPAC was then applied for the characterization of EV phe-
notypes before, during, and after treatment (Fig. 1D). The EV phe-
notypes were obtained from false-color SERS spectral images by
calculating the relative intensities of Raman reporter peaks. We
hypothesized that the overall EV phenotypic changes could reflect
changes in cancer cell populations during treatment and could thus
be useful for monitoring of patient treatment responses.

EPAC characterization

To demonstrate the capture capability of EPAC, we characterized
SK-MEL-28 cell-derived EVs before and after being captured by
EPAC. Nanoparticle tracking analysis (NTA) was used to deter-
mine the size distribution of particles (including EVs) present in the
conditioned culture medium of SK-MEL-28, showing a mean particle
diameter of 148.9 nm and a modal diameter of 102.3 nm (fig. S2A).
Atomic force microscopy (AFM) measurements were then applied to
in situ characterize SK-MEL-28 cell-derived EV's captured by EPAC
(fig. S2, B and C). To capture CD63-positive EVs from the condi-
tioned culture medium, we functionalized EPAC with anti-CD63
antibodies (fig. S2B). We further tested the capture of EVs from
simulated patient plasma (i.e., pooled plasma from healthy donors
spiked with the same concentration of SK-MEL-28 cell-derived
EVs) using the anti-MCSP antibody functionalized EPAC (fig. S2C).
The anti-MCSP antibody functionalized EPAC was designed for
clinical sample detection, as melanoma-derived EVs are found at
low concentrations (less than 1% of total plasma EVs) (23), and
MCSP is highly expressed in melanoma cells (24). The anti-MCSP
functionalized EPAC exposed to normal plasma (fig. S2D) and the
anti-MCSP functionalized EPAC (fig. S2E) were used as controls to
provide an indication of background signals. Compared to the controls
(fig. S2, D and E), both two-dimensional (2D) and 3D AFM images
indicated that anti-CD63 and anti-MCSP antibody functionalized
EPAC captured particles (i.e., EVs) from the conditioned culture medium
and the simulated patient plasma, respectively (fig. S2, B and C). The
diameters of two representative particles in each group ranged from

38

155 to 277 nm, which was in line with the diameter distribution of
EVs measured by NTA data (fig. S2A) and thus suggested the suc-
cessful capture of EVs by EPAC.

To further evaluate the performance of anti-CD63 and anti-MCSP
functionalized EPAC:s in sensing melanoma-specific EVs, we applied
these two types of EPACs to detect MCSP-positive EVs present in
the conditioned culture medium of SK-MEL-28 cells. To avoid the
binding of anti-MCSP capture and detection antibodies toward the
same epitope binding site of MCSP, we used antibodies from two
different monoclonal clones. We observed a stronger MCSP SERS
signal from the anti-MCSP functionalized EPAC than the anti-
CD63 functionalized EPAC (Fig. 3D and fig. S7C), possibly due
to a higher level of MCSP expression than CD63 in MCSP-positive
EVs derived from SK-MEL-28 cells and/or a stronger binding
affinity of the MCSP antibody than the anti-CD63 antibody.
Hence, we applied the anti-MCSP functionalized EPAC for detec-
tion of melanoma-specific EVs derived from patient plasma.

To explore the sensitivity of EPAC in detecting MCSP-positive
EVs, we captured different numbers of EVs released from SK-MEL-28
cells in conditioned culture medium and simulated patient plasma
samples by the anti-CD63 (Fig. 2A) and anti-MCSP (Fig. 2B) func-
tionalized EPAC:s, respectively, followed by the labeling of MCSP-MBA
SERS nanotags. As shown in Fig. 2, there were statistically signifi-
cant differences between each of these dilutions [one-way analysis
of variance (ANOVA), P < 0.05]. According to the signal-to-noise
ratio > 3 (the noise signal was measured from medium/plasma only),
the anti-CD63 functionalized EPAC was able to detect 10° EVs/ml
from the conditioned culture medium (Fig. 2A), while the anti-MCSP
functionalized EPAC could detect as low as 10° EVs/ml in the sim-
ulated patient plasma (Fig. 2B). The detection sensitivity of the
anti-MCSP functionalized EPAC meets the clinical requirement,
given that the average melanoma EV concentration in plasma is ~10°
EVs/ml (23, 25). Both resulting sensitivities are also comparable to
or better than other EV detection technologies such as the minia-
turized EV capture device developed by Kwizera and co-workers
(14), although direct comparisons are difficult due to differences in
capture/detection antibodies and sample sources.

To demonstrate the detection specificity of EPAC, we measured
EVs derived from two cell lines (melanoma SK-MEL-28 and breast
cancer MCF7) with known differences in biomarker expression levels
(17), together with control experiments (i) EV-free cell culture me-
dium, (ii) without the CD63 capture antibody, and (iii) with non-
target CD45 detection antibodies on SERS nanotags. According to
previous reports (26-31), SK-MEL-28 cells show high expressions
of MCSP and MCAM and low expressions of ErbB3 and LNGFR;
MCEF7 cells have low expressions of all four biomarkers. We also
performed flow cytometry to validate these four biomarker expres-
sions in SK-MEL-28 and MCF?7 cell lines before performing their EV
characterization (Fig. 3A). As shown in Fig. 3 (B to D), SK-MEL-28
cell-derived EVs provided a unique signal profile compared to
MCF?7 cell-derived EVs—with the SERS intensity order of MCSP >
MCAM > LNGFR > ErbB3—according to the representative false-color
SERS spectral images, average SERS spectra obtained from corre-
sponding SERS imaging datasets, and average SERS intensities at
1075, 1375, 1335, and 1000 cm ™" from three replicates. Only negli-
gible nonspecific signals were observed from the MCF7 cell-derived
EVs and other control experiments. The unique phenotypes of
SK-MEL-28 cell-derived EVs and the negligible backgrounds from
controls indicated that EPAC was capable of performing multiplex

www.SCIENCEADVANCES.org 26 February 2020 Vol 6 eaax3223



Science Advances

RESEARCH ARTICLE

A Anti-CD63 captured EVs
Cevs (particles-ml'1)

1500~
1E4 9 3 =
cepota 10 10 2
£ 10004
2 a
2
=
5 500+ b
0 §
CCD cts 14 c
0 [+
10° 108 10" Medium
B Cevs (panicles-mi'1)
Anti-MCSP captured EVs
Cevs (particles-ml'1) 1500~
S
10’ 10° 10° s
2 10001 b
w
=
% C
‘e 5001
o
&
o d
0-
107 108 10°  Plasma

Cgvs (particles-ml")

Fig. 2. EPAC sensitivity. The EPAC sensitivity was studied by analyzing designated concentrations of SK-MEL-28 cell-derived EVs from (A) the conditioned culture medi-
um using an anti-CD63 functionalized EPAC and (B) the simulated patient plasma using an anti-MCSP functionalized EPAC, followed by labeling with MCSP-MBA SERS

nanotags. The left side shows the representative false-color SERS spectral images, and the right side is the concentration-dependent average SERS intensity at 1075cm™ .

1

Data are represented as means + standard deviation, where error bars represent standard deviation of three separate experiments. Means not sharing a common letter

are significantly different (P < 0.05). Scale bars, 10 um. a.u., arbitrary units.

EV phenotype characterization and accurately recognizing different
EV subpopulations. We believe that our method would be valuable
for the study of EV biogenesis, tumor heterogeneity, tumor staging,
and phenotypic changes concomitantly during treatment.

To further validate EPAC results, we then measured the expres-
sions of MCSP, MCAM, ErbB3, and LNGFR biomarkers in EV's
derived from SK-MEL-28 and MCEF?7 cell lines using Western blot
(fig. S3). As indicated in fig. S3, SK-MEL-28 cell-derived EVs showed
MCSP, MCAM, and LNGER signals and negligible ErbB3 signals;
MCF?7 cell-derived EVs indicated negative signals for all four bio-
markers. These Western blot results were in line with EPAC results
and confirmed the presence of MCSP, MCAM, and LNGEFR in
SK-MEL-28 cell-derived EVs and the low abundance of all four
biomarkers in MCF?7 cell-derived EVs (Fig. 3B).

Monitoring the EV phenotypic evolution during treatment

in preclinical models

Detecting the emergence of drug resistance and identifying poten-
tial resistance mechanisms are clinically important for personalized
therapy management. To understand the effect of drug treatment
on the expression of tumor-specific biomarkers in EVs, we strategi-
cally selected generic EV biomarkers as the capture antibody instead
of melanoma-associated MCSP. We then investigated the capture
efficiency of using three tetraspanin EV biomarkers (i.e., CD63,
CD9, and CD81) for detecting MCSP-positive EVs derived from
SK-MEL-28. The captured EVs were recognized using MCSP-MBA
SERS nanotags. The false-color SERS spectral images derived from
anti-CD63/CD9/CD81 functionalized EPACs (fig. S4A) were estab-

lished on the basis of the characteristic peak of MBA at 1075 cm ™.
We then selected CD63 as the biomarker for EV capture because the
anti-CD63 functionalized EPAC provided the highest signal density
in SERS mapping data (fig. S4A), corresponding average SERS spec-
tral signals from the SERS mapping data (fig. S4B), and average
SERS intensities at 1075 cm™! from triplicate measurements (fig. S4C).
This result might be due to (i) a higher level of CD63 expression
than those of CD9/CD81 in SK-MEL-28 cell-derived EVs and (ii) a
stronger binding affinity of the anti-CD63 antibody than anti-CD9/
CD81 antibodies. These possibilities, however, are extremely difficult
to validate by antibody-based methods, given the different binding
affinities for each antibody.

To investigate whether and how the phenotypes of CD63-positive
EVs change during treatment, we characterized EVs from four
patient-derived melanoma cell lines harboring either a BRAF muta-
tion (LM-MEL-33, LM-MEL-64, and SK-MEL-28) or an NRAS
mutation in a BRAF wild type setting as a control (LM-MEL-35)
(32). We first characterized the EV phenotype before drug treatment
(Fig. 4, day 0). MCSP that is expressed in more than 85% of primary
and metastatic melanoma lesions (33) was highly expressed in EV's
from all four melanoma cell lines. MCAM, cell adhesion-associated
surface protein potentially implicated in metastatic spread (27),
showed higher expression in LM-MEL-33 cell-derived EV's than in
the other studied EVs. Together, EPAC provided a unique pheno-
typic snapshot that reflected cell type-specific fingerprints (e.g.,
overexpressed proteins).

To monitor treatment responses of melanoma cell lines, we
characterized their EV phenotypic evolution (Fig. 4) and performed
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(A) The expressions of MCSP, MCAM, ErbB3, and LNGFR in SK-MEL-28 and MCF7 cells were detected by flow cytometry. (B) Representative false-color SERS spectral images,
(C) average SERS spectra obtained from corresponding SERS mapping datasets, and (D) average SERS intensities at 1075 cm™ (red, MCSP), 1375 cm™ (blue, MCAM),
1335¢m™! (green, ErbB3), and 1000 cm™! (yellow, LNGFR). Data in (D) are represented as means + standard deviation, where error bars represent standard deviation of

three separate experiments. Scale bars, 10 um.

one-way ANOVA to statistically evaluate the changes of each bio-
marker (fig. S5) during 30 days of drug treatment and 9 days after
treatment. LM-MEL-64 cells without drug treatment were used as a
control, which showed no obvious EV phenotypic changes across
four selected biomarkers over the same period (P > 0.05), suggesting
negligible effects from cell passaging artifacts (fig. S5). With the ini-
tiation of drug treatment, BRAF inhibitors affect BRAF mutant cells’
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proliferation, differentiation, and survival by disrupting the MAPK
signaling pathway (18). We observed significant down-regulation
of ErbB3 in LM-MEL-33- and LM-MEL-64 cell-derived EVs on day 3
(P < 0.05; fig. S5, B and D). After chronic drug exposure for 9 days,
LM-MEL-64 cell-derived EVs showed an increase of the MCAM/
MCSP expression ratio from 31.3 to 110.5% (Fig. 4D), and SK-MEL-28
cell-derived EV's from 20.7 to 82.6% (Fig. 4C). LM-MEL-28 cell-derived
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Fig. 4. The anti-CD63 functionalized EPAC for monitoring phenotypic changes of EVs from melanoma patient-derived cell lines in response to BRAF inhibitor
treatment. EVs released from (A) LM-MEL-64 cells without treatment were used as a control and followed for 30 days. EVs derived from (B) LM-MEL-33, (C) SK-MEL-28,
(D) LM-MEL-64, and (E) LM-MEL-35 cell lines were collected before (day 0), during (days 3 to 30), and after treatment (days 33 and 39). (A to E) Average biomarker signals
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EVs showed a significant decrease of the MCSP level on day 9 com-
pared to day 3 (P < 0.05; fig. S5C). With the continuous drug treatment
for 30 days, only the ErbB3 level in EVs derived from LM-MEL-33
and LM-MEL-64 cell lines showed significant down-regulation
compared to EVs from their parental cell lines (P < 0.05; fig. S5,
B and D). When the drug was removed (days 33 and 39), a strong
up-regulation of MCSP and/or MCAM levels appeared in EVs de-
rived from these two BRAF V600E mutant melanoma cell lines
(P < 0.05; fig. S5, B and D), potentially suggesting the release from
MAPK block.

Our control cell line used here, LM-MEL-35, is BRAF wild type
but NRAS mutant, and is therefore susceptible to the paradoxical
MAPK pathway activation by BRAF inhibition (34). Levels of MCSP,
LNGFR, and ErbB3 did not change significantly during and after
treatment (P > 0.05; fig. S5E). However, the MCAM level gradually
increased and was significantly higher on day 39 compared with day
0 (P <0.05; fig. S5E). If this observed increase is caused by enhanced
MAPK signaling itself, direct cross-talk to the phosphoinositide
3-kinase (PI3K) pathway or just a correlation remains to be further
explored. However, this seems to be in line with MCAM up-regulation
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in the treatment-susceptible cell lines after BRAF inhibition removal
and proliferation rebounce (35, 36).

To comprehensively evaluate the effect of drug treatment on EV
phenotypes based on the chosen biomarkers, we performed linear
discriminant analysis (LDA) on the SERS data of Fig. 4 (A to E). The
LDA result showed an obvious shift of BRAF V600E mutant cell-
derived EV populations during and after treatment (Fig. 4, G to I),
compared to the closely grouped EVs from LM-MEL-64 cells with-
out treatment (Fig. 4F). In contrast, the drug-insensitive LM-MEL-35
cell-derived EV populations before, during, and after treatment still
partially overlapped with each other (Fig. 4]), indicating minor pheno-
typic changes due to treatment. These LDA results further suggested
the effect of BRAF inhibitor treatment on the phenotypes of EV's de-
rived from BRAF mutant cell lines.

Drug-sensitive cells under treatment may degrade and release
cell debris into their environment (37). These cell debris including
cellular breakdown products (membranes and nucleosomes) might
be detected by EPAC and thus might cause false-positive signals.
Therefore, to explore the potential interferences of cell debris in
characterizing EV phenotypes during drug treatment, we selected
the time point of drug-treated SK-MEL-28 cells with the lowest cell
viability (i.e., day 5, ~65% viability; fig. S6A), where the concentra-
tion of cell debris was expected to be the highest. The purity of EVs
analyzed by EPAC was determined by an “exclusion marker”—
endoplasmic reticulum protein calnexin—which is cell specific and
is expected to be absent in EVs (21). We then analyzed the condi-
tioned culture medium of drug-treated SK-MEL-28 cells by the
anti-CD63 functionalized EPAC. The drug-treated SK-MEL-28 cell
lysate was used as a positive control to mimic the cellular breakdown
products during the treatment, although it is unknown whether
treatment effects on cells could be recapitulated by the chemical cell
lysis. The false-color SERS spectral images based on the signals of
calnexin-TFMBA SERS nanotags at 1375 cm™? (fig. S6B) showed
the high abundance of calnexin in the cell lysate and the absence of
calnexin in EVs isolated from the conditioned culture medium,
indicating that EPAC results were unaffected by cellular debris and
apoptotic bodies. The corresponding average SERS spectra (fig. S6C)
and characteristic peak intensity measurements (fig. S6D) showed
82-fold stronger signals for calnexin in the cell lysate compared to
the EVs captured from the conditioned culture medium, further
suggesting that EPAC efficiently minimized the interferences from
cellular debris and apoptotic bodies. These findings were further
validated using Western blotting of the cell lysate and purified EVs
(fig. S6E). These results provided additional evidence for demon-
strating the accurate characterization of the obtained EV phenotypic
evolution during the treatment.

Collectively, our results showed that our technology is capable
of tracking and characterizing the phenotypic evolution of cancer
cell-derived EVs during treatment with BRAF inhibitors. Here, we
used four biomarkers chosen mainly due to their well-described
expression in melanoma and their potential involvement in tumor-
igenesis. In addition, it is unknown whether CD63 or these four
biomarkers are affected by oncogenic drivers or therapy in melanoma
(cells and EVs), thereby affecting the assay interpretation. We envi-
sion that using biomarkers that are carefully validated in large and
well-annotated patient cohorts in future will allow the successful
identification of emerging drug resistance. This will hopefully aid in
the prompt modification of therapeutic strategies before treatment
failure.
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Patient plasma EV phenotypes

The plasma EVs from 11 melanoma patients and 12 healthy in-
dividuals were detected by the anti-MCSP functionalized EPAC
(Fig. 5A). Specifically, to mimic intra- and interpatient heterogeneity,
we tested 15 random melanoma patient plasma samples from 11
melanoma patients (P1, P4, P7, and P9 samples are from the same
patient but different time points, as are P5 and P10). Before the
patient sample analysis, the specificity of the anti-MCSP function-
alized EPAC was demonstrated in EVs derived from high MCSP-
expressing SK-MEL-28 and low MCSP-expressing MCF7 cell lines
(fig. S7). The captured EVs were subsequently detected by labeling
with four-plexed SERS nanotags. We observed a strong MCSP
signal for SK-MEL-28 cell-derived EVs and only a low signal for
EVs from MCF7 and other control studies (i.e., EV-free cell culture
medium, without the capture antibody, or nontarget CD45 detection
antibodies on SERS nanotags), demonstrating the specificity of
the anti-MCSP functionalized EPAC. We found that anti-MCSP
captured SK-MEL-28 cell-derived EVs had different phenotypes
(fig. S7C) in comparison to the anti-CD63 captured ones (Fig. 3D),
likely due to the distinct EV subpopulations secreted from the
SK-MEL-28 cell line. This EV heterogeneity might further reflect
potential genetic or epigenetic heterogeneity in the SK-MEL-28
cell population or a differential sorting mechanism in a clonal
population.

We then analyzed plasma EVs from melanoma patients and
healthy controls. It is noticed that our melanoma patients’ and
healthy donors’ samples are from different sources. However, as
shown in Fig. 5A, melanoma patient samples (P1 to P15) could be
differentiated from both sources of healthy controls (H1 to H5 and
H6 to H12) based on the high melanoma-associated MCSP level.
The representative false-color SERS spectral images (Fig. 5B) and
corresponding average SERS spectra (Fig. 5C) from patient plasma
samples (P1 and P8), and normal controls (H1), were given as an
example, further suggesting that the unique plasma EV phenotypes
of individual patients provided by the anti-MCSP functionalized
EPAC enabled the successful differentiation of melanoma pa-
tients and healthy controls. Furthermore, these data suggested
that EPAC could potentially shed light on the EV heterogeneity,
which could help to elucidate the precise role of EV subpopulations
in individual patients’ pathophysiological processes, ultimately
advancing the development of EV's as personalized therapeutics and
diagnostics (38).

We validated anti-MCSP functionalized EPAC results by con-
ventional ELISAs. Given the limited amounts of patient samples
available, we strategically performed ELISA for validating the ex-
pression of MCSP and ErbB3 in EV's from melanoma patient (P1 to
P10) and normal plasma (H1 to H5) samples. We found that no
MCSP signals were detected, which was likely due to the insufficient
ELISA sensitivity (i.e., the limit of detection = 1.23 ng/ml). For
ErbB3, the ELISA results were in agreement with EPAC findings in
P8, P9, and P10 plasma samples, as indicated in fig. S8. There was a
result deviation between ELISA and EPAC for ErbB3 levels in P4,
H3, and H5 plasma samples, which might have been caused by dif-
ferences in the immunoassay formats. The conventional ErbB3
ELISA captured and labeled EVs with anti-ErbB3 antibodies, while
EPAC used anti-MCSP antibodies for EV capture and anti-ErbB3
antibodies for detection. Different immunoassay formats thus might
bias the assay toward a specific subset of EVs, which could explain
the result differences.
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Fig. 5. The anti-MCSP functionalized EPAC for phenotyping of plasma EVs from melanoma patients. (A) EV phenotypes of 15 melanoma samples (P1 to P15) and
12 healthy controls (H1 to H12). P1, P4, P7, and P9 are from the same patient but different time points, as are P5 and P10. (B) Representative false-color SERS spectral
images and (C) corresponding average SERS spectra from patient and normal samples (P1, P8, and H1). For (A) and (B), the biomarker signals are represented by red
(MCSP), blue (MCAM), green (ErbB3), and yellow (LNGFR). Data in (A) are represented as means + standard deviation, where error bars represent standard deviation of
three separate experiments. Scale bars, 10 um.

Monitoring the phenotypic evolution of patients’ plasma functionalized EPAC. The patients were followed for 143 to 840 days
EVs in response to treatment and received intermittent to continuous BRAF inhibitor monotherapy
To explore the potential applications of plasma EV phenotypes for  (e.g., dabrafenib) and/or combined therapy with BRAF and MAPK/
monitoring treatment responses, we performed serial measure- ERK kinase (MEK) inhibitors (e.g., dabrafenib and trametinib). Disease
ments of eight melanoma patients before, during, and after targeted  staging into progressive disease, partial response, and stable disease was
therapies (patients 16 to 23; Fig. 6 and fig. S9) using the anti-MCSP  made according to the radiological imaging. The SERS measurement
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Fig. 6. The anti-MCSP functionalized EPAC for monitoring EV phenotypic evo-
lution of patients 16 and 17 during targeted therapies. (A) Patient 16 was treated
with the BRAF inhibitor monotherapy (dabrafenib). The radiological imaging test
indicated that this patient showed stable disease (SD) on day 143 and developed
progressive disease (PD) after cessation of treatment (day 263). (B) Patient 17 re-
ceived the combination treatment of BRAF and MEK inhibitors (dabrafenib and
trametinib). This patient showed stable disease on day 120 and progressive disease
at the third visit (day 339). Data are represented as means + standard deviation, where
error bars represent standard deviation of three separate experiments. Means not
sharing a common letter are significantly different (P < 0.05).

data of these patients were compared with healthy controls” using
one-way ANOVA and summarized in table S1. Our method also
enabled the monitoring of patients’ EV phenotypic evolution and
allowed unique insights into the plasticity of melanoma EV's during
treatment. For instance, patient 16 showed the elevated ErbB3
expression on day 171 compared to day 0 (P < 0.05). We also ob-
served the significant up-regulation of MCSP, MCAM, and ErbB3
on day 263, which was consistent to the phenomenon that we ob-
served in EVs derived from BRAF inhibitor-treated BRAF mutant
melanoma cells after release from drug treatment and rebound in
cellular proliferation (Fig. 4 and fig. S5). Nevertheless, any cor-
relation between EV phenotype and clinical data is mere speculation
at this stage.

Patient 17 received combination treatment with BRAF and MEK
inhibitors (Fig. 6B). Before treatment, this patient showed signifi-
cantly higher expressions of MCSP, MCAM, and ErbB3 compared
to the mean values of healthy controls (table S1). During treatment,
this patient showed low expressions of all four target biomarkers,
whose radiological imaging indicated stable disease on day 120 and
progressive disease on day 339. This demonstrates that, while the
described technology has exciting potential and allows sensitive
multiplex biomarker-based EV tracking, the choice of biomarkers
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(and the number of biomarkers to be monitored) will be critical for
clinical translation.

In conclusion, monitoring patient responses is important to guide
treatment management and improve the clinical outcome. Here, we
proposed to monitor patient treatment responses based on plasma EV
phenotypes using EPAC. EPAC integrates a nanomixing-enhanced
EV microchip and a multiplex SERS signal readout system to enable
a comprehensive investigation of low-abundance tumor-specific
EVs present in complex biological fluids, without the need for EV
purification and enrichment steps. The reliability of EPAC was evalu-
ated carefully and demonstrated to precisely profile the EV pheno-
typic evolution during treatment. By tracking the EV phenotypic
changes, we were able to infer the treatment response and obtain
tumor cell-specific information. The successful identification of mela-
noma patient plasma EV phenotypes with high sensitivity further
demonstrated the potential of EPAC for routine EV analysis in
the clinic. We also observed changes in plasma EV phenotypes
during treatment in eight melanoma patients receiving molecular-
targeted therapies. The biomarker combination chosen here was
used to demonstrate the potential of the technology but not spe-
cifically designed or validated to allow the identification of specific
treatment responses to BRAF inhibition. As we only used four
biomarkers of known value in tracking melanoma (17), it seems
feasible that—with biomarker panels specifically targeted for can-
cer types and treatments and given the streamlined features of
EPAC—our method has great potential to guide personalized
cancer medicine.

MATERIALS AND METHODS

Clinical sample acquisition

This study was conducted according to the National Health and
Medical Research Council (NHMRC) Australian Code for the
responsible conduct of Research and the National Statement on
Ethical Conduct in Human Research. Patients and healthy donors
(H6 to H12) have provided their written informed consent for the
research study protocol, which were approved by the Human
Research Ethics Committee of the Austin Hospital (Melbourne)
and Princess Alexandra Hospital (Brisbane), respectively. Ethics
approvals were obtained from The University of Queensland Institu-
tional Human Research Ethics Committee (approval nos. 2011001315
and 2016000876). Healthy donors’ blood samples (H1 to H5) were
obtained from Red Cross blood. All blood samples were processed
using the same standard protocol in accordance with approved
guidelines. The demographic data for all patients and healthy donors
have been summarized in table S2.

Cell culture

Three melanoma cell lines—LM-MEL-33, LM-MEL-35, and LM-MEL-64—
were established at the Ludwig Institute for Cancer Research in
Melbourne from patient tumor samples. SK-MEL-28 and MCF7 were
obtained from the American Type Culture Collection. All cell lines
were authenticated by short-tandem repeat profiling (CellBank
Australia) and cultured for <6 months after authentication. Cells were
maintained in RF10 medium, which is made up of RPMI 1640
medium (Gibco), 10% fetal bovine serum (Gibco), 2 mM GlutaMAX
(Gibco), and 1% penicillin-streptomycin (Gibco), and kept in a
humidified incubator in 5% CO, at 37°C. All cell lines were routinely
tested for mycoplasma.
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Preparation of conditioned culture medium

In the sensitivity and specificity assays, SK-MEL-28 and MCF7 cell
lines were maintained in serum-free medium for 48 hours to gener-
ate conditioned culture medium. In the study of investigating drug
effects on EV phenotypes, SK-MEL-28, LM-MEL-33, LM-MEL-35,
and LM-MEL-64 cell lines were maintained in Medium 254 (Gibco)
with Human Melanocyte Growth Supplement, and with/without
1 uM PLX4720 (Selleckchem), whose conditioned culture media were
collected every 3 days. To remove detached cells and cellular debris,
conditioned culture media were centrifuged at 800g for 10 min. The
cell-free supernatant was then stored at —80°C for the following
experiments.

Proliferation assays

Cellular viability was assessed using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay (Promega Corporation, Madison,
WI) according to the manufacturer’s protocol.

Flow cytometry

The collected cells were first labeled with either mouse anti-human
MCSP (R&D Systems, MAB2585), MCAM (R&D Systems, MAB932),
ErbB3 (R&D Systems, MAB3481), LNGFR (R&D Systems, MAB367)
monoclonal antibodies, or isotype-matched control [normal mouse
immunoglobulin G (IgG), sc-2025, Santa Cruz Biotechnology], followed
by Alexa Fluor 488-labeled goat anti-mouse IgG (H+L) secondary
antibodies. The flow cytometry measurements were performed with
BD Accuri C6, and the data were analyzed with FlowJo (TreeStar,
Ashland, OR).

EV preparation for Western blot analysis

EVs were isolated by the combination of ultrafiltration (Amicon
Ultra-15 Centrifugal Filter Device, Merck) and Total Exosome
Isolation Kit (Life Technologies Australia Pty Ltd.), according to
manufacturers’ instructions. Briefly, conditioned culture media were
centrifuged at 2000g for 30 min to further remove cells and debris.
The 12 ml of resulting conditioned culture media was then trans-
ferred to an Ultra-15 50-kDa device and concentrated to 120 ul
using an Allegra X-22R centrifuge at 4000g for 20 min at 4°C. The
concentrate was transferred to a new tube and mixed with 60 ul of
Total Exosome Isolation reagent by vortexing. The concentrate/
reagent mixture was incubated overnight at 4°C and subsequently
centrifuged at 10,000¢ for 1 hour at 4°C. The supernatants were
discarded, and EVs were contained in the pellet at the bottom of
the tube.

Western blot analysis

The collected EVs were lysed in Pierce immunoprecipitation lysis
buffer containing 1x protein inhibitor (Roche) and 1 mM phenyl-
methylsulfonyl fluoride (Thermo Fisher Scientific), and the protein
concentration was quantified using the bicinchoninic acid assay
(BCA assay; Thermo Fisher Scientific). Protein lysates were resolved
by SDS-polyacrylamide gel electrophoresis and transferred onto
polyvinylidene difluoride (PVDF) membranes (Invitrogen). The
PVDF membrane was blocked with 5% nonfat dry milk in tris-buffered
saline buffer for 1 hour at room temperature (RT) and then immu-
noblotted with 500-fold diluted primary antibodies overnight at
4°C. The primary antibodies used in this study included mouse
anti-human MCSP (R&D Systems, MAB2585), MCAM (R&D
Systems, MAB932), ErbB3 (R&D Systems, MAB3482), LNGFR (R&D

Systems, MAB367; or Santa Cruz Biotechnology, sc-271708),
calnexin (Abcam, ab112995), and CD63 (Novus, NBP2-42225).
Proteins were analyzed under denaturing and reducing/nonreducing
conditions according to the manufacturer’s instructions. After in-
cubation, the PVDF membrane was washed with phosphate-buffered
saline (PBS) containing 0.1% Tween 20 and then incubated with
IRDye 800CW-conjugated goat anti-mouse (LI-COR, 926-32210,
10,000-fold dilution) for 1 hour at RT. After washing, protein bands
were detected using the Odyssey LI-COR CLx Imaging System.

Size exclusion purification

Five hundred microliters of processed plasma (centrifuged at 10,000g
for 10 min) was overlaid on size exclusion columns filled with Sep-
harose 4B resins (Sigma Aldrich, Australia) and followed by elution
with PBS. The fractions were then collected to determine the particle
and protein concentrations via the Micro BCA assay. High particle/
low protein fractions were pooled and concentrated in an Amicon
Ultra-2 50-kDa centrifugal filter device for the ELISA assay.

Enzyme-linked immunosorbent assay

The expressions of MCSP and ErbB3 on the surface of EVs were
measured using commercial ELISA kits: MCSP (Sigma-Aldrich,
RAB1594) and ErbB3 (Sigma-Aldrich, RAB0174). The assays were
conducted according to the manufacturer’s instructions. Briefly,
100 pl of standards, controls, and unknown samples was introduced
to selected wells and incubated at 4°C overnight. Afterward, the
reaction wells were washed four times with wash buffer. One hun-
dred microliters of biotinylated detection antibody was then added
to all wells and incubated for 1 hour at RT with gentle shaking. The
wells were subsequently washed four times with wash buffer. The
horseradish peroxidase-streptavidin reagent was added to all wells
and incubated for 45 min at RT. The reaction wells were then
washed four times with wash buffer, followed by 30-min incubation
with 100 pl of 3,3',5,5'-tetramethylbenzidine reagent at RT in the
dark with gentle shaking. Last, all wells were supplemented with
50 pl of stop solution and analyzed for absorbance at 450 nm.

Nanoparticle tracking analysis

The concentrations and particle size distributions of EV's present in
conditioned culture medium were analyzed using NanoSight N300
(Malvern Panalytical, UK), based on their properties of both light
scattering and Brownian motion. For each sample, three videos of
60-s duration were recorded, with a short delay between recordings.
The recorded video was analyzed with NTA software, which tracked
many particles individually and, using the Stokes-Einstein equa-
tion, calculated their hydrodynamic diameters. Camera sensitivity
and detection threshold were set to 12 and 5, respectively. The con-
centration of each detection sample was between 2 x 10® and 6 x 10°
particles/ml, which was prepared by 10-fold dilution of the stock
conditioned culture medium with PBS that has passed through a
0.22-pm filter. Samples were administered and recorded under
controlled flow, using the NanoSight syringe pump and script control
system.

SERS nanotag synthesis

SERS nanotags were prepared by functionalizing AuNPs with anti-
bodies and Raman reporters and stabilizing with bovine serum
albumin (BSA; Life Technologies Australia Pty Ltd.) coatings. Briefly,
60-nm AuNPs were synthesized by citrate reduction of HAuCly
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(39). Ten microliters of 1 mM Raman reporters in ethanol (either
MBA, TEMBA, DTNB, or MPY) and subsequently 2 ul of 1 mM
dithiobis(succinimidyl propionate) (Thermo Fisher Scientific) in
dimethyl sulfoxide were added into 1 ml of AuNP solutions and in-
cubated for 5 hours at RT to form a complete self-assembled mono-
layer. For the functionalization of MPY Raman reporters, 20 pl of
0.1 M NaOH was first added to adjust AuNP solutions to pH = 8.
After incubation, the mixture was centrifuged at 7600 rpm for
10 min to remove the residual reactants. The mixture was then
resuspended in 200 pl of 0.1 mM PBS and incubated with 2 pg of
primary antibodies against either MCSP (R&D Systems, MAB2585),
MCAM (R&D Systems, MAB932), ErbB3 (R&D Systems, MAB3481),
LNGFR (R&D Systems, MAB367), calnexin (Abcam, ab112995), or
CD45 (BioLegend, 368502) for 30 min at RT. The mixture was then
centrifuged at 600g at 4°C for 10 min to remove free antibodies and
resuspended in 200 ul of 0.1% (w/v) BSA for 0.5 hour at RT to
block nonspecific binding sites and stabilize SERS nanotags. The
SERS nanotags were stored at 4°C and were stable for months.

Microchip fabrication

The device was fabricated using standard photolithography and soft
lithography according to the procedure reported previously (20).
Briefly, the device was assembled from a glass chip with patterned
asymmetric gold electrode structures and a polydimethylsiloxane
(PDMS) slab consisting of the microfluidic channel structures. The
PDMS slab consisted of five parallel channels, each 3.5 cm long,
400 um wide, and 500 pm high. The chip accommodated five chan-
nels, and each channel was made up of an array of 40 pairs of asym-
metric gold electrodes (fig. S1, A and B). The distance between two
adjacent electrode pairs was 150 um. An electrode pair consisted of
a small (100 pm width) and large (400 pm width) electrodes that
were spaced by a distance of 50 um (fig. S1C). The nanoscopic fluid
flow was generated by applying an alternating potential difference
across each asymmetric electrode pair. The potential difference
changed the charge distribution in the electrical double layer that
gave rise to a lateral fluid movement in nanometer distance to the
electrode surface. This lateral fluid movement increased the diffu-
sion of molecules and SERS nanotags, leading to frequent antigen-
antibody collisions while simultaneously shearing off weakly bound
nonspecific molecules.

The electrode structures were designed in L-Edit (Tanner Research,
USA) and written to a 12.7 cm chrome mask (Shenzhen Qingyi
Precision Mask Making, Singapore) using a direct laser writer
(Heidelberg uPG 101, Germany). Borofloat wafers (Bonda Tech-
nology Pte Ltd., Singapore) were rinsed with isopropanol and
acetone and dried for 25 min at 150°C. Subsequently, negative photo-
resist AZ nLOF 2020 (MicroChemicals GmbH, Germany) was spin-
coated on the wafer for 30 s at 3000 rpm before a soft bake for 2 min
at 110°C. Next, the coated wafer was exposed at a constant dose of
340 mJ/cm with an EVG 620 mask aligner (EV Group, Austria), fol-
lowed by a postback of 1 min at 110°C. The exposed wafer was then
developed for 45 s in AZ 726 MIF (MicroChemicals GmbH, Germany),
dried, and subjected to deposition of 10 nm of Ti and 200 nm of Au
with a Temescal FC-2000 electron beam evaporator (Ferrotec, USA).
After overnight liftoff in Remover PG (MicroChemicals GmbH,
Germany), the excess material was washed off and the electrode pat-
tern was revealed (fig. S1B).

PDMS microfluidic channels were prepared by casting an acti-
vated silicon elastomer solution (Sylgard 184, Dow, USA) onto the
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master mold containing microfluidic channels. After curing for
20 min at 80°C, the PDMS was carefully detached from the master.
The sample inlet and outlet reservoirs were then punched at the
ends of microfluidic channels. The PDMS microfluidic structures
were aligned with the array of asymmetric electrodes on the glass
chip and thermally bonded overnight at 65°C.

Microchip functionalization

The device was functionalized in a three-step procedure using biotin-
avidin chemistry (fig. S1D). Initially, the device channels were
washed with PBS buffer. Next, the channels were sequentially incu-
bated with solutions of biotinylated BSA (200 pg/ml) for 2 hours,
streptavidin (100 pug/ml) for 1 hour, biotinylated anti-human CD63
antibody (10 pg/ml) (BioLegend, 353018) or biotinylated anti-
human MCSP antibody (10 pug/ml) (MACS Miltenyi Biotec, 130-099-049)
for 2 hours, and 1% (w/v) BSA for 0.5 hour at RT. After each incu-
bation step, the channels were washed with PBS buffer to remove
excess reagents.

EV capture and labeling

One hundred microliters of samples (i.e., conditioned culture medium
or 10-fold diluted plasma) and 30 pl of diluted SERS nanotags were
subsequently run in each microfluidic channel for 40 min under the
field condition of 100 mV and 1 kHz. Under these previously opti-
mized conditions (20), the stimulated nanoscopic fluid flow was the
most efficient for EV capture and labeling due to the increased col-
lision frequency of EVs with capture antibodies and SERS nanotags,
and the minimum nonspecific binding.

SERS measurements

SERS mapping was performed using a WITec Alpha300 R microspec-
trometer configured with a 632-nm laser and a highly sensitive elec-
tron multiplying charge-coupled device (EMCCD). The laser power
of 4 mW and the system frequency were calibrated by the peak of a
silicon wafer at ~520 cm ™. SERS mapping was performed at an area
of 60 um x 60 um (60 pixels x 60 pixels) with 1-um spatial resolu-
tion using a 20x microscope objective. The SERS spectrum from
each pixel was generated with 50-ms integration time. The sample was
measured in triplicate; for each replicate, three different positions
(left, middle, and right) across the entire channel were scanned. The
selected region was scanned to simultaneously detect all four bio-
markers, and average SERS spectra were calculated from these spec-
tral images.

Atomic force microscopy

EVs captured on the electrode surface were in situ characterized
using a Cypher AFM system (Asylum Research, USA) on air tap-
ping mode with cantilevers (HA_NC, ETALON, TipsNano, Russia)
with a resonant frequency of 140 kHz (dispersion £10%), a force
constant of 3.5 N/m (dispersion +20%), and a <10-nm curvature
radius sharp silicon tip.

Statistical analyses

Data were presented as means + standard deviation. One-way ANOVA

followed by either Tukey’s or Dunnett’s multiple comparisons test

was performed to identify significant variations at 95% confidence

interval, using GraphPad Prism 7.0 (GraphPad Software Inc., USA).
To statistically investigate the EV phenotypic changes in re-

sponse to treatment, SERS intensities at peaks of 1075, 1375, 1335,
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and 1000 cm™'—representing the expression of each biomarker—
were used as LDA input variables. LDA then generated discrimi-
nant functions that consisted of different linear combinations of
input variables. The resulting discriminant functions were uncor-
related with each other, and each function maximized the differ-
ence between groups on that function. The first two discriminant
functions that explained most input variables were selected for EV
phenotypic clustering. Discriminant scores generated from these two
discriminant functions were plotted to describe the differences be-
tween each data point. LDA was performed with SPSS 19.0 software
package (SPSS Inc., USA).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/9/eaax3223/DC1

Fig. S1. EPAC design and functionalization.

Fig. S2. EPAC-captured EV characterization.

Fig. S3. Western blot analysis of isolated EVs from SK-MEL-28 and MCF7 cells.

Fig. S4. Performance evaluation of the anti-CD63, anti-CD9, or anti-CD81 functionalized EPAC
for detection of MCSP-positive EVs from SK-MEL-28 cells.

Fig. S5. Monitoring the changes of individual biomarker levels in EVs from drug-treated
melanoma cell lines, using the anti-CD63 functionalized EPAC.

Fig. S6. Effect of cell debris on the anti-CD63 functionalized EPAC performance.

Fig. S7. Anti-MCSP functionalized EPAC specificity.

Fig. S8. The ErbB3 expression in EVs derived from melanoma patient (P1 to P10) and normal
plasma (H1 to H5) samples, measured with a commercial ELISA kit.

Fig. S9. The anti-MCSP functionalized EPAC for tracking EV phenotypic changes of patients
18 to 23 during targeted therapies.

Table S1. The anti-MCSP functionalized EPAC for measurements of plasma EVs from 12 healthy
donors (H1 to H12) and 8 melanoma patients (P16 to P23).

Table S2. Demographic data for melanoma patients and healthy donors.
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Targeted deletion of PD-1 in myeloid cells induces
antitumor immunity

Laura Strauss1’2’3, Mohamed A. A. Mahmoud1’2’3*, Jessica D. Weaver"2'3,
Natalia M. Tijaro-OvaIIe”z’s, Anthos Christofides1’2'3, Qi Wang1’2’3, Rinku Pal1’2'3,
Min Yuan3, John Asara3, Nikolaos Patsoukis1’2’3, Vassiliki A. Boussiotis 23"

PD-1, a T cell checkpoint receptor and target of cancer immunotherapy, is also expressed on myeloid cells. The
role of myeloid-specific versus T cell-specific PD-1 ablation on antitumor immunity has remained unclear because
most studies have used either PD-1-blocking antibodies or complete PD-1 KO mice. We generated a conditional
allele, which allowed myeloid-specific (PD-17fYsMr¢) op T cell-specific (PD-17P4"¢) targeting of Pdcd1 gene.
Compared with T cell-specific PD-1 ablation, myeloid cell-specific PD-1 ablation more effectively decreased
tumor growth. We found that granulocyte/macrophage progenitors (GMPs), which accumulate during cancer-
driven emergency myelopoiesis and give rise to myeloid-derived suppressor cells (MDSCs), express PD-1. In tumor-
bearing PD-171YsM<r¢ byt not PD-17FP4<"e mice, accumulation of GMP and MDSC was prevented, whereas systemic
output of effector myeloid cells was increased. Myeloid cell-specific PD-1 ablation induced an increase of T effector
memory cells with improved functionality and mediated antitumor protection despite preserved PD-1 expression
in T cells. In PD-1-deficient myeloid progenitors, growth factors driving emergency myelopoiesis induced increased
metabolic intermediates of glycolysis, pentose phosphate pathway, and TCA cycle but, most prominently, elevated
cholesterol. Because cholesterol is required for differentiation of inflammatory macrophages and DC and promotes
antigen-presenting function, our findings indicate that metabolic reprogramming of emergency myelopoiesis and
differentiation of effector myeloid cells might be a key mechanism of antitumor immunity mediated by PD-1 blockade.
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Government Works

INTRODUCTION
Programmed cell death protein 1 (PD-1) is a major inhibitor of
T cell responses expressed on activated T cells. It is also expressed
on natural killer cells, B cells, regulatory T cells, T follicular helper
cells, and myeloid cells (1). The current model supports that a
key mechanism dampening antitumor immune responses is the up-
regulation of PD-1 ligands in cancer cells and antigen-presenting
cells (APCs) of the tumor microenvironment (TME), which mediate
ligation of PD-1 on tumor-infiltrating CD8" T cells, leading to the
development of T incapable of generating antitumor responses (2).
Therapeutic targeting of the PD-1 pathway with antibodies blocking
the PD-1 receptor or its ligands induces expansion of oligoclonal
CD8" tumor-infiltrating lymphocytes that recognize tumor neo-
antigens (3). Thus, in the context of cancer, PD-1 is considered a
major inhibitor of T effector cells, whereas on APC and cancer cells,
emphasis has been placed on the expression of PD-1 ligands.
PD-1 ligand-1 expression in the TME is often a prerequisite for patient
enrollment to clinical trials involving blockade of the PD-1 pathway.
However, responses do not always correlate with PD-L1 expression,
and it remains incompletely understood how the components
of the PD-1:PD-L1/2 pathway suppress antitumor immunity.
Recent studies indicated that PD-1 can be induced by Toll-like
receptor (TLR) signaling in macrophages (M®) and negatively
correlates with M1 polarization (4). PD-1 expression in macrophages
plays a pathologic role by suppressing the innate inflammatory
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response to sepsis (5) and inhibiting Mycobacterium tuberculosis
phagocytosis in active tuberculosis (6). Our knowledge about the
function of PD-1 on myeloid cells in the context of cancer is very
limited. However, similar to its role in infections, PD-1 expression
inversely correlates with M1 polarization and phagocytic potency of
tumor-associated M® (TAM) against tumor (7, 8). The mechanisms
of PD-1 expression in myeloid cells and the role of PD-1-expressing
myeloid cells in tumor immunity remain unknown.

The rapid increase in myeloid cell output in response to immu-
nologic stress is known as emergency myelopoiesis. Terminally dif-
ferentiated myeloid cells are essential innate immune cells and are
required for the activation of adaptive immunity. Strong activation
signals mediated by pathogen-associated molecular pattern or danger-
associated molecular pattern molecules lead to a transient expansion
and subsequent differentiation of myeloid progenitors to mature
monocytes and granulocytes to protect the host. In contrast, during
emergency myelopoiesis mediated by continuous low-level stimula-
tion mediated by cancer-derived factors and cytokines, bone mar-
row common myeloid progenitors (CMPs) but, predominantly,
granulocyte/macrophage progenitors (GMPs) undergo modest ex-
pansion with hindered differentiation, and a fraction of myeloid cells
with immunosuppressive and tumor-promoting properties, named
myeloid-derived suppressor cells (MDSCs), accumulates. MDSCs
suppress CD8" T cell responses by various mechanisms (9). In the
mouse, MDSCs consist of two major subsets, CD1 1b+Ly6ChlLy6G_
(thereafter named CD11b*Ly6C*) monocytic (M-MDSC) and
CD11b*Ly6C°Ly6G* (hereafter named CD11b"Ly6G*) poly-
morphonuclear (PMN-MDSC) (10). These cells have similar mor-
phology and phenotype to normal monocytes and neutrophils but
distinct genomic and biochemical profiles (9). In humans, in addi-
tion to M-MDSC and PMN-MDSC, a small subset of early-stage
MDSC has been identified (10).
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Although PMN-MDSCs represent the major subset of circulating
MDSC, they are less immunosuppressive than M-MDSC when as-
sessed on a per cell basis (11-13). Current views support the two-signal
requirement for MDSC function. The first signal controls MDSC
generation, whereas the second signal controls MDSC activation,
which depends on cues provided by the TME and promotes MDSC
differentiation to TAM (14). Proinflammatory cytokines and endo-
plasmic reticulum stress response in the TME contribute to patho-
logic myeloid cell activation that manifests as weak phagocytic activity,
increased production of reactive oxygen species and nitric oxide (NO)
and expression of arginase-1 (ARG1), and convert myeloid cells to
MDSC (9). MDSCs are associated with poor outcomes in many cancer
types in patients and negatively correlate with response to chemo-
therapy, immunotherapy, and cancer vaccines (15-19).

In the present study, we examined how PD-1 regulates the re-
sponse of myeloid progenitors to cancer-driven emergency myelo-
poiesis and its implications on antitumor immunity. We determined
that myeloid progenitors, which expand during cancer-driven emer-
gency myelopoiesis, express PD-1 and PD-L1. PD-L1 was constitutively
expressed on CMPs and GMPs, whereas PD-1 expression displayed a
notable increase on GMPs that arose during tumor-driven emergency
myelopoiesis. PD-1 was also expressed on tumor-infiltrating myeloid
cells—including M-MDSCs and PMN-MDSCs, CD11b"F4/80" M®, and
CD11c"major histocompatibility complex class II-positive (MHCIIT")
dendritic cells (DCs) in tumor-bearing mice—and on MDSCs in
patients with refractory lymphoma. Ablation of PD-1 signaling in
PD-1 knockout (KO) mice prevented GMP accumulation and MDSC
generation and resulted in increase of Ly6Chl effector monocytes,
M® and DC. We generated mice with conditional targeting of the
Pdcd1 gene (PD-17f) and selectively eliminated PD-1 in myeloid cells
or T cells. Compared with T cell-specific ablation of PD-1, myeloid-
specific PD-1 ablation more effectively decreased tumor growth in
various tumor models. At a cellular level, only myeloid-specific PD-1
ablation skewed the myeloid cell fate commitment from MDSC to
effector Ly6Chl monocytes M® and DC and induced T effector memory
(Tgm) cells with improved functionality. Our findings reveal a pre-
viously unidentified role of the PD-1 pathway and suggest that skewing
of myeloid cell fate during emergency myelopoiesis and differentiation
to effector APCs, thereby reprogramming T cell responses, might be a
key mechanism by which PD-1 blockade mediates antitumor function.

RESULTS

PD-1 is expressed in myeloid cells during cancer-mediated
emergency myelopoiesis

For our studies, we selected the murine B16-F10 melanoma tumor
model because it has been informative in dissecting mechanisms of
resistance to checkpoint immunotherapy (20). First, we examined
whether B16-F10 induces tumor-driven emergency myelopoiesis
similarly to the MC17-51 fibrosarcoma, a mouse tumor model well
established to induce cancer-driven emergency myelopoiesis (21).
We assessed the expansion of myeloid progenitors in the bone mar-
row and the increase of CD11b*CD45" myeloid cells in the spleen
and tumor (figs. S1 and S2). Both tumor types induced increase
of myeloid progenitors in the bone marrow and systemic increase
of CD45"CD11b" myeloid cells (fig. $3), providing evidence that
B16-F10 melanoma is an appropriate tumor model to study tumor-
driven emergency myelopoiesis and its consequences in tumor im-
munity. In the spleen of non-tumor-bearing mice, few myeloid cells

constitutively expressed very low levels of PD-L1, whereas PD-1 was
very low to undetectable (Fig. 1, A and B). In B16-F10 tumor-bearing
mice, expression of PD-1 and PD-L1 was up-regulated on myeloid cells
of the spleen (Fig. 1, C to F). PD-1 and PD-L1 were also expressed
on myeloid cells at the tumor site (Fig. 1, G to I). All subsets of my-
eloid cells expanding in tumor-bearing mice including M-MDSCs,
PMN-MDSCs, CD11b*F4/80" M®s, and CD11¢"MHCII" DCs expressed
PD-1 (Fig. 1, D and G). Kinetics studies of PD-1 expression on my-
eloid cells in the spleen of tumor-bearing mice showed a gradual
increase over time (Fig. 1, ] to M).

Because myeloid cells that give rise to MDSC and TAM are gen-
erated from myeloid progenitors in the bone marrow during tumor-
driven emergency myelopoiesis, we examined PD-1 and PD-L1
expression in these myeloid progenitors. In non-tumor-bearing mice,
PD-1 was detected at very low levels on GMPs (Fig. 2A), whereas
PD-L1 was constitutively expressed in CMPs but mostly on GMPs
(Fig. 2B). In tumor-bearing mice, PD-L1 was up-regulated in CMPs
and GMPs, and its expression levels remained elevated during all
assessed time points (Fig. 2, F to J). PD-1 expression was induced
on CMPs but more prominently on GMPs (Fig. 2, C to I). Kinetics
studies showed that PD-1 expression on GMPs peaked early after
tumor inoculation (Fig. 2, C, E, and I), at a time point when tumor
growth was not yet measurable. Thus, induction of PD-1 expression
in myeloid progenitors is an early event during tumor development.

To determine whether PD-1 expression on GMPs was mediated
by growth factors regulating emergency myelopoiesis, we cultured
bone marrow cells from non-tumor-bearing mice with granulocyte
colony-stimulating factor (G-CSF), granulocyte-macrophage colony
growth factor (GM-CSF), and the TLR4 ligand lipopolysaccharide.
PD-1 that was constitutively expressed at low levels in GMPs was
up-regulated by culture with each of these factors (fig. S4A), consist-
ent with our findings that PD-1 expression was rapidly induced on
GMPs of tumor-bearing mice in vivo (Fig. 2, C, E, and I). Quantita-
tive polymerase chain reaction (qQPCR) in purified Lin"*® bone marrow
cells showed that PD-1 mRNA was constitutively expressed in myeloid
progenitors and was up-regulated by culture with G-CSF or GM-CSF
(fig. S4B). Together, these in vivo and in vitro studies provide evidence
that PD-1 expression on myeloid progenitors is regulated by a direct
cell-intrinsic effect of factors driving cancer-mediated emergency
myelopoiesis.

To examine whether PD-1 was expressed in MDSCs in humans,
we used samples from healthy donors and patients with malignant
non-Hodgkin’s lymphoma (NHL) (figs. S5 and S6). A high level of
PD-1-expressing M-MDSCs was detected in the peripheral blood of
three patients with treatment-refractory NHL but not in two patients
who responded to treatment or five healthy donors (fig. S6). These
results show that PD-1 expression is detected in human MDSCs and
serve as a paradigm, suggesting that PD-1 expression in MDSCs of
patients with cancer might be a clinically relevant event.

PD-1 ablation alters emergency myelopoiesis and the profile
of myeloid cell output

To examine whether PD-1 might have an active role in tumor-induced
stress myelopoiesis, we used PD-1-deficient (PD—lf/f) mice. PD-1
deletion, which resulted in decreased tumor growth (Fig. 3, A and B),
substantially altered tumor-induced stress myelopoiesis (Fig. 3, Cto E).
Although accumulation of CMPs was comparable, accumulation of
GMPs was significantly diminished in PD-1""~ mice (Fig. 3, C and D),
indicating that GMPs might be a key target on which PD-1 mediated
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Fig. 1. PD-1 and PD-L1 are expressed on myeloid cells that expand in tumor-bearing mice. (A and B) Expression of PD-1 and PD-L1 on CD11b*Ly6C* monocytes
and CD11c*MHCII* DC in the spleen of non-tumor-bearing C57BL/6 mice. FMO, fluorescence minus one. (C) C57BL/6 mice were inoculated with B16-F10 mouse melanoma, and

at the indicated time points, expression of PD-1 was examined by flow cytometry in

the spleen after gating on the indicated myeloid populations; contour plots depicting

the percentage of positive cells are shown. On day 16 after tumor inoculation, expression of PD-1 and PD-L1 was assessed in the spleen (D) and the tumor site (G) after gating
on the indicated myeloid populations. (D and G) Fluorescence-activated cell sorting (FACS) histograms and contour plots depicting the percentage of positive cells
and bar graphs (E, F, H, and 1) of mean + SEM positive cells. Results are representative of 12 independent experiments with six mice per group. (J to M) Kinetics
of PD-1 up-regulation on CD11b*Ly6C*, CD11b*Ly6G*, CD11b*F4/80%, and CD11c*MHCII* of the spleen after tumor inoculation. **P < 0.01, ***P < 0.005, ****P < 0.001.

its effects on myeloid progenitors (Fig. 3E). Kinetics studies showed
sustained GMP expansion in wild-type (WT) tumor-bearing mice.
In contrast, in PD-17~ tumor-bearing mice, GMPs displayed a rapid
expansion and subsequent decline (fig. S7). In parallel, in PD-17~
mice, there was an increase of differentiated CD11b*Ly6C" monocytic
cells not only in the tumor (Fig. 3H) but also in the spleen and the
small intestine, which also displayed an increase in CD11¢"MHCII*
DCs (Fig. 3, F and G). Moreover, at these sites, there was a significant
increase of the CD11b*Ly6C*/CD11b"Ly6G" ratio (Fig. 3, I to K),
indicating a shift of myelopoiesis output toward monocytic lineage
dominance. These Ly6C™ monocytes, CD11b*F4/80" Mds, and
CD11¢*MHCII* DCs in PD-17"" tumor-bearing mice expressed
interferon (IFN) regulatory factor 8 (IRF8), and all myeloid subsets
had elevated expression of the retinoic acid receptor-related orphan
receptor Y (RORC or RORy) (Fig. 3, L to N, and fig. S8). Similar
results were observed in two additional tumor models, the MC38
colon adenocarcinoma and the MC17-51 fibrosarcoma model (fig. S9),
both of which induced cancer-driven emergency myelopoiesis (fig. S3).

IRF8 regulates myeloid cell fate to monocyte/macrophage and DC
differentiation versus granulocyte differentiation (22, 23), explaining
the increase of CD11b*Ly6C*/CD11b"Ly6G" ratio that we observed
in tumor-bearing PD-1 KO mice. IRF8 is designated as one of the
“terminal selectors” that control the induction and maintenance
of the terminally differentiated state of these myeloid cells (22, 23).
Moreover, IRFS8 shifts the fate of myeloid cells away from immature
MDSC, which are characterized by a restriction in IRF8 expression
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(24, 25). Retinoid-related orphan nuclear receptors not only are
required for myelopoiesis and are mediators of the inflammatory
response of effector Ly6Chl monocytes and macrophages (21, 26)
but also can be expressed by MDSC (21). For these reasons, we ex-
amined the functional properties of CD11b"Ly6C" cells in PD-17'
tumor-bearing mice. A key mechanism by which CD11b*Ly6C"
M-MDSCs mediate suppression of T cell responses involves the
production of NO (27). We assessed the immunosuppressive func-
tion and found diminished NO production and diminished suppressor
capacity of CD11b*Ly6C" myeloid cells isolated from tumor-bearing
PD-1"" mice compared with their counterparts isolated from tumor-
bearing WT control mice (Fig. 3, O and P). Thus, PD-1 ablation
switches the fate and function of myeloid cells away from immuno-
suppressive MDSC and promotes the generation of differentiated
monocytes, M®, and DC. The expansion of CD1 le’Ly6Chl mono-
cytes, the increase of the CD11b"Ly6C*/CD11b"Ly6G" ratio, and
the up-regulation of RORC in myeloid cells of the spleen of PD-17"~
mice were already observed on day 9 after tumor inoculation, when
tumors were not yet measurable, and on day 12, when tumors in
WT and PD-1"" mice had comparable size (fig. $10). These results
indicate that the effects of PD-1 ablation on the myeloid compart-
ment of PD-17'" tumor-bearing mice preceded the differences in
tumor growth.

To determine the potential therapeutic relevance of these findings,
we examined whether changes in the myeloid compartment might
be detected during treatment with PD-1-blocking antibody. Compared
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with the control treatment group, mice receiving anti-PD-1 anti-
body (fig. S11A) had diminished accumulation of GMP in the bone
marrow (fig. S11B) and increased expansion of Ly6C" monocytes
and DC in the tumor site (fig. S11D), with effector features charac-
terized by the expression of RORC, IRFS8, and IFN-v (fig. S11, E to
G and I). In contrast, cells expressing interleukin-4 receptor o
(IL-4Ra), a marker of MDSC (10, 28), were significantly decreased (fig.
S11H). Thus, treatment with anti-PD-1-blocking antibody pro-
motes the differentiation of myeloid cells with effector features
while suppressing expansion of MDSC in tumor-bearing mice.

Myeloid-specific PD-1 ablation is the key driver of

antitumor immunity

To determine whether these changes on myeloid cell fate in PD-17"~
mice were mediated by myeloid cell-intrinsic effects of PD-1 ablation
or by the effects of PD-1"8 T cells on myeloid cells, we generated
mice with conditional targeting of Pdcdl gene (PD-17h) (fig. S12A)
and crossed them with mice expressing cre recombinase under the
control of the lysozyme (LysM) promoter to induce selective ablation
of the Pdcdl gene in myeloid cells (PD-171ysMere) 1 with mice ex-
pressing cre recombinase under the control of the CD4 promoter to
induce selective ablation of the Pdcdl gene in T cells (PD-171P4re)
(fig. 12, B and C). In PD-171¥*Me" mice, tumor growth was signifi-
cantly diminished (Fig. 4, A and B), indicating that despite the pre-
served PD-1 expression in T cells, myeloid-specific PD-1 ablation in
PD-171yMere mice was sufficient to inhibit tumor growth. Tumor-
driven emergency myelopoiesis was selectively affected in PD-17LysMere
mice. Although myeloid-specific PD-1 ablation resulted in expansion

of CMPs, accumulation of GMPs was prevented (Fig. 4C). In contrast,
no change on cancer-driven emergency myelopoiesis was detected
in PD-1f/fCD4cre mijce, which had comparable expansion of CMP and
GMP to PD-1"" control mice (Fig. 5A).

Myeloid-specific PD-1 ablation in PD-17M" mice not only
shifted the differentiation of CD11b"Ly6C" and CD11b*Ly6G" myeloid
subsets and increased the CD11b"Ly6C*/CD11b*Ly6G" ratio in the
spleen and tumor site as in PD-17/~ mice (Fig. 4, D to F) but also
resulted in a notably different immunological profile of CD11b"Ly6C*
monocytic myeloid cells, consistent with effector myeloid function
as indicated by the expression of effector myeloid cell markers in-
cluding CD80, CD86, CD16/32 (Fc receptor II/III), and CD88 (C5aR)
(Fig. 4G). Consistent with the improved function of myeloid cells,
PD-171¥Mere mijce also had higher levels of IFN-y-expressing
CD11b*Ly6C" monocytes and CD11b*F4/80* M®s (Fig. 4G and
fig. $13, A and B) and increase of IRF8* and RORC" CD11b*Ly6C™
monocytes (fig. S13, C and D). In contrast, cells expressing IL-4Ra,
CD206, and ARG1—which are markers of MDSC, immunosuppressive
neutrophils, and tolerogenic DCs (29-33)—were diminished (Fig. 4,
H and I). Thus, myeloid-intrinsic PD-1 ablation skews the fate of
myeloid cells away from immunosuppressive MDSCs; promotes the
differentiation of functional effector monocytes, M®s, and DCs; and
has a decisive role in systemic antitumor immunity despite PD-1
expression in T cells.

We studied antitumor responses in mice with T cell-specific PD-1
ablation and found that PD-17% P4 mice had diminished antitumor
protection (Fig. 5, B and C). Consistent with the causative role of
myeloid cell-specific PD-1 targeting in the differentiation and function

www.SCIENCEIMMUNOLOGY.org 3 January 2020 Vol 5 Issue 43 aay186 53



RESEARCH ARTICLE

Science Immunology

4 B E 4 Al
o Q q o
C
3 e Granulocyte Macrophage
-4 + 4
z 2 + v
5 1 D wc' wer o e Wop
L] = Menocyte
010 012 D4 015 D16 & J wr
Days & . ]
C &0 = W control 44.5% 5
- PD-17 control A40%
- W tumor beating -~
= B PO-1 tumce bearing . = Prebe
3w I T cmp_ GMP
H 3 8 R - . L
& PD-1-/-
- be ne
® 23.9%
52%
° ' ﬁ . I
GWiP
S R P
cD16/32
Spleen mwr Small intestine Tumor site
[=R.'R
n %7 RORC - IRF8 o & RORC IRF8 w®, RORC
] § % ® H ™ (]
go 3 E] K 3 2
i at L 3 Syl 1 ]
o F o . % -
&2 E Qw E 4] @
e, & w 8 E 5 Go @
&y = - 35 3 <
i o ®, e #, L%
& CD11b°Ly6C" 2 x CD11b'Ly6C" :
& $ g & FF
W FC W
o o o o = w
W J W N o°\ &
& o & ¢ o : v
o® »® f 1) - Ch
§e §o 2 b T+ 3,
. n o ® L T
B - Eu g 2
s @
2. E. L] Eo i
£, £, A1 . 2, Ty
CD11bFa/80" CD11b'F4/80° CD11b°F4/80°
.; ® e - ®]
] 3 : 3 + 3 ;
in [ ) | Se
P o *1 °
2. B 2. 4
g & g £
€ s & X' 2
t ? 4 s, mml 1l =,

CD11c"MHCI* CD11c"MHCI

cD11b

Spleen small intestine Tumeorsite
-
© g, CO4'CONE" B PD-1 ng., CD4S'COINL w3y, CD4S'COMD’
] ] ®
O 8 1 8 +
o o o
24 24 =
] 'a 7’ 10
02 0z c
o Q o
B 2o By
R E— —— N [
x
an 20 ., 2w £ 29 H a4
Q4 [ 3 [ ] [ [ N
) Oy U g ] uxn %
) [ ] o ]
2 2 2 2 2
= f b sa = g2
NI 2 i g i
S g Qu B gie
fo fo P - ® 2o ]
. . 1cMHCI . : Co11c'MHCIl* .
i § ‘ P i ¢
& & & & S
3 & o . > N
s & A s 8
spleen small Intestine Tumorsite
s J Lysch K Lysch
WT

5%

LysC"
o v %
gS% q12%
o

! @os { o3 4
. > ad [ B
EcH 2 E T e o a
PD-1-- i O ,PD-1+ © o
. > 4 o _:’,"
f's;:@ 3 o =4
by 2% 0% s0% g
= Y
]
. o 00 o -0
yéc o Ly6E
o % 20,000 - wr P .
5T " 3P0
235 % 20
gEmm{ ¥ M
2t | .
@ § 10000
22" [}
Sy Sio
EE s .
£8
2 o 00
) RN ARSI R

Fig. 3. PD-1 ablation alters emergency myelopoiesis and the profile of myeloid cell output. (A and B) WT and PD-17"~ mice were inoculated with B16-F10 melanoma,
and tumor size was monitored daily (A). Mice were euthanized on day 16, and tumor weight was measured (B). Data shown are means + SEM of six mice per group and
are representative of six independent experiments. (C) Mean percentages + SEM of LSK (Lin"®9, Sca1P%, CD127"9, c-kit"®) and LK (Lin"®9, Sca1™®9, CD127"9, c-kitP**) hemato-
poietic precursors, CMP, and GMP in the bone marrow of non-tumor-bearing and tumor-bearing WT and PD-17~ mice. GMPs in PD-17~ mice were significantly lower
compared with GMPs in WT mice (**P < 0.01). (D) Representative contour plots of FACS analysis for CMP and GMP in the bone marrow of tumor-bearing WT and PD-
17" mice. (E) Schematic presentation of myeloid lineage differentiation. The arrowhead indicates GMP, the key target population of PD-1 during emergency my-
elopoiesis. HSC, hematopoietic stem cells; MPP, multi-potent progenitor; MDP, monocyte/macrophages and DC precursors; CDP, common dendritic cell progenitors;
CLP, common lymphoid progenitors. (F to H) Mean percentages of CD45"CD11b*, CD11b*Ly6C*, CD11b*Ly6G*, and CD11c*MHCII* in the spleen (F), small intestine
(G), and B16-F10 site (H) of tumor-bearing WT and PD-17~ mice. (I to K) Representative plots of FACS analysis for CD11b*Ly6C" and CD11b*Ly6C*/CD11b*Ly6G" ratio
in the spleen (1), small intestine (J), and B16-F10 site (K). (L to N) Mean percentages + SEM of RORC and IRF8 expressing CD11b*Ly6C*, CD11b*Ly6G", CD11b*F4/80", and
CD11c"MHCI myeloid cells within the CD45"CD11b* gate in the spleen (L), small intestine (M), and B16-F10 site (N). Data from one representative experiment of three
independent experiments with six mice per group are shown. (0 and P) Diminished suppressive activity (O) and NO production (P) of CD11b*Ly6C* cells isolated from
PD-17"~ tumor-bearing mice. CD11b*Ly6C" cells were isolated from tumor-bearing WT and PD-1~~ mice and cultured at various ratios with OTI splenocytes stimulated
with OVA;s57-264. Data show means + SEM of one representative of two experiments (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.001).

of myeloid cells, T cell-specific PD-1 ablation did not induce ex-
pansion of CD11b"CD45" leukocytes, CD11b*F4/80" M®s, and
CD11c*"MHCII" DCs and increase of CD11b*Ly6C*/CD11b"Ly6G"
ratio (Fig. 5, D and E) or immunological features of functional
effector myeloid cells (Fig. 5F) in PD-17 P4 tymor-bearing mice,
compared with control tumor-bearing mice. Moreover, despite PD-1
ablation, tumor-bearing PD-17P%™ mice did not have quanti-
tative differences in tumor-infiltrating Tgy cells compared with
control tumor-bearing mice (Fig. 5G) or features of enhanced effector
function as determined by assessment of cytokine-producing cells
(Fig. 5, H to M).

Similar outcomes to those observed with B16-F10 tumor in the
differentiation of myeloid cells toward myeloid effectors versus
MDSC were obtained when PD-171¥Me and pp-17P4r ice were
inoculated with MC38 colon adenocarcinoma cells (Fig. 6, B to I).
Moreover, PD-171YMere bt not PD-171P4r mice inoculated with
MC38 had functional differences in tumor-infiltrating Tgy and
T central memory (Tcum) cells compared with control tumor-bearing

54

mice (Fig. 6, ] to L). In the context of this highly immunogenic tumor,
PD-1 ablation in myeloid cells resulted in complete tumor eradication,
whereas mice with PD-1 ablation in T cells showed progressive tumor
growth (Fig. 6A). Together, these results suggest that by preventing
the differentiation of effector myeloid cells and promoting generation
of MDSC, myeloid-specific PD-1 expression has a decisive role on
T cell function. Thus, although PD-1 is an inhibitor of T cell responses
(2, 34, 35), ablation of PD-1 signaling in myeloid cells is an indispensable
requirement for induction of systemic antitumor immunity in vivo.
To further investigate the direct effects of PD-1 on myeloid cell
fate in the absence of T cells, we used recombination activating gene 2
(RAG2) KO mice (lacking mature T cells and B cells). Treatment
of RAG2 KO tumor-bearing mice with anti-PD-1-blocking antibody
resulted in decreased accumulation of GMPs during tumor-driven
emergency myelopoiesis (fig. S14A), myeloid cell expansion in the
spleen and tumor site (fig. S14, B and C), and enhanced generation
of effector myeloid cells (fig. S14, D to G), providing evidence that
blockade of PD-1-mediated signals skews myeloid lineage fate to
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Fig. 4. Myeloid-specific PD-1 ablation is the driver of altered tumor-driven emergency myelopoiesis, inflammatory myeloid cell differentiation, and antitumor
immunity. (A and B) pD-17, pD-171ysMere and PD-17~ mice were inoculated with B16-F10 melanoma, and tumor size was monitored daily (A). After mice were
euthanized, tumor weight was measured (B). (C) Mean percentages + SEM of CMP and GMP in the bone marrow of tumor-bearing PD-1" and PD-17¥*M"® mice. (D) Mean
percentages + SEM of CD11b*CD45" cells and CD11b*Ly6C*, CD11b*Ly6G*, CD11b*F4/80*, and CD11c*MHCII* myeloid subsets in the spleen of tumor-bearing mice.
(E) Mean percentages = SEM of CD11b*CD45, CD11b*Ly6C", and CD11b*Ly6G" cells and (F) representative contour plots of FACS analysis for CD11b*CD45" and
CD11b*Ly6C* cells at the tumor site in PD-17f, PD-17M<"e and PD-17~ mice. (G) Mean percentages + SEM of CD16/CD32*, CD86%, CD88™, and CD80* cells and IFN-y—
expressing myeloid cell subsets within the CD45"CD11b" gate in B16-F10 tumors from PD-17 pD-171ysMcre and PD-17~ mice. (H) Mean percentages + SEM and (I) FACS
histograms of IL-4Ra, CD206, and ARG1 expression in CD11b*Ly6C*, CD11b*Ly6G*, CD11b"F4/80%, and CD11c*MHCII* myeloid cells within the CD11b"CD45" gate in the
spleen of tumor-bearing pD-17, pD-171¥Me and PD-17~ mice. Data are from one representative of three independent experiments with six mice per group are shown

in all the panels (*P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001).

myeloid effector cells in a myeloid cell-intrinsic and T cell-independent
manner. In RAG2 KO mice treated with anti-PD-1 antibody, despite
the absence of T cells, a decrease of tumor growth was also observed
(fig. S14, H and I), suggesting that ablation of PD-1 signaling pro-
motes myeloid-specific mechanisms that induce tumor suppression,
one of which might involve increased phagocytosis (8).

PD-1 ablation alters the signaling responses of myeloid cells
to factors of emergency myelopoiesis

To understand mechanisms that might be responsible for the sig-
nificant differences of myeloid cell fate commitment induced by
myeloid-specific PD-1 targeting, we examined whether PD-1-deficient
bone marrow myeloid progenitors might have distinct signaling re-
sponses to the key hematopoietic growth factors that mediate cancer-
driven emergency myelopoiesis, which also induced PD-1 expression
in GMP during in vitro culture. To avoid any potential impact of
bone marrow-residing PD-1""" T cells or mature myeloid cells on
the signaling responses of myeloid progenitors, we used Lin"® bone
marrow from PD-171¥sMeremice becayse LysMecre is expressed in CMPs
and GMPs (36), allowing us to take advantage of the selective deletion
of PD-1 in these myeloid progenitors. PD-1-deficient GMPs (fig. S15)
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had enhanced activation of extracellular signal-regulated kinase 1/2
(Erk1/2), mammalian target of rapamycin complex 1 (mTORC1),
and signal transducer and activator of transcription 1 (STAT1) in
response to G-CSF, a main mediator of emergency myelopoiesis
(37, 38). These results are notable because each of these signaling
targets has a decisive role in the differentiation and maturation of
myeloid cells while preventing the generation of immature immuno-
suppressive MDSC (39-42). These findings indicate that PD-1
might affect the differentiation of myeloid cells by regulating the
fine tuning of signaling responses of myeloid progenitors to hemato-
poietic growth factors that induce myeloid cell differentiation and
lineage fate determination during emergency myelopoiesis.

PD-1 ablation alters the metabolic program of myeloid
progenitors and activates cholesterol synthesis

Metabolism has a decisive role in the fate of hematopoietic and
myeloid precursors. Stemness and pluripotency are regulated by
maintenance of glycolysis (43). Switch from glycolysis to mitochondrial
metabolism and activation of oxidative phosphorylation and tri-
chloroacetic acid (TCA) cycle are associated with differentiation (44).
This is initiated by glycolysis-mediated mitochondrial biogenesis
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Fig. 5. T cell-specific PD-1 ablation has no impact on tumor-driven emergency myelopoiesis and the profile of myeloid cell output and provides minimal
protection against tumor growth. PD-17f and PD-171P4" mice were inoculated with B16-F10 melanoma. (A) On day 16, mice were euthanized, and bone marrow CMPs
and GMPs were examined by flow cytometry. Mean percentages + SEM of CMP or GMP are shown. (B and C) Tumor size was assessed every other day from inoculation (B).
On the day of euthanasia, tumor weight was measured (C). (D) Mean percentages + SEM of CD11b*CD45" cells and CD11b*Ly6C* and CD11b*Ly6G* populations within
the CD11*CD45* gate in the spleen. (E) Mean percentages + SEM of CD11b*CD45* cells and CD11b*Ly6C*, CD11b*Ly6G*, CD11b*F4/80*, and CD11c*MHCII* cells within
the CD11b"CD45" gate in the tumor site. (F) Mean percentages + SEM of CD16/CD32*, CD86", CD88*, CD80*, and IFN-y expression in the indicated myeloid subsets
(CD11b*Ly6CY, CD11b*Ly6G", CD11b7F4/80%, and CD11c"MHCII*) within the CD11b*CD45" gate in the tumor site. (G to J) Mean percentages = SEM of CD4" and CD8*
Tcm and Ty (G), as well as IFN-y, IL-2, and IL-17 (H to J) expression in CD4" and CD8* Tgy and Tcy at the tumor site, and respective contour plots (K to M). Results are from
one representative of two independent experiments with six mice per group are shown (*P < 0.05 and **P < 0.01).

and epigenetic regulation of gene expression (43). The structural
remodeling of the mitochondrial architecture during differentiation
is characterized by increased replication of mitochondrial DNA to sup-
port production of TCA cycle enzymes and electron transport chain
subunits, linking mitochondrial metabolism to differentiation (45).

We examined whether PD-1 ablation, which promoted the dif-
ferentiation of myeloid cells in response to tumor-mediated emer-
gency myelopoiesis, might affect the metabolic properties of myeloid
precursors. Lin"*® bone marrow myeloid precursors were cultured
with the cytokines G-CSF/GM-CSF/IL-6 that drive tumor-mediated
emergency myelopoiesis in cocktail (Fig. 7, A and B) or individually
(Fig. 7, C and D). Hematopoietic stem cell differentiation was doc-
umented by decrease of Lin"*¢, which was more prominent in the
cultures of PD-1-deficient bone marrow cells, and coincided with
increase of CD45'CD11b" cells (Fig. 7, A and B). Ly6C" monocytic
cells dominated in the PD-171YM% cyltures, whereas Ly6G* gran-
ulocytes were decreasing compared with PD-1"" control cultures
(Fig. 7, C and D), providing evidence for a cell-intrinsic mechanism
of PD-1-deficient myeloid precursors for monocytic lineage com-
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mitment. Glucose uptake, but more prominently, mitochondrial
biogenesis, was elevated in PD-1-deficient CMP and GMP (Fig. 7,
E and F). Bioenergetics studies showed that PD-1-deficient cells
developed robust mitochondrial activity (Fig. 7G) and increase of
oxygen consumption rate (OCR)/extracellular acidification rate
(ECAR) ratio during culture (Fig. 7H), indicating that mitochondrial
metabolism progressively dominated over glycolysis. This bioenergetic
profile is consistent with metabolism-driven enhanced differentiation
of hematopoietic and myeloid precursors (45, 46).

We performed unbiased global metabolite analysis to determine
whether PD-1-deficient myeloid precursors developed a distinct
metabolic program. Compared with control, PD-1-deficient cells had
elevated metabolic intermediates of glycolysis and pentose phosphate
pathway (PPP), acetyl-coenzyme A (coA), and the TCA cycle me-
tabolites citrate and o-ketoglutarate, but the most prominent difference
was the elevated cholesterol (Fig. 71, figs. S16 and S17, and table S1).
Abundant cytosolic acetyl-coA can be used for fatty acid and cho-
lesterol biosynthesis (fig. S17) (43). Moreover, mTORCI1 activates
de novo cholesterol synthesis via sterol regulatory element-binding
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Fig. 6.T cell-specific PD-1 ablation provides diminished protection against tumor growth compared with myeloid-specific PD-1 ablation. (A) PD-1 #f pp-1ffcDicre,
and PD-171¥sM<"e mice were inoculated with MC38 colon adenocarcinoma, and tumor size was monitored daily. Mice were euthanized on day 21, and mean percentages + SEM
of CD45"CD11b* cells and CD11b*Ly6C*, CD11b*Ly6G*, CD11b*F4/80%, and CD11c*MHCII* myeloid subsets in the spleen (B) and tumor site (C) were determined. (D) Mean
percentages + SEM of RORC- and IRF8-expressing CD11b*Ly6C*, CD11b*Ly6G*, CD11b*F/480%, and CD11c*MHCII* myeloid cells and (E) mean percentages + SEM of ARG1,
IL-4Ra, CD88, and CD80 cells within the same myeloid subsets in the spleen. (F and G) Representative flow cytometry plots for RORC and IRF8 expression. (H) Mean
percentages = SEM and (1) representative flow cytometry plots of IFN-y— and ARG1-expressing CD11b*Ly6C*" and CD11b*Ly6G* myeloid cells at the tumor site. (J to L) Mean
percentages + SEM of CD4" and CD8" Tcy and Tgy cells (J) and IFN-y—expressing CD4" and CD8" Ty and Tey at the tumor site (K) and respective contour plots (L). Data
are from one representative of three experiments with six mice per group (*P < 0.05, **P < 0.01, and ***P < 0.001).

protein 1 (SREBP1), which regulates transcription of enzymes involved
in cholesterol synthesis (47, 48). Because acetyl-coA was elevated
(Fig. 7I and fig. S17) and mTORCI1 activation was enhanced in
PD-1-deficient myeloid progenitors in response to growth factors
driving emergency myelopoiesis (fig. S15), we examined whether
activation of the mevalonate pathway that induces cholesterol syn-
thesis (fig. S18A) might be involved. In PD-1-deficient myeloid
progenitors cultured with growth factors of emergency myelopoiesis,
mRNA of genes regulating cholesterol synthesis and uptake was in-
creased, mRNA of genes promoting cholesterol metabolism was
decreased (Fig. 7] and fig. S18B), whereas cellular cholesterol and
neutral lipid content was elevated (Fig. 7, K to M). PD-1-deficient
DC not only differentiated in vitro in the presence of B16-F10 tumor
supernatant but also had a significant increase of cholesterol and
neutral lipids compared with similarly differentiated DC from con-
trol mice (Fig. 7N). Consistent with these in vitro findings, glucose
uptake and content of cholesterol and neutral lipids were elevated
in GMPs of tumor-bearing PD-1 KO mice compared with control
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mice at days 7 or 9 after tumor inoculation, respectively, when tumors
were not yet detectable or tumors in WT and PD-1 mice had equal
size (fig. S19). Thus, features associated with metabolism-driven
differentiation of myeloid progenitors are enhanced early in tumor-
bearing PD-1 KO mice.

In addition to cholesterol synthesis, mevalonate also leads to the
synthesis of isoprenoids, including geranylgeranyl pyrophosphate
(GGPP) (fig. S17), which is required for protein geranylgeranylation
catalyzed by geranylgeranyltransferase and has an active role in the
up-regulation of RORC expression (49). Our metabolite analysis
showed increased GGPP (Fig. 7I), providing a mechanistic explanation
for the up-regulation of RORC in PD-1-deficient myeloid cells.
Cholesterol accumulation is associated with skewing of hematopoiesis
toward myeloid lineage and monocytosis, induces a proinflammatory
program in monocytes/macrophages and DC, and amplifies TLR
signaling (50-52). Together, these results unravel a previously un-
identified role of PD-1 targeting in regulating myeloid lineage fate
commitment and proinflammatory differentiation of monocytes,
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Fig. 7. Myeloid-specific PD-1 ablation reprograms myeloid cell signaling and metabolism and induces cholesterol synthesis. (A and B) Lin"*? bone marrow from
PD-17 and PD-171M"® mice was cultured with GM-CSF, G-CSF, and IL-6 for the indicated time intervals. Mean percentages + SEM of CD11b*CD45" (A) and Lin"9 cells (B)
are shown. (C and D) Bone marrow cells purified as in (A) and (B) were cultured with the indicated growth factors, and mean percentages + SEM of CD11 b"Ly6C+ and
CD11b*Ly6G" cells were examined after 48 hours of culture. (E to H) Bone marrow cells were prepared and cultured as in (A) and (B), and at 48 hours of culture, glucose
uptake was assessed using 2-[N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino]-2-Deoxyglucose (2-NBDG) (E), and mitochondrial biogenesis was assessed by MitoGreen staining
and flow cytometry (F). (G) At 24, 48, and 72 hours of culture, OCR and ECAR were measured by a Seahorse extracellular flux analyzer, and mitostress responses at each
time point of culture were examined. (H) OCR/ECAR ratio was measured at these time points, and the increase of OCR/ECAR ratio during stimulation was calculated.
(I Lin"®9 bone marrow cells from PD-1% and PD-171Y*M<"® mice were cultured with G-CSF and GM-CSF for 48 hours, and metabolite analysis was performed by mass spec-
trometry. The unsupervised hierarchical clustering heat map of the top 50 metabolites is shown. (J) At 24, 48, and 72 hours of culture with G-CSF and GM-CSF, mRNA was
extracted and analyzed for the expression of the indicated genes by qPCR. Results of the 48-hour culture are shown and are presented as the fold increase over the mRNA
level expressed by PD-1" cells. Results are from one of three independent experiments. (K to M) At 24 hours of culture with GM-CSF, G-CSF, or IL-6, the content of neutral
lipid droplets, including triglycerides and cholesterol esters, was assessed by flow cytometry using boron-dipyrromethene (BODIPY) 493/503. Mean percentages + SEM
(K) of BODIPY 493/503-positive cells within the CD11b*CD45" gate, representative contour plots (L), and histograms of FACS analysis (M) are shown. (N) PD-1"" and
pD-17ysMere D¢ were differentiated in the presence of B16-F10 tumor supernatant, and the content of neutral lipids was assessed. Mean percentage + SEM of BODIPY
493/503-positive DC within the CD45*CD11b* gate is shown. Results are representative of three experiments. *P < 0.05, **P < 0.01, and ***P < 0.005.

macrophages, and DC during tumor-driven emergency myelopoiesis, metabolic program with elevated cholesterol metabolism, we examined

through metabolic reprogramming. whether PD-1 ablation might alter the expression of PPARy in ad-

dition to RORC. We found that the expression of PPARy was elevated
Myeloid-specific PD-1 ablation induces improved in CD11b"Ly6C" monocytic cells and M® isolated from tumors of
T cell functionality PD-17" and PD-171¥Mere ice (Fig. 8, A to C). Because PD-1-deficient

Previously, it was determined that monocyte/macrophage terminal ~ myeloid progenitors developed robust mitochondrial activity during
differentiation is controlled by the combined actions of retinoid re-  culture in vitro (Fig. 7, G and H) and PPARYy is involved in mito-
ceptors and the nuclear receptor peroxisome proliferator-activated = chondrial function (53), we examined whether myeloid cells in
receptor Y (PPARY), which is regulated by cholesterol and promotes  tumor-bearing mice have improved mitochondrial metabolism, a
gene expression and lipid metabolic processes, leading to terminal  feature that has an important role in supporting antitumor function
macrophage differentiation (26, 53). Because our in vitro studies  of other immune cells (54). Monocytes, M®, and DC isolated from
showed that PD-1-deficient myeloid progenitors developed a distinct ~ tumor of PD-17'", and PD-171¥*M"® mice had increased mitochondrial
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Fig. 8. PD-1 ablation induces enhanced mitochondrial metabolism of myeloid cells in tumor-bearing mice and improved T cell function. (A to C) Expression
of PPARy in myeloid cells at the B16-F10 site in PD-1", PD-171¥*M"® and PD-17/~ mice was examined by flow cytometry. Mean percentages + SEM (A), representative
histograms (B), and contour plots (C) of PPARy-expressing CD11b*Ly6C*, CD11b*F4/80%, and CD11c*MHCII* subsets. (D to G) Mitochondrial metabolic activity of
myeloid cells at the B16-F10 tumor site in PD-17f, pD-17ysMcre a4 PD-17/~ mice was examined by assessing mitochondrial membrane potential using MitoRed.
Mean fluorescence intensity (MFI) + SEM of MitoRed-positive CD11b*Ly6C", CD11b*F4/80%, and CD11c*MHCII* subsets within the CD45*CD11b* gate (D to F) and
representative plots of FACS analysis (G) are shown. (H to L) In parallel, expression of IFN-y, IL-17A, IL-2, IL-10, RORC, and ICOS in CD8" Tcy and Tgy isolated from
B16-F10-bearing PD-17fand PD-171YsM"® mice was assessed by flow cytometry. Representative histograms (H), contour plots (I and K), and mean percentages + SEM
(J, L, and M) within the CD44"CD62L" gate (for Tcw) and CD44"CD62'° gate (for Tew) cells are shown. Data are from one representative of four independent experi-

ments (*P <0.05, **P < 0.01, and ***P < 0.005).

membrane potential compared with myeloid cells from control
tumor-bearing mice, consistent with enhanced mitochondrial me-
tabolism (Fig. 8, D to G).

We investigated whether these significant immunometabolic
changes of myeloid cells, induced by myeloid-specific PD-1 target-
ing, affected immunological properties of T cells that have key roles
in their antitumor function. Compared with control PD-1" tumor-
bearing mice, PD-171YM"® tymor-bearing mice had no quantita-
tive differences in CD4* or CD8" Tgy and Ty cells (fig. S20A)
but had significant functional differences. There was an increase of
IFN-y-, IL-17-, and IL-10-producing CD8* Tgy cells and IL-2-
producing CD8" Tcy cells (Fig. 8, H to ]). Inducible T cell costimulator
(ICOS) and lfymphocyte—activation gene 3 (Lag3) were elevated in T cells
from PD-171¥Mer tymor-bearing mice but cytotoxic T-lymphocyte-
associated protein 4 (CTLA4), T cell immunoglobulin and mucin
domain 3 (Tim3), CD160, and PD-1/PD-L1 were comparable in
T cells from PD-1" and PD-1"""*M tumor-bearing mice (Fig. 8, K
to M, and fig. S20B). These findings are significant because IL-17-
producing T helper cell 17 (Ty17)/ T cytotoxic cell 17 (Tc17) cells have
enhanced antitumor function and mediate durable tumor growth
inhibition (55). Moreover, T cells with a “hybrid” phenotype producing
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both IFN-y and IL-17 might have superior antitumor properties by
combining the enhanced effector function of Ty1/Tcl and the
longevity and stemness of T17/Tc17 cells (56). In our studies,
these properties of Ty cells correlated with improved antitumor
function in PD-171YsMere pice.

To examine experimentally whether PD-1-deficient myeloid
cells differentiated in tumor-bearing mice in vivo have improved
capacity of inducing antigen-specific T cell responses, we assessed
responses of the same primary CD4" or CD8" T cells to antigen-
loaded DCs isolated from PD-17'~ or control mice bearing B16-F10
tumors (fig. S21A). DCs isolated from the spleen of tumor-bearing
WT and PD-1""" mice were pulsed with ovalbumin (OVA) and
cocultured with OV A-specific CD4" or CD8" T cells from OTI
or OTII T cell receptor (TCR)-transgenic mice. DCs from tumor-
bearing PD-1""" mice had superior ability to induce OTI and OTII
T cell proliferation and IFN-y expression (fig. S21, B and C). To-
gether, our data provide evidence that myeloid cell-intrinsic PD-1
ablation induces potent antitumor immunity by decreasing accu-
mulation of MDSC and promoting proinflammatory and effector
monocytic/macrophage and DC differentiation, thereby leading to
enhanced effector T cell responses.
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DISCUSSION

Our present studies reveal a previously unidentified role of the PD-1
pathway in regulating lineage fate commitment and function of
myeloid cells that arise from tumor-driven emergency myelopoiesis.
These outcomes are mediated by myeloid-intrinsic effects of PD-1
ablation, leading to altered signaling and metabolic reprogramming
of myeloid progenitors characterized by enhanced differentiation
and elevated cholesterol synthesis. Consequently, the accumulation
of immature immunosuppressive and tumor-promoting MDSC is
diminished, and the output of differentiated, inflammatory effector
monocytes, M®, and DC is enhanced. These immunometabolic
changes of myeloid cells promote the differentiation of Tgy cells
and systemic antitumor immunity in vivo despite preserved PD-1
expression in T cells.

We found that PD-1-deficient myeloid progenitors had enhanced
activation of Erk1/2 and mTORCI in response to G-CSF. These
results indicate that Erk1/2 and mTORCI, a downstream mediator
of phosphatidylinositol 3-kinase (PI3K)/Akt signaling, which are
major targets of PD-1in T cells (2), are subjected to PD-1-mediated
inhibition in myeloid cells. These results are revealing because Erk1/2
phosphorylation subverts MDSC-mediated suppression by inducing
M-MDSCs differentiation to APC (39). Erk and PI3K regulate gly-
colysis in response to G-CSF (57). PI3K/Akt/mTORCI signaling is
critical in myeloid lineage commitment. Expression of constitutively
active Akt in CD34" cells induces enhanced monocyte and neutrophil
development, whereas a dominant negative Akt has the opposite effect
(58). mTORCI is necessary for the transition of hematopoietic cells
from a quiescent state to a prepared “alert” state in response to injury-
induced systemic signals (59), for G-CSF-mediated differentiation
of myeloid progenitors (40), and for M-CSF-mediated monocyte/
macrophage generation (41). mTORCI1 stimulates translation initi-
ation through phosphorylation of 4E (eIF4E)-binding protein 1
(4E-BP1) and ribosomal S6 kinases and has a decisive role in the ex-
pression of glucose transporters and enzymes of glycolysis and PPP
(47). Consistent with these, our studies showed that PD-1-deficient
myeloid progenitors had elevated expression of glycolysis and PPP
intermediates after culture with emergency cytokines in vitro and
enhanced monocytic differentiation in tumor-bearing mice in vivo.
Together, our findings indicate that PD-1 might affect the differentiation
of myeloid cells by regulating the fine tuning of signaling responses
of myeloid progenitors to hematopoietic growth factors that induce
myeloid cell differentiation and lineage fate determination during
emergency myelopoiesis. Further studies will identify how receptor-
proximal signaling events mediated by hematopoietic growth factors
are targeted by PD-1 in a manner comparable to PD-1-mediated
targeting of signaling pathways in T cells (2, 34, 35).

Our metabolite analysis showed that a notable difference of
PD-1-deficient myeloid progenitors was the increased expression
of mevalonate metabolism enzymes and the elevated cholesterol.
mTORCI activates SREBP1, which induces transcription of enzymes
involved in fatty acid and cholesterol synthesis (48), thereby leading
to glycolysis-regulated activation of the mevalonate pathway. Our
signaling studies showing enhanced mTORC1 activation and our
metabolic studies showing enhanced mitochondrial metabolism and
increased cholesterol content in PD-1-deficient myeloid cells pro-
vide a mechanistic link between the altered differentiation of PD-1-
deficient myeloid progenitors and the altered immunophenotypic
and functional program of PD-1-deficient monocytes, M®, and DC
in tumor-bearing mice. Cholesterol drives myeloid cell expansion

60

and differentiation of macrophages and DC (50, 51, 60) and promotes
antigen-presenting function (61). These properties are consistent with
the metabolic profile and the increased cholesterol of PD-1-deficient
myeloid progenitors; the inflammatory and effector features of dif-
ferentiated monocytes, M®, and DC; and the enhanced T effector
cell activation in tumor-bearing mice with myeloid-specific PD-1
ablation that we identified in our studies. By such mechanism, PD-1
might centrally regulate antitumor immunity, independently of
the expression of PD-1 and its ligands in the TME. Our studies
showed that PD-1 expression on myeloid progenitors is an early
event during tumor-mediated emergency myelopoiesis and indicate
that PD-1 blockade at early stages of cancer might have a decisive
effect on antitumor immunity by preventing MDSC generation from
myeloid progenitors and inducing the systemic output of effector
myeloid cells that drive antitumor T cell responses.

In addition to its expression in myeloid progenitors, in the bone
marrow, we found that PD-1 is expressed in all myeloid sub-
sets including M-MDSC, PMN-MDSC, CD11b"F4/80" M®, and
CD11c"MHCII' DC in the tumor and the spleen of tumor-bearing mice,
albeit at different levels. This difference might be related to gradient
of tumor-derived factors responsible for PD-1 induction such as
G-CSF and GM-CSF that we found to induce PD-1 transcription in
myeloid progenitors. This possibility would be consistent with the
gradual up-regulation of PD-1 expression in splenic myeloid cells,
determined by our kinetics studies, which correlates with tumor
growth that might be responsible for the increase of systemic levels
of tumor-derived soluble factors that induce PD-1. Other cues of
the TME known to mediate the activation step of MDSC (14) might
also be responsible for the induction of higher PD-1 expression level
in the tumor versus the splenic myeloid cells. Our findings unravel
a previously unidentified role of PD-1 in myeloid cell fate commit-
ment during emergency myelopoiesis, a process that is involved not
only in antitumor immunity but also in the control of pathogen-
induced innate immune responses and sterile inflammation (62).

An additional important finding of our studies is that the nuclear
receptors RORC and PPARy are up-regulated in myeloid cells by
PD-1 ablation. RORs were initially considered retinoic acid receptors
but were subsequently identified as sterol ligands. RORC not only is
induced by sterols and isoprenoid intermediates (49) but also serves
as the high-affinity receptor of the cholesterol precursor desmosterol
(63, 64), a metabolic intermediate of cholesterol synthesis via the
mevalonate pathway that regulates inflammatory responses of myeloid
cells (52, 60). Desmosterol and as sterol sulfates function as endog-
enous RORC agonists and induce expression of RORC target genes
(63, 64). Our studies showed that, in addition to cholesterol, the
mevalonate metabolism product GGPP that has an active role in
the up-regulation of RORC expression (49) was elevated in PD-1-
deficient myeloid cells, providing a mechanistic basis for our finding
of the elevated RORC expression. Retinoid receptors and PPARy
together regulate monocyte/macrophage terminal differentiation (26).
Although initially thought to be involved in proinflammatory mac-
rophage differentiation, it was subsequently understood that PPARy
predominantly promotes macrophage-mediated resolution of in-
flammation by inducing expression of the nuclear receptor liver X
receptor and the scavenger receptor CD36, thereby regulating tissue
remodeling (65). PPARY also regulates macrophage-mediated tissue
remodeling by efferocytosis and production of proresolving cytokines
(66), which can suppress cancer growth (67). The combined actions
of RORC and PPARy induced by myeloid-specific PD-1 ablation
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might be involved in the antitumor function by promoting both
proinflammatory and tissue remodeling properties of myeloid cells.
Future studies will dissect the specific role of each of these nuclear
receptors on the antitumor immunity induced by myeloid cell-specific
ablation of PD-1.

In conclusion, our results provide multiple levels of evidence
that myeloid-specific PD-1 targeting mediates myeloid cell-intrinsic
effects, which have a decisive role on systemic antitumor responses.
This might be a key mechanism by which PD-1 blockade induces
antitumor function. Recapitulating this immunometabolic program
of myeloid cells will improve the outcome of cancer immunotherapy.

MATERIALS AND METHODS

Animals

All procedures were in accordance with the National Institutes of
Health Guidelines for the Care and Use of Animals and approved
by the Institutional Animal Care and Use Committee at Beth Israel
Deaconess Medical Center (Boston, MA). C57BL/6 WT mice were
purchased from Charles River Laboratories (Franklin, MA). PD-17"
mice were provided by T. Honjo (Kyoto University, Japan). PD-1""
mice (B6.Cg-Pdcdl ""1'15}"/]) were also purchased from the Jackson
laboratory (Bar Harbor, ME). All the studies requiring the use of
PD-1""" mice were performed with both PD-1-deficient strains and
resulted in similar outcomes. Pdcd1"°* (PD-1"") mice on a C57BL/6
background were generated by Ozgene (Australia) using goGermline
technology. Briefly, a targeting vector was prepared containing LoxP
sites in introns 1 and 3, closely flanking exons 2 and 3, respectively,
of the Pdcd1 (fig. S12A). The genomic 5’ and 3’ arms of homology
and the floxed genomic region were generated by PCR amplification
of C57BL/6 genomic DNA. An Frt-PGK-Neo®-Frt selection cassette
was placed immediately 5’ of the LoxP site in intron 3. Homologous
recombination of the targeting vector was carried out by electro-
poration of embryonic stem (ES) cells, and clones were selected for
neomycin resistance. Correctly targeted ES clones were identified
by Southern blot restriction fragment length polymorphism (RFLP)
analysis and microinjected into goGermline blastocysts to generate
germline chimeras. After germline transmission, the FRT-PGK-
Neo®-FRT cassette was deleted by mating to a transgenic line con-
taining FLP recombinase. The Flp gene was removed by segregation
in subsequent crosses. PD-17 mice were mated with LysMcre mice
[B6.129P2" Lyz2"™ /] or CD4cre mice [B6.Cg-Tg(Cd4-cre)
1Cwi/Bflu]J], obtained from the Jackson laboratory. Selective ablation
of PD-1 protein expression in T cells versus myeloid cells in each
strain was confirmed by flow cytometry (fig. S12, B and C). Rag2-
deficient mice [B6(Cg)—Rag2t'"1'1Cg"/]], OTI TCR transgenic mice
[C57BL/6" Tg(TcraTcrb)1100Mjb/]], and OTII TCR transgenic mice
[B6.Cg-Tg(TcraTcrb)425Cbn/]] were purchased from the Jackson
laboratory (Bar Harbor, ME).

Tumor cell lines and tumor experiments

MCI17-51 and B16-F10 cell lines were purchased from the American
Type Culture Collection. The B16-F10 cell line was subcloned, and
subclones with intermediate growth rate were selected for use. The
MC38 cell line was purchased from Kerafast. For tumor implantation,
10° murine fibrosarcoma (MC17-51) were injected intramuscularly
in the left hindlimb, whereas 2.5 x 10° murine colon carcinoma
(MC38) or 5 x 10° murine melanoma (B16-F10) cells were injected
subcutaneously in the left flank. Tumor growth was monitored daily

with a caliper fitted with a vernier scale, starting from day 9. Tumor
volume was calculated on the basis of three perpendicular measure-
ments. At days 15 to 16 for B16-F10 tumors, at days 12 to 14 for
MC17-51 tumors, and at days 15 to 21 for MC38 after tumor inoc-
ulation, mice were euthanized, and tumor, spleen, small intestine,
and bone marrow were harvested. Eight- to 12-week-old male mice
were used for MC17-51 inoculations, and 8- to 12-week-old male or
female mice were used for MC38 and B16-F10 inoculations. For studies
at various time points after tumor implantation, a large cohort of mice
of each strain was used for simultaneous tumor inoculation, and at
the indicated times, equal numbers of mice were euthanized and as-
sessment of the indicated end points was performed. For treatment
with anti-PD-1-blocking antibody, 250 pg of either anti—-PD-1 (clone
RMP1-14, Bio X Cell) or immunoglobulin G2a control (clone 2A3,
Bio X Cell) diluted in sterile phosphate-buffered saline were admin-
istered intraperitoneally in a volume of 100 ul per dose on days 9,
12, and 15 after tumor inoculation.

Statistics

Statistical significance for comparison between two groups was deter-
mined by two-tailed Student’s f test or Mann-Whitney U test. Statistical
significance for comparison among three or more groups was de-
termined by analysis of variance (ANOVA). *P < 0.05, **P < 0.01,
**¥P < 0.005, and ****P < 0.001.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/5/43/eaay1863/DC1

Materials and Methods

Fig. S1. Gating strategy of hematopoietic and myeloid precursors in the bone marrow.

Fig. S2. Gating strategy of myeloid subsets in the spleen and tumor site.

Fig. $3. Cancer-induced emergency myelopoiesis in three different mouse tumor models.
Fig. S4. PD-1 expression is induced on myeloid progenitors by emergency cytokines.

Fig. S5. Gating strategy for identification of MDSC in human blood samples.

Fig. S6. PD-1 expression in human MDSC.

Fig. S7. PD-1 ablation alters tumor-driven emergency myelopoiesis.

Fig. S8. PD-1 ablation induces expression of RORC and IRF8 in myeloid cells expanding in
response to tumor-driven emergency myelopoiesis.

Fig. S9. PD-1 ablation induces expression of RORC and IRF8 in myeloid cells expanding in
mice-bearing MC38 or MC17-51 tumors.

Fig. $10. PD-1 ablation increases the output of RORC" effector-like myeloid cells at early stages
of tumor growth.

Fig. S11. Therapeutic targeting of PD-1 increases effector features of myeloid cells and
decreases tumor growth.

Fig. $12. Myeloid-specific and T cell-specific PD-1 deletion.

Fig. S13. Myeloid-specific PD-1 ablation promotes expansion of IRF8" and RORC" monocytes
and IFN-y-producing monocytes and macrophages in the tumor site.

Fig. S14. Tumor-induced emergency myelopoiesis and myeloid effector differentiation in
Rag2-deficient mice treated with PD-1 antibody.

Fig. S15. PD-1 ablation reduces the threshold of growth factor-mediated signaling in GMP.
Fig. S16. Myeloid-specific PD-1 ablation induces a distinct metabolic profile characterized by
elevated cholesterol.

Fig. S17. Metabolic pathways linking glycolysis to PPP, fatty acid, and cholesterol synthesis.
Fig. $18. Schematic presentation of the mevalonate pathway.

Fig. $19. Increase of glucose uptake and neutral lipid content in PD-1-deficient myeloid
progenitors early after tumor implantation.

Fig. 520. Myeloid-specific PD-1 deletion alters the immunological profile of CD8" Ty cells.
Fig. S21. PD-1 ablation enhances antigen presentation ex vivo by tumor-matured DC.
Table S1. List of significantly different metabolites.

Table S2. List of antibodies used for surface staining.

Table S3. List of antibodies used for intracellular staining.

Table S4. List of antibodies used for phenotype of human MDSC.

Table S5. Raw data in Excel spreadsheet.
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Cytokine release syndrome (CRS) counteracts the effectiveness of chimeric antigen receptor (CAR) T cell therapy
in cancer patients, but the mechanism underlying CRS remains unclear. Here, we show that tumor cell pyroptosis
triggers CRS during CAR T cell therapy. We find that CAR T cells rapidly activate caspase 3 in target cells through
release of granzyme B. The latter cleaves gasdermin E (GSDME), a pore-forming protein highly expressed in B leu-
kemic and other target cells, which results in extensive pyroptosis. Consequently, pyroptosis-released factors
activate caspase 1 for GSDMD cleavage in macrophages, which results in the release of cytokines and subsequent
CRS. Knocking out GSDME, depleting macrophages, or inhibiting caspase 1 eliminates CRS occurrence in mouse
models. In patients, GSDME and lactate dehydrogenase levels are correlated with the severity of CRS. Notably, we
find that the quantity of perforin/granzyme B used by CAR T cells rather than existing CD8" T cells is critical for

CART cells to induce target cell pyroptosis.

INTRODUCTION

Despite the success of clinical applications of genetically engineered
T cells modified with chimeric antigen receptors (CARs) against B cell
malignancies (1-3), cytokine release syndrome (CRS) hinders the ef-
fectiveness of this treatment in patients (4, 5). It is known that CRS
is triggered by acute inflammatory responses and characterized by
fever, hypotension, and respiratory insufficiency associated with
elevated serum cytokines (5-7). Although macrophages have been
reported to be involved in the pathogenesis of CRS in the CAR
T cell-treated humanized mouse model (8, 9), the mechanisms trig-
gering CRS are unclear. CAR T cells undergo activation and expan-
sion in patients after their infusion (5, 10, 11), and rapidly expanded
CART cells may result in a rapid and massive death of B leukemic
cells within a brief period. Coincidently, disease burden in patients
with acute lymphoblastic leukemia is also strongly correlated with the
incidence and severity of CRS (5, 10-12). The manner by which such
a massive malignant B cell death is involved in CRS pathogenesis
remains elusive.

Cells can undergo distinct types of death. Apoptosis was originally
considered the only form of controlled and programmed death. How-
ever, recent studies have demonstrated a previously unidentified form
of programmed necrosis, characterized by rapid cellular swelling, large
bubbles emerging from the plasma membrane, and the release of pro-
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inflammatory factors (13, 14). At least two programmed necrotic cell
death pathways have been identified, including a mixed lineage kinase
domain-like (MLKL)-mediated necroptosis (15, 16) and gasdermin D
(GSDMD)- or GSDME-mediated pyroptosis (17, 18). Recruitment of
receptor-interacting protein kinase 1 (RIPK1) to the tumor necrosis
factor-a (TNF-0) receptor forms a death complex with RIP3 and sub-
sequently activates MLKL to generate membrane nanopores, thus
causing necroptotic cell death (19). Unlike MLKL, GSDMD or GSDME
is activated by inflammatory caspases (caspases 1, 4, and 5 and murine
caspase 11) or caspase 3 (17, 20) and can form oligomers that insert into
the cell membranes to form pores, thus mediating pyroptotic cell death.
In this study, we provide evidence that human B leukemic cells and
other target tumor cells express a sufficient amount of GSDME, which
is efficiently activated by CAR T cell-released granzyme B-activated
caspase 3, leading to target cell pyroptosis. Pyroptosis-released factors
stimulate macrophages to produce proinflammatory cytokines, which
is likely triggering CRS in CAR T cell-treated patients.

RESULTS

CART cells induce target cell pyroptosis

When we incubated CD19-recognizing CAR T cells with CD19" pri-
mary leukemic cells isolated from B cell acute lymphoblastic leuke-
mia (B-ALL) patients, we found that the viability of B leukemic cells
markedly decreased, whereas human epidermal growth factor recep-
tor 2 (HER2)-specific CART cells did not have such an effect (Fig. 1A).
We observed that the dying cells appeared to have a swollen appear-
ance with large bubbles arising from the plasma membrane (Fig. 1B).
Flow cytometric analysis showed that more than 30% of CAR T cell-
treated CD19" B leukemic cells were annexin V* and propidium iodide
(PI)" (Fig. 1C). High levels of lactate dehydrogenase (LDH) were pres-
ent in the supernatants (Fig. 1D), suggesting that CAR T cells induce
pyroptosis in CD19" B leukemic cells. We also found that CD19-CAR
T cells induced pyroptosis in CD19" Raji and NALM-6 leukemic
cell lines in a time- and effector/target ratio-dependent manner,
as indicated by decreased cell viability, cellular swelling with bubbles,
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Fig. 1.CART cellsinduced tu- A B Patients
mor cell pyroptosis. (A to D) Pri- ew
mary B leukemic cells were
cocultured with CD19 or HER2-
CART cells at an effector/target
ratio (E/T) of 2:1 for 6 hours. Tu-
mor cell viability was measured
by using the CellTiter-Glo Lu-
minescent Cell Viability Assay
Kit [(A), n=10]. The represent-
ative images were shown (B).
Cell death was determined by
flow cytometry [(C), n=6],and
LDH level in the supernatants
was measured [(D), n=10].
Scale bar, 20 um. White arrows 0 HER2 CD19
indicate pyroptotic cells. (E to
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an increased percentage of annexin V*/PI" cells, and high levels of  tion in true cellular membranes (22). Using this method, we observed
LDH (Fig. 1, E to H, and fig. S1A). Pyroptosis is known to be mediated  that many pores were formed in the membrane of the B leukemic cells
by gasdermins such as GSDMD and GSDME, which form poresin the  after coculture with CD19-CAR T cells (Fig. 1,1and ], and fig. S1B), fur-
plasma membrane (17, 20, 21). Recently, we developed an atomic  ther supporting the idea that B leukemic cells underwent pyroptosis.
force microscopy (AFM)-based technology to visualize pore forma- ~ Other CAR T cells such as HER2-recognizing CAR, incubated with
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HER2" solid tumor cells (MCF-7 and SGC-7901), also caused de-
creased cell viability, swelling with bubbles, LDH release, and pore for-
mation in tumor cells (fig. S1, C to F, and movies S1 and S2). Together,
these results suggest that CAR T cell therapy may induce target tumor
cells to enter pyroptosis.

CART cells activate GSDME to mediate target cell pyroptosis
It is known that activated inflammatory caspases (caspases 1, 4, 5,
and 11) or caspase 3 can cleave GSDMD or GSDME to generate its
active form, which inserts into the cellular membranes causing pore
formation and subsequent cellular pyroptosis (17, 21). GSDME, but

not GSDMD, was ubiquitously expressed in the CD19" malignant
B cells of patients (Fig. 2A). In addition, CD19" Raji and NALM-6
cells and HER2" SGC-7901 and MCF-7 tumor cells also expressed
high levels of GSDME (Fig. 2A), and the active form of GSDME was
induced by CAR T cells in CD19* or HER2* tumor cells (Fig. 2B and
fig. S2A). MLKL is also able to form pores in the cell membrane
and induce necroptosis (16), but the phosphorylated form of MLKL
and RIPK1/3 was not detectable in tumor cells (fig. S2A). These re-
sults suggest that GSDME rather than other molecules mediates CAR
T cell-triggered tumor cell pyroptosis. To verify this, we knocked
out GSDME in four types of target cells (Raji, NALM-6, SGC-7901,
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Fig. 2. Tumor cell pyroptosis by CAR T cells is mediated by GSDME. (A) GSDME and GSDMD in primary B leukemic cells isolated from B-ALL patients (n=5) or cell lines
were determined by Western blot. (B) CD19" B leukemic cells from B-ALL patients (n = 8) were cocultured with or without CD19-CAR T cells for 6 hours. GSDME, caspase
3 (Casp3), and cleaved caspase 3 (C-Casp3) were analyzed by Western blot. (C and D) SGGFP or GSDME-SGs™ Raji or NALM-6 cells were cocultured with HER2 or CD19-CAR
T cells for 4 hours. The percentage of annexin V*/PI* or annexin V* cells (C) and the LDH level from the supernatant (D) were measured. (E to G) GSDME-deficient Raji or
NALM-6 cells with overexpressed vector, WT-GSDME, or D270-GSDME were cocultured with CD19-CAR T cells at an E/T ratio of 2:1 for 4 hours. Cell morphology was ob-
served under a microscope (E). The LDH level from the supernatant was detected (F). The expression of GSDME was determined by Western blot (G). Scale bar, 20 um.
White arrows indicate the pyroptotic cell. **P < 0.01, by one-way ANOVA (C, D, and F). Data are means + SD of three independent experiments.
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and MCF-7) and found that GSDME deficiency, which did not affect
tumor cell growth (fig. S2, B and C), abrogated CAR T cell-induced
target cell pyroptosis, as indicated by the decreased percentage of
annexin V*/PI" cells and reduced levels of LDH in supernatants
(Fig. 2, Cand D, and fig. S2, D and E). However, overexpression of
GSDME increased pyroptosis of target cells (fig. S2, F and G), sug-
gesting that CAR T cells trigger tumor cell pyroptosis by activating
GSDME. Despite the pyroptosis mediated by GSDME, the blockade
of GSDME actually resulted in target cell death switching from
pyroptosis to apoptosis (Fig. 2C and fig. S2D). In line with this obser-
vation, normal B cells did not express GSDME (fig. S2H) and could
also be triggered to undergo apoptosis by CD19-CAR T cells (fig. S2,
I and J). To validate this idea, we introduced GSDME-expressing
vectors to the GSDME-deficient tumor cells and found that the re-
expression of GSDME restored CAR T cell-induced pyroptosis (Fig. 2,
E and F). However, the reexpression of mutant GSDME (D270A)
could not restore the pyroptosis from the apoptosis (Fig. 2, E and F).
Consistent with this observation, the active form of GSDME was
not found in GSDME (D270A)-expressing cells (Fig. 2G). Together,

A
_Raji_ NALM-6 _Raji_ NALM-6
cb19 - + - + kDa cD19 - + - + kDa
il

these results suggest that CAR T cells can mobilize GSDME to in-
duce target cell pyroptosis.

CART cell-released granzyme B triggers the cleavage

of GSDME

To better understand the molecular mechanism that CAR T cells
use to activate GSDME in tumor cells, we measured caspase 3 cleav-
age by Western blot (17). As expected, caspase 3, but not caspase 1
or caspase 4, was cleaved and activated in co-incubated tumor cells
(Figs. 2B and 3A and fig. S3A). Moreover, the addition of the caspase 3
inhibitor DEVD or the pan-caspase inhibitor zVAD inhibited the
cleavage of GSDME and prevented tumor cell pyroptosis (fig. S3, B
to D). In contrast, we found that GSDME knockout did not affect
caspase 3 activation, suggesting that GSDME functions downstream
of caspase 3 (fig. S3E). Granzyme B, which is released from cytolytic
T cells, is a key effector molecule that cleaves caspases 3 and 7 to
generate their active forms (23, 24). We found that inhibition of
granzyme B in CAR T cells by small interfering RNA (siRNA) or a
chemical compound (GrBI) blocked the activation of caspases 3 and
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Fig. 3. CART cell-released granzyme B triggers the activation of GSDME. (A) CD19" Raji or NALM-6 cells were cocultured with or without CD19-CART cells for 4 hours.
GSDME, Casp1, C-Casp1, Casp3, C-Casp3, Casp4, and C-Casp4 were analyzed by Western blot. (B to D) Scramble (Scr) or GZMB-siRNAs™ CD19-CART cells were cocultured

with Luc-Raji or NALM-6 cells for 4 hours. Casp3, C-Casp3, Casp7, and C-Casp7 were analyzed by Western blot (B).

Cell viability (C) and LDH levels in the supernatants (D)

were measured. (E to G) The same as (B) to (D), except that PRF1-siRNAs™ CD19-CART cells were used. **P < 0.01, by one-way ANOVA (C, D, F, and G). Data are means + SD

of three independent experiments.
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7 in tumor cells, thus inhibiting pyroptosis (Fig. 3, B to D, and fig.
S3, F to I). Perforin pore formation allows granzyme B to enter the
cytosol of target cells (25), and perforin knockdown prevented the
activation of caspases 3 and 7, cleavage of GSDME, and subsequent
pyroptosis (Fig. 3, E to G, and fig. S3F). These results suggest that
CART cells release perforin to form pores, leading to the entry of
granzyme B into target tumor cells, which causes the subsequent
activation of GSDME and pyroptosis.

Superior affinity to target cells is critical for CAR T cells

to trigger pyroptosis

The above data indicated that CAR T cells used perforin/granzyme
B to induce tumor cell pyroptosis. However, nontransduced CD8"
T cells can use the same perforin and granzyme B mechanism to attack
target cells, leading to tumor cell apoptosis rather than pyroptosis
(26). To better define this mechanism, we constructed human CD19-
recognizing mouse CAR (hCD19-mCAR) in murine OT-I T cells
and human CD19- or human HER2-expressing B16 melanoma cells.
Incubation of OT-I hCD19-mCAR T cells with CD19-B16 cells trig-
gered pyroptosis, but this was not observed in HER2-B16 cells or
vector-B16 cells, and ovalbumin (OVA) peptide-pulsed B16 cells
underwent apoptosis (Fig. 4, A to C). In addition, we found that, even
when the incubation time was prolonged, the pulsed B16 cells did
not display cellular swelling or membrane bubbles (fig. S4A), suggest-
ing that nontransduced tumor-specific T cells do not induce target
tumor cell pyroptosis. Consistently, unmodified OT-IT cells released
perforin/granzyme B to induce OVA-B16 apoptosis rather than
pyroptosis (fig. $4, B and C). Similarly, allogeneic CD8" T cells iso-
lated from donors also used perforin/granzyme B to induce apop-
tosis in MCF-7 or SGC-7901 cells rather than pyroptosis (fig. S4, D
and E). Knockdown of either perforin or granzyme B inhibited the
killing of OVA-B16 or B16 tumor cells by OT-I or pmel T cells (fig.
S4F), raising a question as to why CAR T cell- but not tumor-specific
T cell-derived perforin/granzyme B induced pyroptosis. One expla-
nation is that the quantity of perforin/granzyme B released from CAR
T cells and from unmodified CD8" T cells may be different. It is
known that the affinity of CAR and its antigen may be 100-fold
higher than that of T cell receptor (TCR) and major histocompati-
bility complex (MHC)-peptide complex (27, 28). We speculated that
the CAR-antigen interaction resulted in more perforin/granzymes
being released by CAR T cells. OT-ThCD19-mCAR T cells released
more perforin/granzyme B after coculture with hCD19-B16 cells, as
compared with HER2-B16 or OV A peptide—pulsed B16 cells (Fig. 4D).
Although allogeneic CD8" T cells could kill MCF-7 or SGC-7901
tumor cells in the presence of a CD28 antibody (fig. S4D), these
CDS8" T cells expressed much lower levels of CD107a than the cor-
responding CAR T cells (fig. S4G), and less granzyme B was present
in the target tumor cells during incubation with allogeneic T cells
(fig. S4H). Moreover, we found that tumor-specific T cells induced
a small amount of GSDME cleavage and did not activate GSDMD or
MLKIL, regardless of the cleavage of caspases 3 and 7 in tumor cells
(fig. S4I). Cells have the ability to rapidly repair the formed mem-
brane pore (22, 29), thus preventing cell pyroptosis induced by a small
amount of GSDME activated by caspase 3. Therefore, only a large
amount of active GSDME can surpass the pore-repairing ability of
the cell and lead to pyroptosis. As expected, high levels of cleaved
GSDME was present in CD19-B16 cells after incubation with CD19-
CART cells (Fig. 4E), and a GSDME knockout abolished the effect of
CART cells on CD19-B16 cell pyroptosis (Fig. 4, F and G). However,
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the knockout of GSDME had less influence on B16 cell apoptosis
induced by OT-I T cells (Fig. 4, F and H). The addition of exoge-
nous perforin/granzyme B to the medium led to OVA-B16 or B16
cell pyroptosis by tumor-specific T cells (Fig. 4, I to K). In addition,
the use of recombinant perforin and granzyme B to treat tumor cells
induced tumor cell death by either apoptosis or pyroptosis depen-
dent on the dosage (low or high) (fig. S5, A to C). In addition to the
superior affinity of CAR to tumor cell antigen, we also investigated
whether the co-signaling domains in CD19-CAR played a role in
regulating target cell pyroptosis. We constructed CD19-CAR with
CD3{ domains, but without CD28 signaling domains, and cocul-
tured with CD19-expressing B16 cells in the presence of a CD28
antibody. We found that compared with CD3(-CD28-CART cells,
CD3C-CAR T cells had much less of an effect on the decreased cell
viability, increased LDH levels, and the induction of annexin V*/PI"
cells (Fig. 5, A to C). CD3{-CARTT cells appeared to not induce tumor
cell pyroptosis, as evidenced by the lack of cellular swelling and mem-
brane bubbles (Fig. 5D). In addition, we found that CD19-CAR
T cells with different co-signaling domains (CD3{-CD28, CD3(-4-
1BB, or CD3({-CD28-4-1BB) could induce CD19-B16 cells to enter
pyroptosis (Fig. 5, E to G). Among them, CD3{-CD28-4-1BB-CD19-
CART cells exerted the strongest effect on pyroptosis, whereas
CD3{-CD28 and CD3{-4-1BB-CD19-CAR T cells had a similar
effect (Fig. 5, E to G). Together, these results suggest that superior
tumor antigen affinity and the co-signaling domains confer CAR
T cells with the ability to release large amounts of perforin/granzyme
B required for CAR T cell-mediated tumor cell pyroptosis.

Target cell pyroptosis stimulates macrophages to release
CRS-related cytokines

Pyroptotic cells release large amounts of damage-associated mo-
lecular pattern molecules (DAMPs), which can trigger strong in-
flammatory responses like CRS, prompting us to hypothesize that
GSDME-mediated pyroptosis triggers CRS during CAR T cell therapy.
Macrophages are involved in inflammatory responses and have been
reported to play an important role in CAR T cell therapy-induced
CRS (8, 9). When cocultured supernatants (CD19-CAR T cells and
NALM-6, Raji, or primary B leukemic cells) were used to treat macro-
phages derived from the peripheral blood mononuclear cells (PBMCs)
of healthy donors, we observed a marked release of interleukin-1p
(IL-1B) and IL-6, two markers of CRS (Fig. 6, A and B, and fig. S6A).
Supernatants from HER2-CAR T/SGC-7901 cells also resulted in
the release of these two cytokines by treated macrophages (fig. S6B),
indicating that CRS can be triggered by products of tumor cell
pyroptosis. However, supernatants from nontransduced tumor-
specific CD8" T cells that killed target tumor cells did not stimulate
macrophages to secrete IL-1f or to up-regulate the expression of
IL-6 (fig. S6C). To validate these results, we used CD19 or HER2™
CAR T cells to coculture with GSDME ' target cells (NALM-6, Raji,
or SGC-7901). Under this condition, the supernatants were not able
to stimulate macrophages to produce IL-1f or IL-6 (Fig. 6C and fig.
S6D). It is known that macrophages release IL-1p through the acti-
vation of the inflammasome pathway. Caspase 1, the effector mol-
ecule of inflammasomes that cleaves pro-IL-1p, was activated in
macrophages by the above pyroptotic supernatants, whereas super-
natants from the GSDME knockout groups did not cause the cleavage
of caspase 1 in macrophages (Fig. 6D). In addition to IL-1p, caspase 1
also cleaves and generates the active form of GSDMD, the membrane
pore-forming molecule, which leads to the release of IL-1p and other
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three independent experiments.

proinflammatory factors. We found that pyroptosis supernatants  protein 3 (NLRP3) is an inflammasome form that cleaves caspase 1 in

rather than GSDME ™~ supernatants caused the cleavage and activation
of GSDMD (Fig. 6D). In addition, supernatants from nontransduced
tumor-specific CD8" T cell that killed target tumor cells did not in-
duce cleavage of GSDMD or caspase 1 (fig. S6E). In addition, knock-
out of either GSDMD or caspase 1 abolished the up-regulation of IL-1j3
and IL-6 in macrophages caused by pyroptosis supernatants (Fig. 6E
and fig. S6, F to H). NACHT, LRR, and PYD domains-containing
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macrophages. We found that pyroptotic supernatants could not effec-
tively induce caspase 1 cleavage and subsequent mature IL-1B produc-
tion in NLRP3~~ macrophages (fig. $7, A and B). Various factors such
as reactive oxygen species (ROS), ions, and adenosine 5'-triphosphate
(ATP) are able to activate the NLRP3 inflammasome (30). CD19 or
HER2™ CART cell treatment led to a 14- to 26-fold increase of ATP
concentration in the pyroptotic supernatants (fig. S7C). However,
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of three independent experiments.

such an increase in ATP was abrogated by the inhibition of caspase 3 or
granzyme B or by the knockdown of GSDME, perforin, or granzyme B
(fig. S7, D to G). Apyrase is known to effectively degrade ATP (31),
and treatment of pyroptotic supernatants with apyrase degraded ATP
molecules in pyroptotic supernatants (fig. S7C), and this prevented
pyroptotic supernatant-treated macrophages from cleaving caspase 1,
GSDMD, or IL-1 (fig. S7, H and I). A similar result was obtained
in supernatants treated with Brilliant Blue G (BBG), an antagonist of
the ATP-recognizing receptor P2X7 (fig. S7, H and I). Therefore, ATP
from pyroptotic supernatants is sufficient to promote the release of
the CRS-related cytokine IL-1B by macrophages. Cell death can cause
the release of DAMPs such as heat shock proteins (HSPs) and high-
mobility group box 1 (HMGB1), and these can stimulate macro-
phages to produce IL-6 by activating mitogen-activated protein kinase
(MAPK) and nuclear factor kB (NF-xB). We found much higher
levels of HMGBI in pyroptotic supernatants, compared with the non-
pyroptotic supernatants, but levels of HSP70 were not altered (fig. S7]).
Stimulation of macrophages with HMGB1 up-regulated the expres-
sion of IL-6 (fig. S7, Kand L). In contrast, knockdown of HMGBI in
tumor cells disrupted the effect of the pyroptotic supernatant on IL-6
expression at both the mRNA and protein levels (fig. S7, M and N),
suggesting that HMGBI induces the IL-6 production in macrophages
after tumor cell pyroptosis. Thus, HMGBI in the pyroptotic super-
natants may promote IL-6 expression in macrophages. Together, these
results suggest that tumor cell pyroptosis activates the GSDMD-
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mediated inflammatory pathway in macrophages, leading to the re-
lease of CRS-related cytokines.

CART cell therapy induces CRS through GSDME-mediated
pyroptosis in vivo

Last, we tried to demonstrate that GSDME-mediated pyroptosis trig-
gers CAR T cell therapy-caused CRS in vivo. We used a CAR T cell-
induced CRS mouse model that used intraperitoneal injection of Raji
or NALM-6 cells into severe combined immunodeficient (SCID)-
beige mice, followed by an intraperitoneal injection of human CAR
T cells, as described previously (8). An acute systemic inflammatory
response, highly similar to human CRS, as depicted by high fever,
weight loss, and increased levels of acute-phase proteins, such as serum
amyloid A3 (SAA3), IL-1B, and IL-6, was present (Fig. 7, A to E, and
fig. S8, A to E). However, injection of GSDME ™~ Raji or NALM-6 cells
in SCID-beige mice abrogated CRS symptoms upon CD19-CAR T cell
treatment, as indicated by reduced weight loss, diminished fever, de-
creased blood levels of IL-1B, IL-6, and SAA (Fig. 7, F to H, and fig.
S8, F to H), and the prevention of CRS-related mortality (Fig. 71 and
fig. S8I). We also examined intravenous injection of GSDME '~ Raji
cells into the non-obese diabetic SCID gamma (NSG) mice, and CRS
symptoms and CRS-related mortality were also abrogated by GSDME
deficiency (fig. S8, ] to L), suggesting that GSDME-mediated pyro-
ptosis may contribute to CRS during CAR T cell therapy. In line with
these results, the knockout of GSDME in target tumor cells resulted
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Fig. 6. Tumor cell pyroptosis triggered macrophages to release proinflammatory cytokines. (A) Macrophages isolated from healthy volunteers were treated with
control or pyroptotic Raji supernatants. IL-18 and IL-6 in the culture medium were determined by enzyme-linked immunosorbent assay (ELISA). (B) The same as (A), except that
pyroptotic primary B leukemic cell supernatants were used. (C and D) Human macrophages were treated with supernatants from coculturing SGGFP or GSDME-SGs™ Raji
or NALM-6 cells with or without CD19-CAR T cells. IL-1B and IL-6 were determined by ELISA (C), and GSDMD, Casp1, C-Casp1, and NLRP3 were analyzed by Western blot
(D). (E) SGGFP, CASP1-SGs, or GSDMD-SGs™ THP-1 cells were treated with supernatants from coculturing Raji cells and CART cells. IL-18 and IL-6 were determined by ELISA.
**P <0.01, by one-way ANOVA (A to C and E). Data are means + SD of three independent experiments.

in a decreased serum ATP level in the CAR T cell-treated mice (fig.
S8M). In addition, we found that the use of apyrase or BBG also
abrogated the above CAR T cell therapy-induced CRS and prolonged
survival (fig. S9, A to D), further suggesting that the CAR T cell-induced
CRS is mediated through the GSDME-ATP pathway. The analysis
of peritoneal macrophages confirmed the activation of caspase 1 and
GSDMD (Fig. 7]) and the up-regulation of IL-1p, IL-6, and SAA
(Fig. 7, C to E) in the CAR T cell-treated mice. In contrast, the
depletion of macrophages or the administration of a caspase 1 inhibitor
prevented CAR T cell-associated CRS, as evidenced by decreased
levels of SAA, IL-6, and IL-1B; reduced weight loss; diminished fever;
and prolonged survival (Fig. 7, K to M). However, this prevention of
CRS could be abolished by the intraperitoneal 1nJect10n of exogenous
wild-type (WT) macrophages but not Gsdmd ™~ or Casp1™'~ macro-
phages (fig. S9, E to H). To further validate these results in patients,
we analyzed the GSDME levels in primary B-ALL leukemia cells isolated

www.SCIENCEIMMUNOLOGY .org

from 11 patients before CD19-CAR T cell treatment. Although B
leukemic cells from patients ubiquitously expressed GSDME (Fig. 7N),
a higher level of GSDME was associated with a more severe case of
CRS in those patients (Fig. 70). ATP levels were found to be much
higher in CRS patients than in healthy volunteers (fig. S9I). Moreover,
patients with a high grade of CRS (n = 7) had higher blood LDH levels,
compared with those with low grade of CRS (n = 4) (fig. S9]), and
LDH levels positively correlated to the severity of CRS (Fig. 7P). Together,
these results suggest that B leukemic cell pyroptosis induced by
CARTT cell therapy triggers CRS in patients.

DISCUSSION

Genetic modification confers CAR T cells an enhanced ability to kill
target tumor cells. The effects of the resulting massive tumor cell
death on patients remain unclear. In this study, we show that CAR
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Fig. 7. Tumor cell pyroptosis triggers CRS in CAR T cell-treated mice. (A to E) CD19-CAR T cells were transferred to SCID-beige mice with a high Raji tumor burden.
The change of weight [(A), n = 6] and body temperature [(B), n = 6] was calculated. The serum levels of SAA (C), IL-6 (D), and IL-18 (E) were measured by ELISA
(n=5). (F to 1) SGGFP™ or GSDME-SGs-Luc-Raji cells were intraperitoneally injected into mice for 3 weeks, followed by the intravenous injection of CD19-CAR T cells.
Weight [(F), n = 6] and temperature [(G), n = 6] changes were calculated. Serum levels of SAA, IL-6, and IL-13 were measured by ELISA [(H), n = 5]. Mice survival was analyzed
[(1), n=10]. J) The same as (A), except that intraperitoneal macrophages were isolated to perform Western blot with anti-GSDMD, Casp1, and C-Casp1 (n = 4). (K to M) Mice
with high Raji tumor burden were treated with a control liposome, clophosome-A (intravenous, 200 pl), or belnacasan (100 mg/kg) once daily for 3 days, followed by
CD19-CART cell injection. Thirty-six hours later, serum levels of SAA, IL-6, and IL-1B were measured by ELISA [(K), n = 5]. Weight and temperature changes were calculated
[(L), n = 6]. Mouse survival was recorded [(M), n = 10]. (N) Primary B leukemic cells isolated from B-ALL patients (n = 11) were lysed for Western blot against GSDME.
(0) Correlation between GSDME expression and grade of CRS (n = 11). (P) Correlation between LDH level and CRS grade (n=11).**P < 0.01, ***P < 0.001, by Student's t test
(A and B), one-way ANOVA (C to H, K, and L) or by log-rank survival analysis (I and M). Data are means + SD.
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T cells, by virtue of their release of a large amount of perforin and
granzyme B, activate the caspase 3-GSDME pathway in B leukemic
cells, leading to cell pyroptosis and subsequent CRS. CAR T cells
have been observed to undergo an expansion process and reach an
extremely high frequency at a certain time point in vivo. Thus, within
arelatively short time, most targeted cells could undergo pyroptosis,
causing stimulated macrophages to produce IL-6 and IL-1f via acti-
vated caspase 1 and thus triggering CRS. The elucidation of this
molecular mechanism provides an insight into the clinical observa-
tion that CRS severity is associated with the CAR T cell number and
B leukemic cell burden during the CAR T cell therapy (5, 10-12).

The detection of GSDME expression in human B leukemic, MCF-7
breast cancer, and murine B16 melanoma cells is unexpected be-
cause it functions as a pore-forming protein, and its activation is po-
tentially dangerous and may result in cell death. It has been reported
that GSDME is not expressed in many detected tumor cell lines (17).
In line with this, the promoter region of the GSDME gene displays
a hypermethylation state (32, 33), thus indicating that the GSDME
gene is silenced epigenetically in cells. GSDME is considered a tumor
suppressor gene capable of inducing programmed cell death as a re-
sult of caspase 3 cleavage, and tumor cells may have evolved epigenetic
means to silence GSDME expression to allow tumorigenesis. How-
ever, the high expression of GSDME in B leukemic cells and other
tumor cells hints that GSDME probably exerts an alternative func-
tion to pore formation in tumor cells. The manner by which GSDME
expression overcomes hypermethylation regulation and whether
GSDME has a conventional function apart from pore formation are
currently being investigated.

An important finding in this study is that CAR T cells release more
perforin/granzyme B than nontransduced natural T cells. The re-
lease of cytolytic effector molecules by T cells relies on activation
by two signals, MHC-antigenic peptide-TCR (signal 1) and CD80/
CD86-CD28 (signal 2). Full activation of signal 2 relies on the acti-
vation strength of the TCR signaling. TCR signaling-activated LCK
(light chain kinase) phosphorylates CD28 tyrosine residues; mean-
while, TCR signaling-activated LAT (linker of activated T cells) and
SLP-76 phosphorylate and activate the key CD28 downstream signal
molecule PLC-y (phospholipase C-y), thus degrading PIP, (phospha-
tidylinositol 4,5-bisphosphate) into DAG (diacylglycerol) and IP;
(inositol 1,4,5-trisphosphate). On the basis of the understanding of
T cell activation and the advances in genetic engineering, synthetic
CARs are designed for human T cells. The basic concept for design-
ing a CARis to link a single-chain variable fragment (scFv) to CD3{
intracellular signaling module to induce T cell activation upon antigen
binding. Currently, this modular structure has been extended from a
single CD3( signaling domain to the CD3{-CD28, CD3{-4-1BB, or
CD3({-CD28-4-1BB signaling domains to mimic both signal 1 and
signal 2 (3). Because the affinity of CAR and its antigen may be 100-fold
higher than that of the TCR and MHC-peptide complex (27, 28), this
superior affinity plus the costimulatory signal confers CAR T cells
the ability to release a large amount of perforin/granzyme B, which is
required for CAR T cell-mediated target cell pyroptosis. Upon enter-
ing the cytoplasm, granzyme B may cleave procaspase 3 into its active
form. Activated caspase 3 either induces apoptosis or cleaves GSDME
to trigger pyroptosis through membrane pore formation. However,
cells have the ability to rapidly heal pores in the plasma membrane.
Whether GSDME triggers pyroptosis depends on the balance be-
tween membrane pore formation and membrane repair. Despite
having the same amount of GSDME in target cells, natural TCR CD8"
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T cells cause only low levels of cleaved GSDME, but CAR T cells
release higher levels of perforin/granzyme B and result in a more ac-
tivated GSDME.

Pyroptotic lysis is highly proinflammatory due to the release of
cytosolic contents that are enriched in DAMPs. In this study, we dem-
onstrate that tumor cell pyroptosis leads to the activation of caspase 1
and GSDMD in macrophages, leading to the release of a large amount
of proinflammatory cytokines and the occurrence of CRS. Among
proinflammatory cytokines, IL-6 and IL-1P are especially important.
Clinically, IL-6-neutralizing antibody is widely used to prevent and/or
treat the CRS in CAR T cell-treated patients (34). As a pleiotropic
cytokine, IL-6 is mainly regulated at the transcriptional level by tran-
scription factors such as NF-kB, AP-1 (activator protein 1), and STAT3
(signal transducer and activator of transcription 3) (35). Pathogen-
associated molecular patterns (PAMPs), such as lipopolysaccharide
(LPS), and DAMPs, such as HSPs and HMGBI, can stimulate mac-
rophages to produce IL-6 through activation of these transcription
factors (35, 36). We found that HMGBI is present in pyroptotic su-
pernatants, thus directly activating IL-6 in macrophages. IL-1B is
synthesized as a precursor form, and its release depends on activa-
tion of caspase 1, which is a proinflammatory caspase that is tightly
regulated by inflammasomes. Inflammasome NLRP3 has been known
to be widely activated by various stimuli, including microbial toxins,
particulate matter, crystals, aggregated B-amyloid, or extracellular ATP
(30). In this study, we found that pyroptotic supernatants contain
ATP, and treatment with a P2X7 receptor antagonist or degradation
of ATP inhibited the ability of pyroptotic supernatants to activate
caspase 1 in macrophages. With the help of our mouse CRS model, we
further demonstrated that the knockout of GSDME in target tumor
cells, depleting macrophages or inhibiting caspase 1/GSDMD, can
each block the occurrence of CRS. The elucidation of this molecular
pathway is fundamental to better understand toxicity associated with
CART cell therapy. A recent study by Staedtke et al. (37) showed that
a catecholamine blocker can inhibit macrophages from releasing
proinflammatory cytokines. Thus, a combined blockade of GSDME
and catecholamine may result in a better treatment of CRS without
diminishing tumor clearance.

Although this study reports that CAR T cells induce target tumor
cell pyroptosis through a GSDME-dependent pathway, alternative
pathway(s) might exist to mediate target cell pyroptosis by CAR
T cells. Recent studies have reported that CAR T cells may mobilize
TNF-o to mediate the killing process, which might be independent
of granzyme B and perforin (38, 39). One possibility for this finding
is that CAR T cells could use a two-step strategy to attack target cells.
Granzyme B and perforin launch the first wave of killing, which
could be followed by TNF-a if the target cells escape the first attack.
This may also explain why pyroptosis can be blocked without con-
siderably affecting CAR T cell-mediated killing. Our present study
reveals the mechanistic difference between the type of cellular death
caused by CAR and natural TCR T cells, which provides an oppor-
tunity to modify CAR to reduce CRS by switching target tumor cell
death from pyroptosis to apoptosis.

Study design

The primary objective of the study was to elucidate the underlying
mechanism of CRS occurrence. This study is a continuation of a pre-
vious investigation (40), in which we conducted a phase 1 clinical trial
to evaluate the safety and efficacy of autologous CD19-CAR T cell
treatment in patients with relapsed or refractory B-ALL (R/R ALL).
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CD19-CAR T cells were generated ex vivo with the use of autologous
T cells transduced with CD19 TCR-{/4-1BB lentiviral vector to ex-
press a CAR containing a CD3{ domain to provide a T cell activation
signal and a 4-1BB domain to provide a costimulatory signal. Patients
with R/R ALL were administered CD19-CAR T cells (1 x 10° to 1 x
107/kg) intravenously on days 0, 1, and 2 in the absence of disease
progression or unacceptable toxicity. The clinical study protocol
(ClinicalTrials.gov number NCT03156101) was approved by the First
Affiliated Hospital of Zhengzhou University Institutional Review
Board. The clinical investigation was conducted by the investigators in
the First Affiliated Hospital of Zhengzhou University, and data were
collected and analyzed at Institute of Basic Medical Science of Chinese
Academy of Medical Sciences. All participants provided written in-
formed consent before being enrolled in this study. For the in vitro
study, CAR T or unmodified T cells were used to coculture with dif-
ferent tumor cells to determine tumor cell pyroptosis or apoptosis.
We also used Cas9 technology to knock out different genes to eluci-
date how pyroptosis triggered CRS through a macrophage-dependent
pathway in mouse models.

MATERIALS AND METHODS

Patients

To be eligible for participation in the study, patients had to be at least
4 years old at screening and no older than 70 years old and had been
diagnosed as CD19" relapsed or refractory B cell leukemia, who were
not eligible for autologous or allogeneic stem cell transplantation and
had limited prognosis (several months to <2-year survival) with cur-
rently available therapies; an Eastern Cooperative Oncology Group
(ECOG) result of 0, 1, or 2; and stable vital signs. Other eligibility
criteria were adequate heart, liver, and kidney function.

Human specimens

Human peripheral blood or bone marrow was obtained from pa-
tients at the First Affiliated Hospital of Zhengzhou University. Eth-
ical permission was granted by the Clinical Trial Ethics Committee
of the First Affiliated Hospital of Zhengzhou University. All patients
provided written informed consent to participate in the study. The
clinical features of the patients are listed in tables S1 to S5.

Animals and cell lines

Female SCID-beige or NSG mice, 6 to 8 weeks old, were purchased
from the Center of Medical Experimental Animals of the Chinese
Academy of Medical Science (Beijing, China). OT-I transgenic mice
were gifted by H. Zhang (Sun Yat-sen University). Pmel-1 transgenic
mice were presented by Y. Wan (Third Military Medical University).
These animals were maintained in the Animal Facilities of Chinese
Academy of Medical Science under pathogen-free conditions. THP-1
(acute monocytic leukemia cell line), SGC-7901 (gastric adenocarci-
noma cell line), and MCF-7 (breast cancer cell line) and mouse tumor
cell lines B16 and OVA-B16 (melanoma) were purchased from the
China Center for Type Culture Collection (Beijing, China). Human
tumor cell lines Raji (Burkitt’s ymphoma cell line) and Nalmé6 (acute
lymphocytic leukemia cell line) were gifted by M. Wang (Chinese
Academy of Medical Sciences and Peking Union Medical College).
These cells were cultured in RPMI 1640 medium (Thermo Fisher
Scientific) with 10% fetal bovine serum (FBS) (Gibco, USA), 2 mM
L-glutamine (Gibco, USA), and 1% penicillin-streptomycin in a hu-
midified atmosphere containing 5% CO, at 37°C.
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Construction of human CD19 or HER2™ CART cells

The CAR for HER2 and CD19 was constructed as previously de-
scribed (41, 42). In brief, the scFv fragment of HER2 from monoclonal
antibody 4D5 or the scFv fragment of CD19 from clone FMC63 linked
the CD8a-chain hinge and transmembrane region with CD3Cand
CD28 intracellular signaling domains, and this cassette was inserted
into the lentiviral vector provided by the Obioo Bioscience Company.
The transduction procedure was initiated by stimulating CD8" T cells
with CD3/CD28 activator beads (Invitrogen) according to the instruc-
tion provided by the manufacturer with recombinant human IL-2 at
a final concentration of 100 U/ml in X-VIVO 15 medium (Lonza)
containing 5% FBS. Cells were harvested for lentiviral transduction
on day 2 and resuspended in the same medium. The supernatants
containing leviviruses were added to the medium at the multiplicity
of infection of 1:10, and the plates were coated with RetroNectin
[CH-296; Takara Bio, Otsu, Japan; coated using CH-296 (10 mg/ml)]
according to the manufacturer. Then, cells were centrifuged at 1000g
for 2 hours at 32°C and incubated at 37°C for 6 hours. The infection
rates were quantified with flow cytometry after 2 days. In this study,
the amount of CD19-CAR T cells was used according to the ratio of
effector to target cells (2:1) or as indicated in the in vitro experiments.
The T cells were transfected with lentivirus-CAR and cultured for
10 days for in vivo experiments. The transfection efficiency was eval-
uated by flow cytometry on days 3 and 5 after lentivirus transduction
and at the end of culture. The transfection efficiency was around 40%.
For in vitro experiments, we cultured CAR T cells for 5 to 7 days.
These T cells grew logarithmically during the period of expansion.
For clinical trial, we used CD3{-4-1BB-CAR T. Otherwise, CD3{-
CD28-CARTT cells were used.

Construction of mCAR-hCD19

The sequences for mCAR-hCD19 contained the antigen receptor of
human CD19 or HER?2 scFv; the murine CD3¢, CD28, and/or 4-1BB;
and the myc tag on the N terminus, as described before (43), and were
synthesized by SyngenTech. This chimeric antigen construct was then
cloned into a murine stem cell virus—green fluorescent protein (MSCV-
GFP) (Clontech) murine retroviral vector (MSCV-myc-CAR-2A). Then,
the Platinum-E (Plat-E) Retroviral Packaging Cell Line, Ecotropic cells
(Cell Biolabs, RV-101) were transfected with mCAR-hCD19 plasmid
and pCL-Eco retrovirus packaging plasmid to obtain retrovirus con-
taining mCAR-hCD19. OT-1CD8" T cells were activated with anti-
CD3/CD28 beads (Gibco, 11453D), IL-2 (PerproTech, 212-12), and
55 uM B-mercaptoethanol (Gibco, 21985-023) for 24 hours. Then,
OT-1CD8" T cells were infected with the above virus in the presence
of RetroNectin (Takara Bio) for 8 hours. Twenty-four hours later,
the GFP-positive cells were sorted by flow cytometry using the BD
Biosciences FACSAria II to obtain cells expressing high levels of
hCD19 or hHER2.

CRS grades

The grading system of CRS is performed based on the clinical clas-
sification (44). In brief, grade 1 is that symptoms are not life threat-
ening, such as fever, headache, myalgias, malaise, nausea, or fatigue;
grade 2 includes symptoms that require and respond to intravenous
fluids or low-dose vasopressors, grade 2 organ toxicity, or fraction
of inspired oxygen less than 40%; grade 3 includes symptoms that
require and respond to aggressive intervention (high-dose or multi-
ple vasopressors), grade 3 organ toxicity or grade 4 transaminitis,
or fraction of inspired oxygen equal or more than 40%; grade 4 can
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manifest as life-threatening symptoms, grade 4 organ toxicity (exclud-
ing grade 4 transaminitis), or needing ventilator support; grade 5
is death. Grading of organ toxicities is performed based on CTCAE
(Common Terminology Criteria for Adverse Events) v4.03 (45).

Quantification and statistical analysis

All experiments were performed at least three times. Results are ex-
pressed as means + SEM or means * SD, as indicated, and analyzed
by two-tailed unpaired Student’s f test or one-way analysis of vari-
ance (ANOVA), followed by Bonferroni’s test. P < 0.05 was consid-
ered statistically significant. The analysis was conducted using the
GraphPad 6.0 software. To analyze the correlation between the level
of GSDME or LDH and the degradation of CRS, Pearson’s correla-
tion test was applied. The survival rates were performed by the log-
rank test.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/5/43/eaax7969/DC1

Materials and Methods

Fig. S1. CART cells induced tumor cells to enter pyroptosis.

Fig. S2. GSDME-mediated CART cell induced tumor cell pyroptosis.

Fig. S3. Perforin/granzyme B-caspase 3-GSDME pathway-mediated CAR T cell induced tumor
cell pyroptosis.

Fig. S4. Tumor-specific CD8" T cells induced tumor cells to enter apoptosis, not pyroptosis.
Fig. S5. High levels of perforin and granzyme B induce tumor cell pyroptosis.

Fig. S6. Tumor cell pyroptosis activated macrophages to release inflammatory cytokines.

Fig. S7. Pyroptotic tumor cells released ATP to activate macrophages.

Fig. S8. Tumor cell pyroptosis initiated CRS induced by CART cell therapy in vivo.

Fig. S9. ATP-Casp1-GSDMD pathway regulated the CRS induced by CART cell therapy in vivo.
Table S1. The general information from patients enrolled.

Table S2. Body temperature (°C) from B-ALL patients after CD19 CART cell therapy.

Table S3. Serum level of IL-6 (pg/ml) from patients after CART cell therapy.

Table S4. Serum level of IFN-y (pg/ml) from patients after CART cell therapy.

Table S5. Serum level of IL-10 (pg/ml) from patients after CAR T cell therapy.

Movie S1. HER2" m-Cherry-MCF-7 cells were cocultured with HER2-CAR T cells.

Movie S2. HER2* m-Cherry-SGC-7901 cells were cocultured with HER2-CAR T cells.

View/request a protocol for this paper from Bio-protocol.
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A systems mechanism for KRAS mutant allele-specific
responses to targeted therapy

Thomas McFall', Jolene K. Diedrich?3, Meron Mengistu®, Stacy L. Littlechild’, Kendra V. Paskvan’,
Laura Sisk-Hackworth', James J. Moresco?, Andrey S. Shaw®, Edward C. Stites'*

Cancer treatment decisions are increasingly guided by which specific genes are mutated within each patient’s
tumor. For example, agents inhibiting the epidermal growth factor receptor (EGFR) benefit many colorectal cancer
(CRC) patients, with the general exception of those whose tumor includes a KRAS mutation. However, among the
various KRAS mutations, that which encodes the G13D mutant protein (KRAS®"3P) behaves differently; for unknown
reasons, KRASS'3P CRC patients benefit from the EGFR-blocking antibody cetuximab. Controversy surrounds this
observation, because it contradicts the well-established mechanisms of EGFR signaling with regard to RAS mutations.
Here, we identified a systems-level, mechanistic explanation for why KRAS®'3 cancers respond to EGFR inhibition.
A computational model of RAS signaling revealed that the biophysical differences between the three most common
KRAS mutants were sufficient to generate different sensitivities to EGFR inhibition. Integrated computation with
experimentation then revealed a nonintuitive, mutant-specific dependency of wild-type RAS activation by EGFR
that is determined by the interaction strength between KRAS and the tumor suppressor neurofibromin (NF1).
KRAS mutants that strongly interacted with and competitively inhibited NF1 drove wild-type RAS activation in an
EGFR-independent manner, whereas KRASS'3P weakly interacted with and could not competitively inhibit NF1
and, thus, KRASS"3P cells remained dependent on EGFR for wild-type RAS activity. Overall, our work demonstrates
how systems approaches enable mechanism-based inference in genomic medicine and can help identify patients
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for selective therapeutic strategies.

INTRODUCTION

Cancer treatment decisions are increasingly influenced by which
specific genes are mutated within each patient. This has been referred
to as personalized medicine, precision medicine, and genomic medicine.
One example of personalized medicine in cancer involves the use of
epidermal growth factor receptor (EGFR)-blocking antibodies and
inhibitors in colorectal cancer (CRC) patients. Clinical trials have
shown that humanized therapeutic antibodies that target EGFR, like
cetuximab and panitumumab, provide a survival benefit to CRC
patients (I, 2). These drugs are now approved for CRC patients,
except for those with KRAS mutations.

About 40% of patients with CRC have an acquired KRAS mutation
within their tumor (3). The Ras family of guanosine triphosphatases
(GTPases)—HRAS, NRAS, and KRAS—serve as key nodes in the EGFR
signaling network (Fig. 1A). The signals that propagate from Ras to its
effectors, like the RAF family of kinases, during the course of EGFR
signaling can also be initiated by constitutively active mutant KRAS
proteins. These mutant KRAS proteins are not dependent on EGFR
for their activation (4). Thus, it seemed logical that the presence of a
constitutively active mutant KRAS would indicate resistance to anti-
EGFR agents. Clinical trials concluded that CRC patients with consti-
tutively active mutant KRAS do not benefit from anti-EGFR agents
(5, 6). This relationship between EGFR inhibitors, KRAS mutations,
and CRC appears consistent with the conventional understanding
of EGFR signaling.

However, multiple studies that evaluated whether there were differ-
ences between the common, constitutively active KRAS mutants
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suggest that the relationship between oncogenic KRAS mutants and
the response to EGFR inhibitors is more complicated. Initially, a
retrospective analysis of phase 3 clinical trial data found that the
anti-EGFR agent cetuximab benefited CRC patients with a KRAS G13D
mutation, but not patients with any other KRAS mutation (7). Although
this claim has been further supported with additional clinical trials
and experimental model systems (7-9), the finding remains controversial
because it is difficult to reconcile known principles of Ras biology with
KRAS G13D patients responding differently (4, 10-12). Without a
mechanism, expert opinion has been to consider the KRAS G13D
mutation equivalent to other KRAS mutations and to assume that
patients with the KRAS G13D mutation would not benefit from anti-
EGEFR agents, despite the evidence to the contrary. Resolving this
problem has the potential to benefit a large number of cancer patients.
For example, there are about 10,000 new cases of KRAS G13D CRC
in the United States alone (13, 14).

Here, we performed a computational and experimental investigation
of this problem. Applying our previously described computational
systems biology methods for studying Ras mutant proteins (15) revealed
that the controversial KRAS G13D behavior that has been interpreted
to be inconsistent with known mechanisms of Ras biology is actually
fully consistent with known mechanisms of Ras biology. Our model
suggests that cancers with the G13D mutant are more sensitive to
EGEFR inhibition because the amount of active, cellular, wild-type
(WT) guanosine triphosphate (GTP)-bound Ras (RasGTP) decreases
in G13D cancers much more than in cancers with other Ras mutations.
The model also suggests that the key difference between G13D and
the other common Ras mutants is that G13D does not bind well to
the tumor suppressor neurofibromin (NF1) and that a strong inter-
action with NF1 leads to the competitive inhibition of its GTPase
activating protein (GAP) activity and increased WT RasGTP levels
in an EGFR-independent manner, whereas a weak interaction with
NF1 does not result in competitive inhibition of NF1 and WT RasGTP
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Fig. 1. The KRAS mutant-specific response to anti-EGFR agent cetuximab in CRC. (A) EGFR signals through the RASGTPases to drive proliferation. Constitutively
active Ras mutants are active in an EGFR-independent manner and are known to cause resistance to EGFR inhibitors. (B) Biochemical processes that influence Ras nucleotide
binding for both WT and mutant Ras proteins and that are the focus of the mathematical model. (C) Simulated anti-EGFR dose response from the computational Ras
model. (D) MTT proliferation assays to assess dose responses of KRAS WT SW48 (WT) colon cancer cells and three derivative isogenic cell lines, each with one of the three
most common KRAS mutants in colon cancer (G12D, G12V, and G13D), to the EGFR-blocking antibody cetuximab (CTX; at doses indicated for 48 hours). Data are means +
SD of seven biological replicates and are representative of three experiments. (E) Two-dimensional colony formation assay for each cell line in the isogenic panel treated
without or with cetuximab (20 ug/ml) for 7 days. Images are representative of six independent experiments. (F) Ras binding domain (RBD) pull-down Ras activation assays
forisogenic SW48 cells cultured without and with cetuximab [as in (E)]. Four biological replicates for each condition were included in each of three independent experiments.
(G) Immunoblots of ERK phosphorylation (p-ERK) in whole-cell lysates from isogenic SW48 cells cultured in the presence of increasing concentrations of cetuximab. Blots

are representative of three independent experiments.

levels remain EGFR dependent. Our experiments confirm these model
predictions. Overall, this work demonstrates the power of computa-
tional systems biology approaches to address problems in personalized
medicine, and it also highlights the necessity of mathematical models
based on fundamental biochemistry as a tool for understanding the
behaviors of biological networks that are important to disease.

RESULTS

Systems modeling of oncogenic KRAS mutants

We previously developed a mathematical model of the processes that
regulate Ras signaling (15). This model is based on the well-established
architecture of the Ras signaling module and the readily available
biochemical rate constants of WT and mutant proteins (text S1 and
fig. S1). These processes—nucleotide exchange, GTP hydrolysis, and
effector binding—can be considered the “central dogma of Ras sig-
naling.” A Ras mutant is incorporated into the computational model
through the inclusion of its specific biochemical rate constants. We
then simulate the reactions between Ras and its interaction partners
in accordance with the accepted biochemical understanding of
these processes. That is, we simulate Ras signaling in silico at the level
of chemical mass action kinetics. We use model simulations to find the
behaviors that logically follow from this well-accepted information

but may nevertheless be nonobvious due to the complexity and scope
of the system (15, 16).

Here, we use our mathematical model to computationally inves-
tigate how Ras mutations should influence the response to EGFR
inhibition. The three most common Ras mutants in CRC are G12D,
G12V, and G13D (3). We updated our model, which already included
G12D and G12V mutants (15), to also include the G13D mutant by
incorporating the known biochemical differences between each mutant
and WT Ras, as has been previously measured experimentally (fig. S1)
(17, 18). We found that the available data for the G13D mutant were
sufficient to result in its constitutive activation, just as the available
data for G12D and G12V have been shown to be sufficient to explain
these mutants’ constitutive activation (figs. S2 and S3, A and B).

We then used the model to investigate how Ras signaling networks
containing each mutant would respond to EGFR inhibition. We did
this by using the computational model to find the abundance of total
cellular, active RasGTP that should occur for conditions of high
EGEFR activation [which leads to Ras activation through the Ras
guanine exchange factors (GEFs) son of sevenless 1 (SOS1) and
SOS2] to conditions of low EGFR activation (where low amounts of Ras
activation by Ras GEFs would occur). Unexpectedly, our simulations
of EGFR inhibition, which were based on the biochemical properties
of these mutants, found that the G13D-containing network displayed
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larger reductions in Ras signals than the G12D- and G12V-containing
networks (Fig. 1B and fig. S3C). This was notable, because expert
opinion had been that it did not make sense for different Ras mutants
to respond differently to EGFR inhibition. Our analysis revealed that
it is fully consistent with Ras central dogma for some mutants to
respond more strongly to EGFR inhibition. Moreover, our analysis
suggests that the available biochemical data are sufficient to explain
a mechanism by which G13D would be the most sensitive of the
most common KRAS mutants in CRC.

Evaluation of an experimental model

system for this phenomenon

To experimentally study KRAS allele-specific differences and model
predictions, we obtained a panel of isogenic CRC cells that was
previously derived from the SW48 CRC cell line and was used to
study the KRAS G13D response to cetuximab (7). We obtained
isogenic cells with the following KRAS genotypes: GI2D/WT (G12D
cells), GI2V/WT (G12V cells), G13D/WT (G13D cells),and WI/WT
(WT cells) (fig. S4A). The mutant isogenic cells display constitutively
increased amounts of active RasGTP when compared to the parental
WT cells (fig. S4B), consistent with all three of these mutants being
constitutively active. No statistically significant changes in extracellular
signal-regulated kinase (ERK) phosphorylation were noted with
the Ras mutant isogenic lines, which is consistent with other recent
work on signaling within Ras mutant isogenic SW48 cells (19).

We performed dose-response experiments with the EGFR-blocking
antibody cetuximab to evaluate the described difference for these
cells. When treated with increasing doses of cetuximab, both the G13D
and WT cells displayed reduced proliferation (Fig. 1C) and reduced
colony formation (Fig. 1D and fig. S4C), whereas each in the G12D
and G12V cells were not noticeably affected. We also evaluated dose
responses to mitogen-activated protein kinase (MAPK) kinase (MEK)
inhibitors to evaluate whether these cells were more sensitive to any
inhibition of the pathway. We observed that all cell lines responded
similarly to MEK inhibition (fig. S5A), suggesting that the G13D
cells are not simply more sensitive to all agents that target the EGFR-
RAS-ERK pathway.

We hypothesized that if there was a difference in how these cells
depended on EGEFR signals, then we should be able to detect net
proliferation differences when these cells are cultured in medium
containing low amounts of serum. Consistent with our hypothesis,
we observed that G13D and WT cells proliferated more slowly than
G12D and G12V cells when grown in low-serum medium, but that
all cells proliferated at a similar rate when supplemental EGF was
added to the medium (fig. S4D). This further suggests that G13D
cells display an increased dependency on EGFR signaling compared
to G12D and G12V cells. In addition, because the patterns of response
appeared analogous to the clinical observations regarding KRAS
genotype and response (7), the data suggest that this cell line would
be useful to test our experimental model.

An alternative experimental model for this phenomenon

We desired an additional experimental system for comparing mutant-
specific responses to treatment. We hypothesized that the introduction
of mutant KRAS G12D or G12V into the WT Ras cells should reduce
sensitivity to cetuximab, whereas the introduction of KRAS G13D
would have a minimal effect on sensitivity. In our experiments, we
observed that transfected KRAS G12D or G12V, but not G13D or WT,
promoted resistance to cetuximab, consistent with our hypothesis

and consistent with the G13D mutant being comparably more sen-
sitive to EGFR inhibition (fig. S6).

Experimental evaluation of predicted signaling differences

Our model suggests that there should be signaling differences between
G13D cells and cells with one of the other common KRAS mutations
(G12D and G12V cells). We measured the abundance of active
RasGTP in cells treated with or without cetuximab, and we detected a
reduction in RasGTP only in G13D and WT cells, but not in G12V cells
(Fig. 1E). As RasGTP signals are transmitted downstream through
the ERK MAPK cascade (Fig. 1A), we also measured phosphorylated
ERK for cells treated with different doses of cetuximab. We detected
reductions in the abundance of phosphorylated ERK in both the
sensitive G13D and WT cells upon treatment with cetuximab but
not in the resistant G12V cells (Fig. 1F). All cells displayed reductions
in phosphorylated ERK when treated with a MEK inhibitor (fig. S5B).
In contrast to the observed changes in ERK phosphorylation, we did
not detect changes in AKT phosphorylation under treatment with
cetuximab (fig. S7), consistent with little to no change in AKT phos-
phorylation after EGFR inhibition in nine other CRC cell lines (20).

Experimental confirmation of EGFR dependence

We performed additional experiments to confirm that the response
of these isogenic SW48 cells to cetuximab was EGFR dependent.
First, we used small interfering RNA (siRNA) to knock down EGFR
expression in these four different isogenic cell lines (fig. S8A). We
observed reduced ERK phosphorylation and reduced proliferation of
the WT cells and of the GI13D cells with EGFR knockdown, but no
difference in the G12V or GI12D cells (fig. S8, A and B). We then
performed dose-response experiments with the EGFR-blocking anti-
body panitumumab to complement the studies with the EGFR-
blocking antibody cetuximab. As with cetuximab, we observed that
G13D and WT cells both displayed reduced proliferation when treated
with panitumumab, whereas G12V and G12D cells were insensitive to
panitumumab (fig. S9A). Immunoblots similarly observed reduced
ERK phosphorylation for WT and G13D cells, but not for G12V
cells (fig. S9B). To more broadly evaluate the response to agents that
target EGFR, we also performed dose-response experiments using
the tyrosine kinase inhibitor erlotinib, which is a small-molecule
compound that targets the kinase domain of EGFR. We found G13D
and WT cells to be more sensitive to erlotinib than G12V and G12D cells
(fig. S10A). In contrast to our experiments with cetuximab and panitu-
mumab (Fig. 1C and fig. S9A), G12V and G12D cells here appeared to
be slightly sensitive to erlotinib (fig. SI0A). Immunoblots observed
reduced ERK phosphorylation for WT and G13D cells, but not
G12V cells (fig. S10B), raising the possibility that the partial sensi-
tivity of GI12V (and G12D) cells may come from off-target effects.

Model prediction of differences in WT Ras activation

Our computational model includes both mutant (KRAS) and WT
(KRAS, NRAS, and HRAS) pools of Ras because CRC cells express
all three Ras proteins (21). The differences in total RasGTP that our
model predicts (as in Fig. 1B) are accordingly distributed between
GTP-bound mutant Ras proteins and GTP-bound WT Ras proteins.
We queried our model to determine whether the predicted changes in
signal were coming from mutant Ras, WT Ras, or both. Our simulations
suggest that EGFR inhibition should cause no appreciable changes
in the amount of mutant Ras bound to GTP (Fig. 2A and fig. S3D).
This is consistent with the conventional wisdom that anti-EGFR
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Fig. 2. The Ras model predicts, and experiments confirm, that WT Ras activation distinguishes sensitive from nonsensitive cancer cells. (A) Simulated anti-EGFR
dose response for the Ras model, further subdivided to reveal the change in active, GTP-bound mutant Ras (left) and the change in active, GTP-bound WT Ras (right),
within each modeled genotype. (B) RBD pull-down Ras activation assays for isogenic SW48 cells (WT, KRAS G12V, and KRAS G13D) cultured without or with cetuximab
(20 ug/ml) or without cetuximab for 48 hours. Blots are representative of four independent experiments. (C) Densitometry-based quantification of the ratio of RasGTP
between cetuximab-treated and untreated cells from three independent assays represented in (B). The quantified data are means + SD. *P < 0.05, one-way ANOVA (F = 35.22)
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Data from two independent experiments are presented. (E) IEF of excised gel bands from RBD pull-down lysates, performed upon excised gel bands. Lysates are from
isogenic SW48 cells (WT, KRAS G12V, and KRAS G13D) cultured without or with cetuximab (20 ug/ml for 48 hours). Blot is representative of three independent experiments.

agents should not influence mutant Ras signaling. However, our  Experimental confirmation of differences in WT Ras activation
simulations predicted that EGFR inhibition should result in large  We returned to our experimental system to test the model-based
changes in WT RasGTP (Fig. 2A and fig. S3D). This suggests that  hypothesis that EGFR inhibition causes a larger drop in WT RasGTP
the nonobvious response to anti-EGFR agents may have a basis in  in G13D cells than in cells with one of the other common Ras mutants.
WT Ras signaling. We measured Ras activation in the presence and absence of cetuximab
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for each of the Ras proteins (HRAS, NRAS, and KRAS) (Fig. 2, B and C)
by using antibodies specific for each form of Ras (fig. S11). We
observed a large reduction in GTP-bound WT HRAS and GTP-
bound WT NRAS after cetuximab treatment only in GI3D and WT
cells, consistent with our model’s predictions. We also observed a
larger reduction in GTP-bound KRAS in WT cells than in GI12V
and G13D cells, consistent with the presence of one constitutively
active KRAS allele for the two mutant cell lines.

To complement these studies, we developed a mass spectrometry
(MS) assay that could quantify the amount of active HRAS, NRAS,
KRAS, and WT H/N/KRAS through the use of isotopically labeled
peptides unique to HRAS, NRAS, KRAS, WT H/N/KRAS, and the
G12V and G13D Ras mutants. This approach revealed greater reduc-
tions in active (GTP-bound) WT HRAS, WT NRAS, and WT H/N/
KRAS in G13D cells treated with cetuximab than in G12V cells
treated with cetuximab (Fig. 2D and data file S1). In addition, total
(WT and mutant) KRAS in G13D cells displayed a partial reduction
in GTP binding, consistent with one KRAS allele being WT and one
KRAS allele being mutant.

We also developed an approach to differentiate between HRAS,
KRAS, and NRAS through isoelectric focusing (IEF). Analysis of Ras
binding domain (RBD) lysates that were further separated by IEF
before immunoblotting revealed decreased relative levels of active
NRAS and HRAS in isogenic WT and G13D cells treated with
cetuximab, but not in G12V cells treated with cetuximab (Fig. 2E). In
addition, active KRAS levels were most strongly reduced in WT cells
treated with cetuximab, but did not demonstrate any reduction in the
(KRAS) G12V and (KRAS) G13D cells treated with cetuximab. We
also note that, in several experiments, there was an increased level of
RasGTP detected within G12V cells treated with cetuximab. We hypo-
thesize that this may be a temporary, rebound, increase in signal after
a partial loss of negative feedback (22, 23). Together, the immunoblots,
MS, and IEF demonstrate reductions in WT HRAS and NRAS GTP
levels in both WT and G13D cells, but not the G12V cells.

Model-based identification of a determinative

interaction with NF1

The behavior of each mutant in our computational model is deter-
mined by its parameter values (fig. S1). We set out to determine which
specific parameter value(s) is responsible for the G13D mutant being
more sensitive to modeled EGFR inhibition. We reasoned that it
may be possible to determine which parameter(s) is responsible for
sensitivity by systematically considering synthetic Ras mutants that
were built from combinations of the G12V, G12D, and G13D parameter
values. We therefore created 648 such computational Ras mutants by
considering all combinations of the parameters from the G13D, G12V,
and G12D mutants, effectively creating computational hybrid Ras
mutants (Fig. 3A). We used our model to simulate dose responses to
EGEFR inhibition for each of 648 different computational hybrids, and
then we determined whether any single parameter could distinguish
between the sensitive and resistant hybrid mutant networks. Our
analysis found that all hybrids that were sensitive to simulated EGFR
inhibition contained the K, value (or the enzymatic Michaelis constant)
that characterizes the interaction between KRAS G13D and the
RasGTPase activating protein (Ras GAP) NF1, and also that all mutants
that were insensitive to simulated EGFR inhibition had the K},, value that
applied to the G12D and G12V mutants (Fig. 3B and fig. S3E). Thus,
this demonstrates that that this parameter is necessary and sufficient
for sensitivity to EGFR inhibition in our systems model of Ras signaling.

Experimental confirmation of a determinative

interaction with NF1

Ras GAPs like NF1 facilitate the inactivation of WT RasGTP to
RasGDP, and oncogenic Ras mutants are insensitive to Ras GAPs.
An increased Ky, essentially indicates that the GAP cannot bind well
to the mutant Ras protein. It was initially unclear to us why reduced
binding to GAP would influence the response to anti-EGFR agents
as we modeled all three Ras mutants to have no increase in GTP
hydrolysis once bound, so binding to GAP would intuitively be
inconsequential.

We set out to test these computational results that suggest that
the strength of the interaction with NF1 can determine whether a
cell line with a given mutation is sensitive or resistant to cetuximab.
It has previously been reported that G13D Ras binds much less well to
NF1 (17). We reproduced this impaired binding with a coimmuno-
precipitation study (fig. S12A) and with bioluminescence resonance
energy transfer (BRET) (fig. S12B). We hypothesized that a KRAS
G12V/G13D hybrid mutant (GG/VD), where the glycine residues
at codons 12 and 13 were replaced with a valine and aspartic acid,
respectively, would be constitutively active and bind poorly to NF1.
We created this mutant and, when it was transfected into parental
SW48 cells, we found it to be constitutively active, as demonstrated
by the presence of increased ERK phosphorylation (Fig. 3C and fig.
S12C). We also found that this GG/VD combination mutant bound
much less well to NF1 than KRAS G12V (Fig. 3C and fig. S12B).

If the ability to bind NF1 is the critical factor that determines
whether or not a mutant promotes resistance to cetuximab, as sug-
gested by our model, we reasoned that the KRAS G12V/G13D mutant
would not promote resistance to cetuximab. We used our transfection-
based assay (as shown in fig. S6) to evaluate the ability of transfected
Ras mutants to alter WT cell sensitivity to cetuximab. Consistent with
our hypothesis, we observed that the G12V/G12D double mutant did
not promote resistance, despite being constitutively active (Fig. 3D).

A mechanism for KRAS mutant allele-specific

responses to EGFR inhibition

We considered how differences in the interaction between KRAS
and NF1 might result in differences in network signal output. Our
previous systems analysis of oncogenic Ras found that the reversible
and nonproductive binding interaction between a Ras mutant and a
Ras GAP can promote WT Ras activation (15), because the GAP-
insensitive Ras mutant can effectively behave as a competitive in-
hibitor of Ras GAPs (24). Several other studies have also observed
increased WT Ras when mutant Ras is present (25-27) . Our new study
suggests that G13D is an exception to this process because it binds
much less well to NF1 and therefore cannot lead to WT Ras activation
through the competitive inhibition of NF1 Ras GAP activity.

We therefore propose a mechanism that explains why KRAS
G13D, but not other common KRAS mutants like G12D and G12V,
responds to cetuximab (Fig. 4A). In a WT cell, Ras activation is de-
pendent on EGFR and can be counteracted with EGFR inhibitors.
In a G12D or G12V cell, the mutant KRAS is constitutively active.
Through the competitive inhibition of the Ras GAP NF1, WT Ras is
also active in an EGFR-independent manner, and the cells will be
insensitive to therapeutic EGFR inhibition. In a G13D cell, the mutant
KRAS is constitutively active and WT Ras activation is dependent
on EGFR because the G13D mutant cannot drive WT Ras activation
through the competitive inhibition of NF1. Assuming that the
activation of proliferative signals downstream from Ras requires a
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quantity of Ras signal that is greater than the mutant alone can typi-
cally provide, inhibition of WT Ras through EGFR inhibition should
negatively affect proliferation signals within the G13D cell. This as-
sumption that WT Ras signaling is required in addition to mutant
Ras signaling is consistent with emerging data that cancer promo-
tion requires both WT and mutant Ras signals (15, 22, 25-27).

Experimental confirmation of our mechanism
We desired to test and confirm this proposed mechanism. We hypo-
thesized that reduced expression of NF1 would make both G13D

and WT cells less sensitive to cetuximab but would not largely affect
G12V cells. This is because we reasoned that reduced NF1 should
result in increased WT RasGTP, thereby making these cells less de-
pendent on EGFR for WT Ras activation. We performed siRNA-
mediated knockdown experiments of NF1 in WT, G13D, and G12V
cells and compared proliferation in the presence and absence of
cetuximab. As hypothesized, NF1 knockdown reduced the sensitivity
of G13D and WT cells to cetuximab with minimal effect on G12V cells
(Fig. 4B). We also hypothesized that increased expression of NF1
should make G12V cells more sensitive to cetuximab. This is because
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Fig. 4. A mechanism for KRAS allele-specific response to anti-EGFR agents with experimental validation. (A) In a KRAS WT cancer, NF1 ensures that there are low
levels of RasGTP when EGFR is not active (or is inhibited). In KRAS G12D and KRAS G12V cancers, mutant Ras is active. WT Ras is also active through the competitive inhibition
of NF1 through the nonproductive interaction between these Ras mutants and NF1. In a KRAS G13D cancer, mutant Ras is active but WT Ras remains dependent on EGFR
for activation due to the inability of KRAS G13D to bind NF1. (B) MTT proliferation assays for isogenic SW48 cells with siRNA knockdown of NF1 and/or with cetuximab
treatment. (C) MTT proliferation assays for isogenic SW48 cells with NF1 transfection and/or with cetuximab treatment. (D) MTT proliferation assays of cetuximab-treated
KRAS G12D SW48 cells (left) and KRAS G13D SW48 cells (right) transfected with KRAS WT, G12V, G12D, or G13D. (B to D) Cetuximab, 20 ug/ml for 72 hours. Data are
means + SD of eight biological replicates and are representative of three experiments. *P < 0.05 and **P < 0.01 by one-way ANOVA (F > 27 for all three graphs) with post

hoc Tukey’s test.
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we reasoned that these cells would become more dependent on
EGFR for WT Ras activation as NF1 levels increased. To test, we
transfected WT, G13D, and G12V cells with NF1 and then treated
them with cetuximab. As hypothesized, increased NF1 expression
made the G12V cells significantly more sensitive to cetuximab (Fig. 4C).
Last, we reasoned that this mechanism also suggests that the intro-
duction of KRAS G13D into a G12V or G12D cell would not cause
the G12V or G12D to become sensitive to cetuximab, because the
codon 12 KRAS mutant can still competitively inhibit NF1. We ex-
perimentally tested this hypothesis by transfecting G12V and G12D
cells with KRAS G13D and found that the introduction of the KRAS
G13D mutant did not cause the cells to become sensitive to cetuximab
(Fig. 4D), consistent with our proposed mechanism.

Validation of our mechanism in additional CRC cell lines

We lastly set out to determine whether the patterns of EGFR sensi-
tivity and WT RAS activation in relation to KRAS mutation status
that we first predicted with a mathematical model and then observed
in an isogenic panel of SW48 CRC cell lines would be more generally
observable in other CRC cell lines. We obtained three hemizygous
KRAS G13D CRC cell lines (LoVo, HCT116, and HCT-15), one
CRC cell line for each of KRAS WT (CaCo2), KRAS G12V (SW403),
and KRAS G12D (LS180). Of note, all three of these KRAS G13D
CRC cell lines have an NF1 mutation, whereas the other three CRC
cell lines do not. We evaluated whether the NF1 mutations result in
reduced NF1 protein expression with immunoblots, and we did not
detect NF1 expression in the three KRAS G13D cell lines (Fig. 5A).
Consistent with our finding that reduced NF1 expression can con-
vert a KRAS G13D SW48 cell line from being sensitive to cetuximab
to insensitive to cetuximab (Fig. 4D), we observed that the cell lines
that both had an NF1 mutant and the KRAS G13D mutant (LoVo,
HCT116, and HCT-15) were insensitive to cetuximab (Fig. 5B). We
also observed that the KRAS WT (CaCo2) CRC cell line was sensitive
to cetuximab and that the KRAS G12V (SW403) and KRAS G12D
(LS180) CRC cell lines were insensitive to cetuximab, consistent with
the data from the isogenic SW48 cell lines.

The mechanism we have proposed (Fig. 4A) assumes that NF1 is
present. We therefore hypothesized that if we reintroduced NF1
protein expression to the KRAS G13D and NF1 mutant CRC cell lines,
they would gain sensitivity to cetuximab. We used lentiviral transduction
to express full-length NF1 in these three cell lines (Fig. 5C). We
observed that the reintroduction of NF1 caused a reduction in pro-
liferation for these cells (fig. S13). Cetuximab dose responses found
that these three KRAS G13D mutant cell lines with exogenous NF1
expression (LoVo + NF1, HCT116 + NF1, and HCT-15 + NF1) were now
sensitive to cetuximab (Fig. 5B), fully consistent with our proposed
mechanism. In addition, we performed immunoblots on RBD lysates
and whole-cell lysates to evaluate RAS-GTP levels and ERK phos-
phorylation. We observed changes in RasGTP levels and in ERK
phosphorylation with cetuximab treatment for KRAS WT CaCo2
cells, but not in the CRC cells with a KRAS G12D mutation, a KRAS
G12V mutation, or a KRAS G13D mutation with a co-occurring NF1
mutation (Fig. 5D). In addition, we observed reductions in RAS-GTP
and ERK phosphorylation in the KRAS G13D cells when NF1 protein
had been reintroduced, but not in their NF1 mutant state (Fig. 5D).
Together, these experiments suggest that the mechanism we identi-
fied through computational modeling and with SW48 isogenic cells
is more general. It also highlights that NF1 mutations that co-occur
with a KRAS G13D mutation may confer resistance to cetuximab.

DISCUSSION

Every year, there are about 10,000 new cases of KRAS G13D CRC in the
United States alone. Despite the phase 3 clinical trial evidence that these
patients would benefit from U.S. Food and Drug Administration-
approved EGFR inhibitors, the apparent discrepancy between the
known mechanisms of Ras signaling and these clinical effects has
been seen as problematic. The field has chosen to favor intuition
over empirical data and has considered KRAS G13D equivalent to
other codon 12, 13, and 61 KRAS mutations. This practice should
be reconsidered; our mathematical work has identified a mechanism
that is fully consistent with fundamental Ras biology and the idea
that the KRAS G13D mutant can be more sensitive to EGFR inhibition.

Our mathematical model describes the “central dogma” of Ras
biology. That is, Ras GEFs activate Ras, Ras GAPs inactivate Ras,
active Ras binds to Ras effectors, and Ras has very slow GTPase activity
and very slow GEF-independent nucleotide exchange activity. Our
model is based on peer-reviewed data that biochemically and bio-
physically characterize each of these reactions. Our simulations find
that Ras central dogma permits different mutations to respond differ-
ently to the same upstream inhibitor. In addition, our computational
analysis finds that the available biochemical data for the KRAS G13D
mutant are sufficient to provide a mechanistic explanation for why
KRAS G13D patients benefit from EGFR inhibition.

Differences in WT Ras activation between these KRAS mutant cells
as they are treated with EGFR inhibitors are the critical aspects that
we uncovered with our model. Our experiments tested and con-
firmed this mechanism. Of note, the mathematical model, its analysis,
and these hypotheses were posted to bioRxiv before the experimental
work in this study began (28). This helps demonstrate that these
were true, prospective, predictions.

Our study also suggests one mechanism by which KRAS G13D
cancers may become resistant to EGFR agents. We demonstrated
that decreased NF1 expression makes KRAS G13D mutant cancer cells
more resistant to EGFR inhibition. Accordingly, we would hypo-
thesize that CRC patients who have both NF1 and KRAS G13D
mutations will be less likely to receive benefit and/or will receive a
smaller benefit. We queried colorectal genomics studies to ask how
often NF1 and KRAS G13D mutations co-occur (13). We found that
KRAS G13D CRC patients had a co-occurring NF1 mutation less than
4% of the time, suggesting that a very large proportion of KRAS
G13D CRC patients may be able to benefit from anti-EGFR agents
that have been approved for CRC like cetuximab and panitumumab.

The fact that KRAS G13D CRC cell lines commonly have NF1
mutations, whereas patients do not, is intriguing. We hypothesize
that a requirement for WT Ras activation in CRC limits the KRAS
G13D CRC that can yield cell lines to only the cells that harbor an
additional mutation that promotes an increase in WT RasGTP. Within
actual KRAS G13D CRC patients, we hypothesize that WT Ras is
promoted by extracellular signals that activate receptor tyrosine ki-
nases like EGFR.

There are likely additional mechanisms that can lead to resistance
to EGFR inhibition, just as there are multiple mechanisms for resist-
ance to other targeted therapies. Future work will attempt to uncover
these relationships. It is also possible that there are additional Ras
mutants that respond to EGFR inhibition through similar mecha-
nisms involving reduced binding to NF1. Future work will attempt
to identify additional exceptional responder Ras mutants.

Our focus on the central dogma of Ras signal regulation has
allowed us to construct a model for which there are readily available,
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Fig. 5. Evaluation of proposed mechanism in additional CRC cell lines. (A) Inmunoblot of NF1 expression in an
extended panel of CRC cell lines that includes three KRAS G13D, NF1 mutant, CRC cell lines (LoVo, HCT116, and HCT-15);
KRAS WT, NF1 WT, CaCo2 cells; KRAS G12V, NF1 WT, SW403 cells; and KRAS G12D, NF1 WT, LS180 cells. Parental, KRAS
WT, NF1 WT, SW48 cells are included for comparison. Blots are representative of three independent experiments. (B) MTT
proliferation assays to assess dose responses of the extended panel of CRC cell lines. Top: Dose responses for the
three KRAS G13D, NF1 mutant, cell lines and for the same three cell lines that have been transduced to express NF1.
Bottom: Dose responses from the three NF1 WT cell lines (cetuximab at doses indicated for 48 hours). Data are means +
SD of eight biological replicates and are representative of three experiments. Median inhibitory concentration (ICso)
values are presented for sensitive cell lines; (—) indicates a resistant cell line. (C) Immunoblot of NF1 expression in the
KRAS G13D, NF1 mutant, CRC cell lines (LoVo, HCT116, and HCT-15) after lentiviral transduction with NF1. Nontransduced
SW48, CaCo2, SW403, and LS180 cells are included for comparison. Blots are representative of three independent
experiments. (D) RBD pull-down Ras activation assays and ERK phosphorylation immunoblots for CRC cell lines LoVo,
HCT116, HCT-15, CaCo2, SW403, and LS180, cultured without or with cetuximab (20 pug/ml for 48 hours). The NF1
mutant cell lines were investigated both in native form and after transduction with NF1 (+NF1). Blots are representative

of three independent experiments.

high-quality, biochemical data for WT and mutant Ras. Although
our model is limited in scope, it has been able to uncover multiple
unappreciated aspects of Ras biology (15, 16). Many systems models
extend to larger considerations of networks. There is a clear appre-
ciation that features beyond the scope of our model, such as positive
and negative feedback (19, 22, 26, 27, 29), play important contributions
to Ras signaling. Once processes like the positive feedback of RasGTP

on SOS1 (29) and the differences in the
regulation of SOS1 and SOS2 (30) are
biophysically characterized to the level
of the different KRAS mutant alleles, it
would be possible to determine whether
there are additional differences between
KRAS G13D, G12D, and G12V that
further contribute to cancers with the
KRAS G13D mutant being more sen-
sitive to EGFR inhibition.

Our work demonstrates how systems
approaches can uncover nonobvious,
mechanistic bases for clinical observa-
tions that otherwise defy expert-level
explanation. Many genes associated with
cancer and other diseases have multiple
pathological variants. Our work is relevant
to these other genes and diseases, as
we have demonstrated how apparently
similar variants can exhibit different re-
sponses to the same pharmacological treat-
ment. As clinical genomics becomes more
common, and as the number of targeted
therapies approved and in development
continues to grow, we believe that it will be
increasingly necessary to perform inte-
grated mathematical analysis of bio-
molecular systems to understand how
mutant allele-specific behaviors emerge
and influence response to treatment.

MATERIALS AND METHODS
Mathematical model and analysis
Details of the model and its develop-
ment have been published previously
(15, 31-34) and are summarized here
and further described in Supplementary
Text. The model focuses on Ras and the
types of proteins that directly interact
with Ras to regulate RasGTP levels: Ras
GEFs (such as SOS1), Ras GAPs (such
as NF1), and Ras effector proteins (such
as the RAF kinases). The model includes
(i) GEF-mediated nucleotide exchange,
(ii) intrinsic nucleotide exchange, (iii)
GAP-mediated nucleotide hydrolysis,
(iv) intrinsic nucleotide hydrolysis, and
(v) effector binding. GEF and GAP re-
actions, (i) and (iii) above, are described
mathematically with reversible and irre-
versible Michaelis-Menten kinetics,

respectively. We consider only the subset of total GEFs and GAPs
that are active within our model. The other reactions are described
with first- and/or second-order mass action kinetics. It is assumed
that WT and Ras mutant proteins have identical reaction mechanisms
as indicated above and that differences in rate constants (or enzymatic
parameters) for the reactions account for described differences. For
example, Ras mutant protein G12V hydrolyzes GTP more slowly
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than does WT Ras. In this case, the rate constant for this reaction
kGTpase,g12v is smaller than the rate constant for the same reaction
with WT Ras, kgrpase,wr. All reactions are grouped into a set of dif-
ferential equations, and the steady-state quantity of RasGTP-effector
complexes (and RasGTP) is solved for the specified conditions.

Parameters of the model for proteins correspond to biochemically
observable properties. Rate constants, enzymatic properties (Viax and
Ky), and protein abundances for WT Ras proteins have been pre-
viously obtained, used, and published (listed in Supplementary Text)
(15). Mutant proteins can be characterized by their difference from
WT proteins in terms of a multiplicative factor, a. Values for o are
determined from previous experimental studies that measured the
desired property for both WT and mutant Ras proteins (35, 36). For
G12V and G12D, we use the same o values that were previously
obtained and used in our model (15). For G13D, previous experiments
described this mutant to have an elevated nucleotide dissociation
rate compared to WT Ras (o = 3.6625) (18). Previous studies have
also described Ras G13D to be insensitive to Ras GAP (37) and to
have no appreciable binding to the Ras GAP NF1 (17). A 100-fold
increase in the K, value of GAP on Ras G13D is used to model the
immeasurable binding to the Ras GAP NF1. We estimated that the
change must be at least 100 times large because changes of about
50-fold have previously been measured for other Ras mutants (38),
so we assumed that the difference must be larger to be undetectable.
The decreased GTPase activity of the G12D mutant is used for the
G13D mutant, because we could not find an o factor at the time we
began our study; using the same value as G12D allowed us to introduce
impaired GTPase activity while also allowing us to focus on the
known biochemical differences.

Computational “hybrid” mutants are modeled mutants that have
properties of two distinct Ras mutants. For example, a hybrid Ras
mutant may be modeled with all of the properties of Ras G12D,
except for the faster intrinsic nucleotide dissociation properties of
G13D. Such a hybrid could be used to evaluate how faster nucleotide
dissociation would influence signaling through the comparison of
this hybrid’s behavior with that of the G12D mutant.

The Ras network within the CRC context is assumed to be EGFR
driven, and EGFR is assumed to activate Ras through increased acti-
vation of Ras GEFs like SOS1 and SOS2. We use a 10-fold increase
in Vg for GEF reactions to indicate EGFR activation, just as we
have done previously to model receptor tyrosine kinase-mediated
Ras activation (15). To simulate an EGFR inhibition dose response,
we considered levels of GEF activity between the “high” (10x increase)
case and the basal “low” (1x) level and we determined the resulting
level of RasGTP by model simulation. We assume that the three Ras
proteins—HRAS, NRAS, and KRAS—share similar biochemistry
and can be modeled with the same set of biochemical properties; such
an assumption is consistent with measurements of the three Ras
proteins (39, 40). We assume that measurements that provide o for
one Ras protein are good approximations for the same mutant to
the other Ras proteins. We assume that more than one Ras gene is
expressed in CRC cells. This is consistent with many data (21, 41).
We here model Ras mutants as being heterozygous such that, for a
KRAS mutant, one-half of total KRAS will be mutant and one-half
of total KRAS will be WT. Here, we assume that 50% of total Ras is
KRAS (and that 25% of total Ras is mutant). This assumption is consist-
ent with MS quantification of KRAS, NRAS, and HRAS levels (21).

RasGTP and RasGTP-effector complex are considered as measures
of Ras pathway activation. Model simulations are used to determine

steady-state levels of RasGTP and RasGTP effector. Simulations and
analysis are performed in MATLAB (9.1.0.441655, MathWorks).

Cell line models and culture method

SW48 cells and isogenic counterparts were cultured in RPMI 1640
medium supplemented with fetal bovine serum (FBS) (10%), penicillin
(100 U/ml), streptomycin (100 pg/ml), and r-glutamine (2 mM).
SW403 cells were cultured in L-15 medium with FBS (10%), penicillin
(100 U/ml), streptomycin (100 ug/ml), and r-glutamine (2 mM).
LS-180 cells were cultured in Eagle’s minimum essential medium
(EMEM) with FBS (10%), penicillin (100 U/ml), streptomycin (100 pg/ml),
and L-glutamine (2 mM). LoVo cells were cultured in F12-K medium
with FBS (10%), penicillin (100 U/ml), streptomycin (100 ug/ml), and
L-glutamine (2 mM). HCT116 cells were grown in McCoy’s 5A medium
with FBS (10%), penicillin (100 U/ml), streptomycin (100 pg/ml),
and r-glutamine (2 mM). HCT-15 cells were grown in RPMI 1640
medium supplemented with FBS (10%), penicillin (100 U/ml),
streptomycin (100 pug/ml), and L-glutamine (2 mM). CaCo2 cells
were grown in DMEM with FBS (20%), penicillin (100 U/ml), strep-
tomycin (100 pg/ml), and r-glutamine (2 mM). All cells were grown
in indicated medium and incubated at 37°C in 5% CO, unless
indicated otherwise in experimental methods. SW48 cells were ob-
tained from Horizon Discovery. SW403, HCT116, HCT-15, CaCo2,
SW48, and LoVo were obtained from the American Type Culture
Collection.

Western blot analysis

Cell lysates were generated using radioimmunoprecipitation assay
buffer [150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mM tris (pH 8.0)] containing protease inhibitor cocktail
(Cell Signaling Technology) and incubated on ice for 1 hour. The
total protein concentration was determined by Pierce Protein assay
(Thermo Fisher Scientific). Protein samples (20 pg) were resolved
by electrophoresis on 10 to 12% SDS-polyacrylamide gels and electro-
phoretically transferred to polyvinylidene difluoride (PVDF) mem-
branes (Millipore Corporation) for 20 min at 25 V. The blots were
probed with the appropriate primary antibody and the appropriate
fluorophore-conjugated secondary antibody. The protein bands were
visualized using the Licor CLx Odyssey imaging station (Licor
Biosystems). Comparative changes were measured with Licor Image
Studio software.

Cell proliferation assay

Cells (5000 per well) were seeded in 96-well plates in phenol red—free
medium supplemented with charcoal-stripped FBS. Treatments were
initiated after the cells were attached. At the appropriate time points,
cell viability was determined by MTT assay (3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide); 10 ul of MTT (5 mg/ml in
phosphate-buffered saline) was added to each well followed by incuba-
tion at 37°C for 2 hours. The formazan crystal sediments were dis-
solved in 100 pl of dimethyl sulfoxide, and absorbance was measured
at 590 nm using a Tecan Infinite 200 PRO plate reader. Each treatment
was performed in seven replicate wells and repeated three times.

siRNA-mediated gene knockdown

The appropriate recombinant SW48 cells were plated in a 10-cm
plate in DMEM supplemented with 10% FBS 24 hours before trans-
fection. The following day, cells were transfected with siRNAs against
NF1 (2 pg) or control siRNA (2 ug) using Lipofectamine 2000. For
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EGEFR knockdown, cells were plated in a 96-well format in 100 ul of
Opti-MEM (10% FBS) with 0.1 ug of siRNA mixed with 0.5 pl of
Lipofectamine 2000 per well. Twenty-four hours after EGFR siRNA
delivery, cells were treated with cetuximab for 48 hours, and prolif-
eration was measured by MTT assay. Silencer Select siRNAs were
purchased from Thermo Fisher Scientific. Silencer Select-NF1
(s56534) was composed of pooled RNAs targeting exons 2, 10, 16,
18, and 19 in the NF1 mRNA. Silencer Select-EGFR (s565) was
composed of pooled siRNA targeting five unique sequences within
exon 2 of the EGFR mRNA. Silencer Select Control siRNA (4390843)
was used as negative control. All siRNAs were reconstituted in
ribonuclease-free molecular-grade water upon arrival from vendor
at a concentration of 5 mM.

Expression plasmid transfection

Cells were plated in a 96-well plate at 5000 cells per well in antibiotic-
free medium. Twenty-four hours later, cells were transfected with
expression plasmids with duplex containing 0.2 ug of DNA and 0.25 ul
of Lipofectamine 2000 per well. Cell proliferation was assayed within
at least 48 hours.

Ras expression constructs from the NCI Ras Initiative clone col-
lection for KRAS4B-WT (Addgene #83129), NRAS-WT (Addgene
#83173), HRAS-WT (Addgene #83181), KRAS-G13D (Addgene #83133),
KRAS-G12V (Addgene #83132), and KRAS-G12D (Addgene #83131)
were Gateway-cloned into enhanced green fluorescent protein (EGFP)
expression vector pEZYegfp (Addgene #18671). KRAS G13D was
used to create G12V/G13D (GG/VD) through site-directed muta-
genesis. NF1 expression construct (Addgene #70423) was Gateway-
cloned into pEZYflag (Addgene #18700), and NF1 expression construct
(Addgene #70424) was Gateway-cloned into pcDNA3.1-ccdB-Nanoluc
(Addgene #87067) and pLenti6.2-ccdB-Nanoluc (Addgene #87075).
The RAS Clone Collection was a gift from D. Esposito (Addgene kit
#1000000070 and kit #1000000089). pEZYegfp and pEZYflag were
gifts from Y.-Z. Zhang (Addgene plasmid #18671; http://n2t.net/
addgene:18671; RRID:Addgene_18671 and Addgene plasmid #18700;
http://n2t.net/addgene:18700; RRID:Addgene_18700). pLenti6.2-
ccdB-Nanoluc and pcDNA3.1-ccdB-Nanoluc were gifts from
M. Taipale (Addgene plasmid #87075; http://n2t.net/addgene:87075;
RRID:Addgene_87075 and Addgene plasmid #87067; http://n2t.
net/addgene:87067; RRID:Addgene_87067).

Colony formation assay

Cells were trypsinized, and 4000 cells per well were plated in triplicate
six-well plates in DMEM supplemented with FBS. Colonies were
formed after 7 days. The cells were fixed with ice-cold methanol and
stained with crystal violet. Images were obtained using the Licor CLx
Odyssey imaging station (Licor Biosystems). Colony formation was
quantified by measuring absorbance per well. Comparison was made
by normalizing to control wells. A total of five experimental replicates
were performed, with each containing three biological replicates.

Active Ras pull-down assay

Isolation of active RasGTP was performed using the Active Ras Pull-
Down and Detection Kit (Thermo Fisher Scientific) following the
manufacturer’s protocol. Ras abundance was measured by Western
blot and/or MS. Western blot analysis of RBD pull-down lysates was
performed with mouse anti-KRAS antibody (WH0003841, Sigma),
rabbit anti-NRAS (ab16713, Abcam), rabbit anti-HRAS (18295,
Proteintech), mouse anti-pan-RAS antibody (1862335, Thermo

Fisher Scientific), and mouse anti-GAPDH (sc-4772, Santa Cruz
Biotechnology).

Mass spectrometry

RBD lysates from cetuximab-treated and nontreated cells (20 pg/ml
for 48 hours) were precipitated using methanol-chloroform. Dried pellets
were dissolved in 8 M urea, reduced with 5 mM tris (2-carboxyethyl)
phosphine hydrochloride, and alkylated with 50 mM chloroacetamide.
Proteins were then trypsin-digested overnight at 37°C. Samples were
digested at a final volume of 50 ul. Heavy-labeled peptides were
spiked in to the digested samples at appropriate concentrations so that
a single liquid chromatography-MS injection contained 10 pl of di-
gested sample with 500 fmol of heavy-labeled peptides. Peptides used
were SFEDIHQYR for HRAS, SFADINLYR for NRAS, SFEDIHHYR
for KRAS, LVWVGAGGVGK for WT H/N/KRAS, LVVVGAGDVGK
for G13D mutant H/N/KRAS, and LVVVGAVGVGK for G12V
mutant H/N/KRAS, and the same peptide sequences were previously
used for quantification of endogenous RAS and mutant RAS genes
in similar isogenic SW48 cells (21).

The samples were analyzed on a Fusion mass spectrometer (Thermo
Fisher Scientific). Samples were injected directly onto a 25-cm, 100-um
inside diameter column packed with BEH 1.7 um C18 resin (Waters).
Samples were separated at a flow rate of 300 nl/min on an nLC 1200
(Thermo Fisher Scientific). Buffer A and B were 0.1% formic acid in
water and 90% acetonitrile, respectively. A gradient of 1 to 25%
B over 110 min, an increase to 40% B over 10 min, an increase to
100% B over another 10 min and held at 90% B for a final 10 min of
washing was used for 140 min total run time. Peptides were eluted
directly from the tip of the column and nanosprayed directly into
the mass spectrometer by application of 2.8 kV at the back of the
column. The Fusion was operated in a data-dependent mode. Full
MS1 scans were collected in the Orbitrap at 120,000 resolution. The
cycle time was set to 3 s, and within this 3 s, the most abundant ions
per scan were selected for collision-induced dissociation MS/MS in
the ion trap. Monoisotopic precursor selection was enabled, and dy-
namic exclusion was used with an exclusion duration of 5 s.

Peak area quantitation of the heavy peptides and corresponding
light peptides from the samples was extracted by Skyline (42). Within
each sample, we used mutant Ras as a standard to normalize against.
We then compared the ratio of normalized WT peptide levels in
cetuximab-treated conditions to normalized WT peptide levels in
non-cetuximab-treated conditions.

IEF of active RAS isoforms

SW48-WT RAS, SW48-KRAS G12V, and SW48 KRAS G13D cells
were cultured in T-75 adherent culture flasks. Cells were grown in
growth medium alone or growth medium with cetuximab (20 pg/ml)
for 48 hours. Medium was removed, and cells were washed with ice-
cold tris-buffered saline. Cells were scraped in 1 ml of lysis wash
buffer [25 mM tris-HCI (pH 7.2), 150 mM NaCl, 5 mM MgCl,, 1%
NP-40, and 5% glycerol]. Cells were lysed on ice and vortexed every
10 s. Cell lysates were subjugated to RBD coimmunoprecipitation as
previously described above. RBD coimmunoprecipitation product
was resolved by SDS-polyacrylamide gel electrophoresis in a 12%
polyacrylamide gel. Bands were excised from the 21-kDa region of
the gel. Gel products were liquified at 95°C for 5 min. Protein was
extracted and purified using the ReadyPrep 2-D Cleanup Kit (Bio-Rad
Laboratories) following the manufacturer’s protocol. Protein samples
were added to 50% glycerol loading buffer and incubated at room
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temperature for 20 min. Samples and IEF Ladder were resolved on
Criterion Bio-Lyte IEF Gel with a 3 to 10 pH range (Bio-Rad Labo-
ratories). Gels were run at the following power conditions with constant
voltage: 100 V for 60 min, 250 V for 60 min, and 500 V for 30 min
in a stepwise fashion with a total run time of 150 min. The IEF gel
was then soaked in 5% SDS buffer for 24 hours with gentle rocking
at 4°C. Protein was electrophoretically transferred to PVDF mem-
branes (Millipore Corporation) for 1 hour at a constant 25 V. The
PVDF blots were probed with the anti-pan-RAS primary antibody
from the Active Ras Pull-Down and Detection Kit (Thermo Fisher
Scientific) and the anti-mouse DyLight 800 fluorophore-conjugated
secondary antibody (Invitrogen). The protein bands were visualized
using the Licor CLx Odyssey imaging station (Licor Biosystems).
Comparative changes were measured with Licor Image Studio software.

Coimmunoprecipitation

H293T cells were individually transfected with the expression plasmid
for NF1-Flag, WT KRAS-GFP, G12V KRAS-GFP, G12D KRAS-
GFP, or KRAS G13D-GFP. Cells were harvested in IP Lysis/Wash
Buffer (0.025 M tris-HCI, 0.15 M NaCl, 0.001 M EDTA, 1% NP-40,
and 5% glycerol; pH 7.4 and 1x protease inhibitor) 24 hours after
transfection. Whole-cell lysates (500 ug) were precleared for 0.5 hours
using Control Agarose Resin slurry (Thermo Fisher Scientific).
Immunoprecipitation was performed by first incubating 800 ul of
H293T NF1-Flag precleared lysate with 200 ul of either WT KRAS-
GFP, G12V KRAS-GFP, G12D KRAS-GFP, or G13D KRAS-GFP
precleared cell lysate. Each cell lysate mixture had EDTA (pH 8.0)
added to make a final concentration of 10 mM. GTP-y-S was added
to the solution to a final concentration of 100 nM. This solution was
incubated at room temperature for 20 min with gentle rocking. The
reaction was terminated by adding MgCl, to the solution at a final
concentration of 50 mM. The final steps of the coimmunoprecipitation
were performed using the Pierce Inmunoprecipitation Kit (Thermo
Fisher Scientific) with immobilized anti-NF1 antibody (Santa Cruz
Biotechnology, CA). A total of 500 ug of the cell lysate was added
and incubated at room temperature under rotary agitation for 2 hours.
At the end of the incubation, the complexes were washed five times
with lysis buffer. Western blotting was probed with mouse mono-
clonal NF1 antibody (Santa Cruz Biotechnology) and mouse mono-
clonal RAS antibody (Thermo Fisher Scientific).

Lentiviral transduction

293FT cells were used to generate lentiviral particles by transfection
using Lipofectamine 2000 (Life Technologies Corporation). Packaging
plasmids pMD2G, PMDLg/RRE, and pRSV/Rev were cotransfected
with pCDH NF1-NanoLuc C-term expression plasmid. Lentivirus
containing supernatant was harvested at 48 and 72 hours after trans-
fection. LoVo, HCT116, and HCT-15 cells were plated in respective
medium with heat-inactivated FBS (10%) and 2 mM L-glutamine 2 days
before infection. For infection, LoVo, HCT116, and HCT-15 cells were
transduced with pCDH NF1-nanoLuc lentivirus with polybrene
(8 ng/ml) for 10 hours. The cells were washed, medium was replenished,
and cells were incubated for 48 hours. After this, cells were placed in
puromycin selection (1 pg/ml) for 7 days. Cells were harvested for
Western blots and MTT assays as described previously.

AKT phosphorylation
The pAKT antibodies were validated by starving WT SW48 cells in
RPMI 1640/penicillin/streptomycin medium for 12 hours, and cells

were stimulated with EGF (50 ng/ml) for 5 min. Whole-cell lysates
were prepared and resolved on 12% polyacrylamide gel. Gels were
transferred to PVDF membranes and probed with anti-phospho-T308
AKT1 rabbit antibody (AB13038, Cell Signaling Technology), anti-
phospho-S473 AKT1 rabbit monoclonal antibody (AB4060, Cell
Signaling Technology), and anti-pan-AKT mouse monoclonal anti-
body (AB2920, Cell Signaling Technology) in 3% bovine serum
albumin solution. Cell lines indicated were treated with either vehicle
control or cetuximab (20 pg/ml) for 48 hours. Whole-cell lysates
were prepared and analyzed by Western blot analysis as previously
described.

Bioluminescence resonance energy transfer assay

Human embryonic kidney (HEK)-293T cells were grown in DMEM/10%
FBS without antibiotic. Cells were seeded at 5 x 10° cells per well in
a 96-well white opaque Perkin Elmer microplate. Twenty-four hours
after seeding, cells were cotransfected with a constant concentration
of 0.1 pg of NF1-NanoLuc pcDNA expression plasmid and in-
creasing concentrations of RAS-EGFP pcDNA expression plasmid
(0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.2 pg) with 0.25 ul of Lipo-
fectamine 2000 per well following the manufacturer’s protocol
(Thermo Fisher Scientific). Twenty-four hours later, medium was
aspirated from each well and 25 pl of Nano-Glo Live Cell Reagent
was added to each well per the manufacturer’s protocol (Promega).
Plates were placed on orbital shaker for 1 min at 300 rpm. After in-
cubation, the plate was read on the Tecan Infinite M200 PRO with
LumiColor Dual Setting with an integration time of 1000 ms. BRET
ratio was calculated from the dual emission readings. BRET ratio
was plotted as a function of the RAS-GFP/NF1-NanoLuc plasmid
ratio. BRET assays were repeated five times, each with eight bio-
logical replicates.

Statistical analysis

Significant differences among sample groups of greater than or
equal to three were determined by one-way analysis of variance
(ANOVA) followed by post hoc Tukey’s test for multiple compari-
sons with GraphPad Prism7 software. Significant differences among
two sample groups were determined by one-tailed unpaired  test.
MS was performed twice. Every other experiment was performed at
least three times, and P values are indicated in each figure.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/12/600/eaaw8288/DC1

Text S1. Extended description of the Ras model

Fig. S1. Schematic of the reactions of the Ras model.

Fig. S2. Available parameters for the Ras G13D mutant are sufficient to account for its
constitutive activation.

Fig. S3. Ras model predictions when level of RasGTP-effector complex is used as a readout of
signal strength instead of RasGTP.

Fig. S4. Isogenic colon cancer cells display a KRAS mutant-specific response to cetuximab.
Fig. S5. Evaluation of the response of the isogenic panel to MEK inhibitor.

Fig. S6. Transfection-based cetuximab sensitivity assay.

Fig. S7. Evaluation of AKT phosphorylation upon cetuximab treatment.

Fig. S8. Evaluation of EGFR knockdown in isogenic SW48 cells.

Fig. 9. Evaluation of panitumumab treatment of isogenic SW48 cells.

Fig. S10. Evaluation of erlotinib treatment of isogenic SW48 cells.

Fig. S11. Evaluation of Ras antibodies.

Fig. S12. Detection of impaired binding between KRAS G13D and NF1.

Fig. S13. Evaluation of KRAS G13D CRC cell lines that have been transduced with NF1.
Data file S1. MS data and analysis of untreated and cetuximab-treated isogenic SW48 cells.
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Adipocytes sensitize melanoma cells to environmental
TGF-p cues by repressing the expression of miR-211

Tamar Golan', Roma Parikh', Etai Jacob®**°, Hananya Vaknine®, Valentina Zemser-Werner’,
Dov Hershkovitz”®, Hagar Malcov’, Stav Leibou', Hadar Reichman’, Danna Sheinboim',
Ruth Percik®®, Sarah Amar®, Ronen Brenner®, Shoshana Greenberger'®, Andrew Kung'’,
Mehdi Khaled'?, Carmit Levy'*

Transforming growth factor-p (TGF-B) superfamily members are critical signals in tissue homeostasis and patho-
genesis. Melanoma grows in the epidermis and invades the dermis before metastasizing. This disease progression
is accompanied by increased sensitivity to microenvironmental TGF-B. Here, we found that skin fat cells (adipo-
cytes) promoted metastatic initiation by sensitizing melanoma cells to TGF-f. Analysis of melanoma clinical samples
revealed that adipocytes, usually located in the deeper hypodermis layer, were present in the upper dermis layer
within proximity to in situ melanoma cells, an observation that correlated with disease aggressiveness. In a coculture
system, adipocytes secreted the cytokines IL-6 and TNF-a, which induced a proliferative-to-invasive phenotypic
switch in melanoma cells by repressing the expression of the microRNA miR-211. In a xenograft model, miR-211
exhibited a dual role in melanoma progression, promoting cell proliferation while inhibiting metastatic spread.
Bioinformatics and molecular analyses indicated that miR-211 directly targeted and repressed the translation of
TGFBR1 mRNA, which encodes the type | TGF-B receptor. Hence, through this axis of cytokine-mediated repression
of miR-211, adipocytes increased the abundance of the TGF-B receptor in melanoma cells, thereby enhancing
cellular responsiveness to TGF-B ligands. The induction of TGF-p signaling, in turn, resulted in a proliferative-to-invasive
phenotypic switch in cultured melanoma cells. Pharmacological inhibition of TGF-B prevented these effects. Our
findings further reveal a molecular link between fat cells and metastatic progression in melanoma that might be
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therapeutically targeted in patients.

INTRODUCTION

Cellular plasticity, defined as the ability of cells to interconvert
between phenotypic states, enables rapid adaption to a dynamically
changing multicellular microenvironment (I, 2). Phenotypic plas-
ticity has a particular relevance to cancer progression as it increases
tumorigenic potential and accounts for high metastatic abilities and
resistance to therapy (3, 4). As imposed by microenvironmental cues,
melanoma cells are able to reversibly switch between two phenotypic
states: a proliferative, weakly metastatic state and a less proliferative,
highly metastatic and state (5-7). These switches enable circulating
metastatic cells to proliferate in favorable, secondary metastatic sites
(1, 2). These proliferative and metastatic states are controlled by distinct
transcriptional programs. One of the major factors responsible for
regulating the transcriptional switch is the microphthalmia-associated
transcription factor (MITF) (5, 8, 9), which plays a central role in
melanoma progression (10, 11). MITF is the master regulator of the
melanocyte lineage (11, 12) and regulates the expression of several
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microRNAs (miRNAs) including miR-211 (13) and miR-222/221
(14). It was previously suggested by us (15) and others (16, 17) that
miR-211 mediates melanoma phenotypic plasticity. Microenviron-
mental conditions such as hypoxia (18) and inflammation (19) also
influence melanoma plasticity; however, the cell types in the mela-
noma microenvironment that induce the phenotypic switch have
not yet been identified.

It has been well established by us (15, 20) and others (21) that
interactions between melanoma cells and the surrounding stroma
play major roles in melanoma initiation, progression, metastatic
potential, determination of metastasis location, and clinical outcome.
Among the different components of the melanoma microenviron-
ment are adipocytes, located in the deepest layer of the skin, and the
hypodermis, which is mainly composed of differentiated adipocytes
and adipose progenitors (22). Adipocytes promote melanoma growth
and metastases (23-30). However, as melanoma progresses, the
melanoma cells encounter continuously changing microenviron-
ments (14) that vary in adipocyte composition (31-33). Previous
studies have not investigated how the dynamic changes in the cellular
microenvironment influence melanoma progression.

Transforming growth factor-B (TGF-p) superfamily members
have prominent roles in embryonic development and adult tissue
homeostasis (34, 35). Canonical TGF-P signaling is induced by ligand
binding to the type II transmembrane receptor serine/threonine
kinase TGF-p receptor II (TGFBR2), which, in turn, recruits and
phosphorylates the type I receptor (TGFBR1; also known as ALK5)
(36). Activated TGFBR1 phosphorylates the cytoplasmic receptor-
regulated SMADs, SMAD2 and SMAD3, after hetero-oligomerization
with SMAD4 (37). The SMAD complex accumulates in the nucleus,
where it binds to SMAD-binding elements and regulates the transcription
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of target genes in a cell-specific manner (37). TGF-p signaling can
act in autocrine and in paracrine manners and has two opposing
roles in human cancer progression by promoting cytostatic effects
or the epithelial-mesenchymal transition (38-40).

Here, we found that the dynamic plasticity of melanoma is regu-
lated by adipocyte cells at an earlier than previously reported phase,
before melanoma invasion into the dermis, through an intercellular
mechanism that sensitizes melanoma cells to environmental TGF-f.
Moreover, we found that the phenotypic plasticity depends on
proximity of adipocytes and is reversible—and thereby therapeuti-
cally targetable.

RESULTS

Subcutaneous adipocytes in proximity to in situ

melanoma correlate with advanced disease

Melanoma initiates in the epidermis, and upon disease progression,
cancer cells invade into the dermis (14, 20). From the dermis, cells
can metastasize through the lymph system (41). We examined
melanoma pathological specimens that had been staged using
Clark’s system, which classifies the depth of melanoma invasion
through the dermis into five levels. The highest staging level corre-
sponds to the deepest invasion. Staging is reflective of aggressiveness
and poor prognosis (42). Hematoxylin and eosin (H&E) staining
demonstrated that, at higher Clark’s levels and in cases of lymph
node metastases, melanoma cells are in closer proximity to the
adipose cells than in lower stages (Fig. 1A). In samples of in situ,
melanoma cells with characteristics of adipocytes were present in
the upper dermis layer in proximity to melanoma cells (Fig. 1B and
fig. S1B). Normal skin samples had well-defined adipose tissue
located at the hypodermis layer of the skin (Fig. 1B and fig. S1B)
(22). In vertical melanoma samples, tumor cells had invaded the
adipocyte microenvironment (Fig. 1B and fig. S1B). These results
were validated by immunostaining of these specimens for a mela-
noma marker (HMB-45 and S100) and an adipocyte-specific marker
(perilipin) (Fig. 1C and fig. S1, C and D). To exclude the possibility
that the dermal perilipin1-positive cells are fibroblasts (43), we stained
specimens for a fibroblast marker FSP1. Perilipinl-positive cells
located in the dermis near the melanoma cells did not express FSP1,
whereas the surrounding dermal fibroblast cells were FSP1 positive
(Fig. 1D).

To further examine the clinical relevance of the adipocyte cells to
melanoma progression, we analyzed nine additional in situ melanoma
specimens. In most samples, adipocytes were present in the upper
dermis in close proximity to melanoma cells (Figs. 1, B and C, and
2A and fig. S1, B and C); however, in a few samples, adipocytes were
found in the hypodermis (Fig. 2A). Multiple nests indicate a rapid
disease progression (44), and we therefore measured the numbers
and sizes of melanoma nests in the melanoma in situ samples
(Fig. 2, B and C, and fig. S2). In samples in which adipocytes were in
close proximity to melanoma, there were substantially more mela-
noma nests than in specimens without adipocytes (Fig. 2C). No
notable difference was observed in nest size (Fig. 2C). Therefore,
our findings suggest that if lesions are not removed, they progress
more rapidly toward malignancy when adipocytes are in proximity
to the melanoma cells. The interactions between adipocytes and
melanoma cells occur earlier than previously reported, beginning at
the primary radial stage before melanoma invasion into the dermis,
supporting disease progression.

92

Adipocytes induce melanoma plasticity in a reversible
manner by inhibiting miR-211 expression

To gain insight into the effect of adipocytes on melanoma cells in
the radial phase, we used an in situ melanoma model (14, 20). We
chose WM3682 melanoma cells, which are highly proliferative and
have no intrinsic invasive abilities and therefore resemble melanoma
cells in the in situ state (table S1) (13). WM3682 melanoma cells
were cocultured with primary human subcutaneous differentiated
adipocytes (fig. S3A) in a system that enables free flux of medium
without direct cell-cell contact (experimental design scheme in
Fig. 3A, left). Monocultured melanoma cells were used as a control.
After coculture for 5 days, melanoma cell migration (Fig. 3B) and
invasion (Fig. 3C) abilities were substantially enhanced compared to
monocultured cells. In contrast, coculture with adipocytes led to a
decrease in melanoma cell proliferation compared to monocultured
cells (Fig. 3, D and E).

Cancer plasticity is characterized by reversible alternations
between two phenotypic states (5-7, 45). Therefore, we next examined
whether the effects of adipocytes on melanoma cells are reversible.
To this end, we used what we refer to as a reverse coculture system:
After 5 days in coculture, the adipocytes were removed, the medium
was replaced with unconditioned medium, and the remaining melanoma
cells were grown as a monoculture for 5 days and then subjected to
further analysis (experimental design scheme in Fig. 3A, right). After
reverse coculture, adipocyte-induced migratory (Fig. 3B) and inva-
sive (Fig. 3C) capacities were abrogated, and the cells proliferated
similarly to melanoma cells in monoculture (Fig. 3, D and E). To-
gether, these results suggest that adipocytes reversibly switch melanoma
phenotype from a proliferative to an invasive state.

Because a single miRNA is able to target multiple genes and thereby
regulate several phenotypic outcomes simultaneously (46), we next
examined whether miRNAs are the downstream effectors of adipo-
cytes. By miRNA profiling using a microarray, we identified 24 sig-
nificantly differentially expressed miRNAs (1.5 < fold, P < 0.05)
between melanoma cells cocultured with adipocytes and mono-
cultured melanoma cells (Fig. 3F and data file S1). One of the most
highly down-regulated miRNAs was miR-211, which was previously
suggested to be a regulator of melanoma phenotypic plasticity
(15-17, 47).

To test whether miR-211 mediates adipocyte-driven melanoma
phenotypic plasticity, we first validated the microarray results. Upon
coculturing with adipocytes, reductions in both mature miR-211
and pre-miR-211 abundance were observed compared to monocul-
tured cells (Fig. 3G), implying regulation at the transcriptional level.
The inhibitory effect of adipocytes on miR-211 expression by mela-
noma cells was abolished upon adipocyte removal, indicative of
reversibility (Fig. 3G). Notably, the decrease in miR-211 expression
was reproduced upon coculture with differentiated NIH3T3-L1
adipocytes, a well-established murine fibroblast-origin model for
adipose tissue (fig. S3, A and B) (48). This suggests that adipocyte-
mediated hindrance of miR-211 expression is not limited to subcu-
taneous adipocytes. Moreover, incubation of melanoma cells with
conditioned medium obtained from a differentiated adipocyte culture
reversibly decreased expression of miR-211 produced by melanoma
cells compared with cells grown in unconditioned medium (fig. S3C).
This suggests that adipocytes exerted these actions through soluble
factors.

To further explore how miR-211 contributes to the adipocyte-
derived phenotypic plasticity of melanoma cells, we first determined
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Fig. 1. Subcutaneous adipocytes are observed in proximity to in situ melanoma. (A) Hematoxylin and eosin (H&E) staining of representative vertical cross-sections
of melanoma patient samples (n = 5) categorized by Clark’s staging system (stages Il to V) and a melanoma metastasis in the lymph node. Scale bars, 2 mm (stages Il to IV
and lymph) and 5 mm (stage V). Black dashed lines indicate epidermal-dermal junctions; blue lines indicate tumor margins. T, tumor; AD, adipocytes. (B) H&E staining of
typical vertical cross-sections from a healthy skin sample (left) and from two melanoma patient samples at different progression stages (right). Scale bar, 2 mm. Arrows
indicate adipocytes. Graph plots the mean (+SEM) distance of the adipocytes from the epidermal basal layer from three independent experiments. *P < 0.05, t test.
(C) Immunofluorescence analysis of consecutive slices from similar sections described and shown in (B) with melanoma marker HMB-45 (red) and adipocyte-specific
marker Plin1 (green). DAPI-stained nuclei appear in blue. Scale bar, 2 mm. (D) Additional immunofluorescence analysis of the patient melanoma sections, represented
with the in situ section shown in (C), with fibroblast marker FSP1 (pink) as well as HMB-45 (red) and Plin (green). Scale bars, 50 um (top) and 20 um (inset/bottom).

whether miR-211 alters the melanoma transcriptome. To this end,
we chose WM1716 melanoma cells, which express low levels of
miR-211 and are highly invasive with weak proliferative potential
(13). WM1716 cells were stably transfected with a miR-211 mimic
or with a scrambled control (fig. S3D) and subjected to mRNA profiling.
In cells stably transfected with miR-211, there was a notable increase in
expression of genes associated with proliferation and down-regulation

of genes associated with an invasive phenotype (fig. S3E) (6, 15). To
validate these results, we generated an additional melanoma cell line.
WM3314 cells, which have high invasive potential, low proliferation
ability, and low levels of miR-211 (13), were engineered to stably
express @ miR-211 mimic or the scrambled control (fig. S3A). For
consistency with the proliferative transcriptome, both WM1716 and
WM3314 cells had higher proliferation rates upon miR-211 mimic
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expression compared to the slowly proliferating control cells (fig. S3F).  resulted in attenuated cell growth (fig. S3H). Furthermore, miR-211
Consistent with these results, antagomiR-mediated depletion of  expression in WM1716 and WM3314 cells resulted in enhanced
miR-211 from WM3526 cells (fig. S3G), which are highly proliferative ~ progression through the cell cycle compared to control cells (fig. S31),
and poorly invasive and express relatively high miR-211 levels (13), and the invasive potential of these cell lines was considerably reduced

94 www.SCIENCESIGNALING.org 23 July 2019 Vol 12 Issue 591 aav6847



Science Signaling

RESEARCH ARTICLE

Fig. 3. Adipocytes drive
melanoma plasticity in a re-
versible manner by miR-211
repression. (A) Scheme
of experimental design co-
culture and reverse coculture
assays. (B to D) Analysis of
migration (B), invasion (C),
and XTT [2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide]
proliferation (D) assays using
WM3682 melanoma cells in
the indicated conditions, de-
scribed in (A). Images are rep-
resentative. Scale bars, 100 um
(B) and 50 um (C) (DAPI-stained
nuclei are blue). Graphs plot
means (B, at the 24-hour time
point; D, relative to sample at
time 0) + SEM from three
or more independent exper-
iments. *P < 0.05, **P < 0,01, and
***P < 0.005, t test. (E) Repre-
sentative Ki67 immunostain-
ing (green) and DAPI nuclear
staining (blue) in WM3682 cells
in the indicated conditions,
described in (A). Scale bars,
50 um. Graph plots mean +
SEM from three independent
experiments; statistical anal-
yses as in (B) to (D). (F) Volcano
plot representing the distribu-
tion of significantly (fold >1.5,
P < 0.05 by t test) differen-
tially expressed miRNAs, noting
miR-211, between cocultured
and monocultured WM3682
melanoma cells in two inde-
pendent gene profiling exper-
iments. (G) gRT-PCR analysis
of mature and pre-miR-211
expression in WM3682 mela-
noma cells grown under the
indicated conditions, described
in (A). Graph plots mean + SEM
from three independent ex-
periments; statistical analyses
asin (B)to (D). (H) Representative
in vivo bioluminescent images
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of mice injected with WM1716 cells stably expressing miR-211 or a scrambled control at day 70 after injection. Graph plots mean + SEM at the indicated time points from five
mice per group; statistical analyses as in (B) to (D). (I) Representative ex vivo bioluminescence images of local xenografts, livers, and lungs isolated from mice injected with
WM1716 cells stably transfected with miR-211 or scrambled control at 70 days after injection. Graph shows mean bioluminescence + SEM from four mice per group; statistical
analyses as in (B) to (D). (J) Schematic of experimental design to assess the effects of miR-211 expression in melanoma cells cultured with or without adipocyte-conditioned
medium. (K to M) Migration (K), invasion (L), and proliferation (M) assays using WM3682 melanoma cells in the indicated conditions, described in (J). Scale bars, 100 um (K) and
50 um (L). Graphs, n, and statistical analyses are as described in (B) to (D).

upon miR-211 expression (fig. S3]). These results are in agreement
with our own (13) and others’ (47, 49) previous observations and
support the hypothesis that miR-211 maintains melanoma cells in
a proliferative state.

We next used a melanoma xenograft mouse model whereby
WM1716 and WM3314 cells that constitutively expressed miR-211

or scrambled control as well as a gene encoding luciferase were sub-
cutaneously injected into immunocompromised mice. Mice injected
with miR-211-expressing cells displayed higher local tumor growth
rates compared to mice injected with cells that expressed the scram-
bled control (Fig. 3H and fig. S3K). Further, ex vivo quantifications
demonstrated that larger local tumors that resulted from cells that
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overexpressed the miR-211 mimic were larger than those that re-
sulted from cells that expressed the scrambled control (Fig. 3I and
fig. S3L). No metastases were observed in lungs and liver upon miR-211
expression, whereas massive metastatic formation resulted from
scrambled control-expressing cells (Fig. 3I and fig. S3L). This demon-
strates that miR-211 suppresses melanoma metastatic potential.
Metastatic lesions were verified by H&E staining (fig. S3M). Together,
these observations demonstrate that miR-211 augments cell growth
and suppresses metastatic capacities of melanoma cells, as previously
reported (16, 17).

We next examined whether the effect of adipocytes on melanoma
phenotype is miR-211 dependent and whether miR-211 reexpression
hinders these effects (experimental design scheme in Fig. 3]). To avoid
collateral influence of miR-211 mimic transfection, these experiments
were conducted by incubation of melanoma cells with conditioned
medium from an adipocyte culture. Introduction of miR-211 mimic
into WM3682 melanoma cells (fig. S3N) conditioned with adipocyte
medium completely abolished the adipocyte-induced migration
(Fig. 3K) and invasion (Fig. 3L) abilities observed in scrambled
control-transfected cells. The suppressive effect of adipocytes on
cell proliferation was reversed upon transfection of melanoma cells
with a miR-211 mimic (Fig. 3M). Introduction of the miR-211
mimic into WM3682 melanoma cells not grown in adipocyte-
conditioned medium had little effect on cell proliferation (Fig. 3M),
likely due to the high basal miR-211 expression in these cells (13).
These results demonstrate that adipocytes drive melanoma plasticity
by inhibition of miR-211 expression.

Adipocytes decrease miR-211 expression through

secretion of IL-6 and TNF-a

The secreted cytokines interleukin-6 (IL-6) and tumor necrosis factor-o
(TNEF-0) are components of the adipocyte secretome (50) and are
known to mediate pro-invasive propensities of cancer cells (51).
Moreover, IL-6 and TNF-a decrease the abundance and transcriptional
activity of MITF (52, 53), a regulator of melanoma phenotypic switch
(16), which transcriptionally promotes miR-211 expression (13). To test
whether adipocytes exert their effects on melanoma cells by secretion of
these two cytokines, we first examined whether subcutaneous adipocytes
secrete IL-6. Medium conditioned with adipocytes had substantially
higher amounts of IL-6 compared to unconditioned medium (Fig. 4A).
Further, treatment of WM3682 cells with both IL-6 and TNF-a
mimicked the effect of culture with adipocytes: It resulted in reduced
miR-211 expression (Fig. 4B), increased invasion capacity (Fig. 4C),
and decreased proliferation (Fig. 4D) in WM3682 melanoma cells.

We next asked whether the adipocyte-induced melanoma pheno-
typic plasticity is IL-6 and TNF-o dependent. To this end, we examined
the influence of adipocyte-conditioned medium on miR-211 expres-
sion in WM3682 melanoma cells in the presence of cucurbitacin I,
an inhibitor of IL-6 signaling (54), and R7050, a specific inhibitor of
TNF-o (experimental design scheme in Fig. 4E, left) (55). Treatment
of WM3682 melanoma cells, conditioned with adipocyte medium,
with either cucurbitacin I or R7050 restored miR-211 expression
(Fig. 4F). The inhibitors also abolished the effect of adipocytes on
the melanoma phenotypic switch, as demonstrated by reductions in
melanoma invasion capacity (Fig. 4G) and proliferation (Fig. 4H).

In immunofluorescence data of melanoma patient samples, IL-6
was detected in upper dermal regions only when adipocytes were
present in that region; IL-6 was not detected in adipocyte-free areas
(Fig. 41). To clinically examine the relevance of IL-6, we performed
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Kaplan-Meier analysis on melanoma patient survival using data from
the cBioPortal for Cancer Genomics (56). There was a notable
increase in survival in the group of melanoma patients with no
amplification of the mRNA encoding the IL-6 receptor (IL-6R)
compared to those with amplification (Fig. 4]). These results suggest
that TNF-a and IL-6 secreted by adipocytes induce a phenotypic
switch in melanoma cells by inhibition of miR-211 expression.

Notably, treatment of melanoma with IL-6, TNF-a, or adipocyte-
conditioned medium reduced the expression of MITF at the mRNA
level (fig. S4, A and B) and substantially reduced the activity of a
reporter gene driven by the MITF promoter (fig. S4C). Moreover, in
the presence of IL-6 and TNF-a inhibitors, adipocytes failed to re-
press MITF expression in melanoma cells (fig. S4D). This suggests
that adipocytes, through the secretion of IL-6 and/or TNF-a, cause
a decrease in MITF abundance, which leads to the down-regulation
of the miR-211 and disease progression.

miR-211 attenuates TGF-f signaling and reduces

melanoma sensitivity to TGF-$

In a search for a cancer-related signaling pathway that might account
for miR-211 actions, we identified the genes that were differentially
expressed upon stable expression of the miR-211 mimic in WM1716
cells compared to cells expressing a scrambled control (Fig. 5A). Gene
set enrichment analysis (GSEA) identified a single set of genes related
to TGF-p signaling that are down-regulated in cells that express miR-211
(data file S2 and fig. S5A). Further, we separately calculated the mean
log fold ratio of up- and down-regulated genes of 10 additional cancer-
related pathways [inferred from Kyoto Encyclopedia of Genes and
Genomes (KEGG) database] and found that the TGF-B-mediated
signaling was the most significantly altered pathway in cells that express
miR-211 mimic (Fig. 5A). Furthermore, of genes known to be involved
in the TGF-P pathway, the down-regulated genes were a more
prominent group than the up-regulated genes (Fig. 5A and data file
S$3). Melanoma cells with a proliferative gene expression signature
were previously shown to be more susceptible to TGF-pB-mediated
growth inhibition than cells with an invasive signature (6), whereas
MITEF depletion was demonstrated to reduce the susceptibility of the
proliferative cells to TGF-B-mediated growth inhibition (6, 57).

To confirm that miR-211 attenuates the canonical TGF-p pathway
in melanoma, we first examined its effect on a TGF-B-responsive
luciferase reporter gene. miR-211 overexpression in both WM1716
and WM3314 cells resulted in reduced TGF-B-responsive reporter
activity compared to control cells (Fig. 5B). Conversely, antagomiR-
mediated depletion of miR-211 from WM3526 cells led to increased
TGF-B-responsive reporter activity (fig. S5B). Notably, the ability of
miR-211 antagomiR to induce TGF- activity was abolished in the
presence of small interfering RNA (siRNA) targeting SMAD4
(Fig. 5C and fig. S5, C and D), indicating that TGF-P operates
through SMAD4-mediated signaling. Further, miR-211-expressing
cells exhibited markedly lower phosphorylation of the TGF-p signaling
cytoplasmic transducer SMAD?2 (58) than that observed in control
cells (Fig. 5D). Moreover, SMAD4 nuclear translocation was abro-
gated upon miR-211 expression compared to control cells (Fig. 5E).
miR-211 induced the expression of pro-proliferative genes (ID3, ID1,
and ¢-MYC) and reduced levels of pro-invasive TGF-B-driven
genes (SNAILI, HMGA2, ZEB2, ZEB1, and TWIST) (Fig. 5F) (39).
These results suggest that miR-211 represses the canonical TGF-
pathway, which, in turn, alters the cellular transcriptome in favor of
a proliferative phenotype.
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Fig. 4. Adipocytes decrease
miR-211 expression through
secretion of IL-6 and TNF-c.
(A) Amount of IL-6 in medium
conditioned by adipocytes
compared to that in control
medium. Data are means +
SEM from three independent
experiments. ***P < 0.005, t test.
(B to D) Analysis of miR-211
expression by qRT-PCR (B),
invasion (C), and proliferation
by XTT assay (D) in WM3682
melanoma cells treated for
48 hours with IL-6 (40 ng/ml)
or TNF-a (15 ng/ml) relative
to each in vehicle-treated cells.
Images (C) are representative;
DAPI-stained nuclei are blue.
Scale bar, 50 um. Relative pro-
liferation (D) was assessed
at day 3. Data are means *
SEM from three indepen-
dent experiments. *P < 0.05
and ***P < 0.005, t test. (E to
H) Experimental schematic (E)
used to assess miR-211 ex-
pression by qRT-PCR (F),
invasion (G), and relative |
proliferation by XTT assay
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Next, we determined whether miR-211 confers TGF-B-resistance
to melanoma cells. TGF- stimulation failed to increase the TGF-B-
responsive reporter activity in both WM1716 and WM3314 miR-211-
expressing cells, in contrast to enhanced reporter activity observed
in TGF-B-sensitive control cells (Fig. 5G). Both WM1716 and
WM3314 cells lost their susceptibility to TGF-B-mediated growth
inhibition upon miR-211 expression compared to control cells
(Fig. 5H). As expected, the level of endogenous miR-211 inversely
correlated with TGF-P susceptibility, as highly proliferative WM3526

cells, which express high levels of endogenous miR-211 (13), were
less responsive to TGF-B (fig. S5E) than were WM1716 and WM3314
cells, which express low amounts of miR-211 (Fig. 5H) (13). The
effect of miR-211 on melanoma sensitivity to TGF-B-mediated in-
vasion could not be evaluated because of the high intrinsic invasive
abilities of WM1716 and WM3314 cells (13).

To identify the cell type in the melanoma environment that is
the source of TGF-p, we examined the amount of TGF-B in primary
human skin cells that are the major components of the epidermis
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Fig. 5. miR-211 attenuates
TGF-p signaling and reduces
the sensitivity of melanoma
cells to TGF-B. (A) Cell sig-
naling pathway using GSEA
analysis based on transcrip-
tome profiling of WM1716
melanoma cells stably express-
ing miR-211 or scrambled
control. TGF- pathway score,
P < 0.0056; down-regulated
TGF-B genes, P < 0.037; up-
regulated TGF-B genes, P <
0.157. See also data files S2
and S3. (B) Luciferase activity
assay of a TGF-B-responsive
reporter in WM1716 and
WM3314 cells stably expressing
miR-211 or a scrambled con-
trol. Data are means + SEM
from three independent ex-
periments. ***P < 0.005, t test.
(€) Luciferase activity assay
of TGF-B-responsive reporter
in WM3682 cells cotransfected
with antagomiR-miR-211 or
ascrambled control and either
siSMAD4 or scrambled siRNA.
Data are means + SEM from
three independent experi-
ments; statistical analyses as
in (B). (D and E) Western blot
analysis of phosphorylated
and total SMAD2 abundance
(D) and SMAD4 immuno-
staining (red; E) in the indi-
cated cells. B-Actin served as
loading control (D); DAPI
counterstained the nuclei
(blue; E). Scale bar, 20 um.
(F) gRT-PCR analysis of the
expression of a panel of TGF-B
signaling-related genes in
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(differentiated and undifferentiated keratinocytes), the dermis (fibro-
blasts and endothelial cells), and the hypodermis (adipocytes).
TGEF-B was highly expressed in the dermis cells compared to cells
that compose the epidermis or the hypodermis. This suggests that
the dermis layer is the main source of TGF-p in the melanoma

environment (fig. S5F).

Melanoma cells are resistant to the activation of TGF-f signaling
(6, 59), and our findings suggest that miR-211 attenuates TGF-B-
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mediated signaling in melanoma cells and reduces their sensitivity
to extrinsic TGF-B. To identify miR-211 downstream targets, we
overlapped the top 20% of genes down-regulated upon miR-211
expression, potential miR-211 targets obtained from TargetScan
prediction algorithms, and TGF-P signaling-related genes inferred
from KEGG database (Fig. 5I and data file S4). TGFBRI and SP1
were present in all three sets. The crucial role of TGFBRI1 in trans-
ducing TGF- signaling has been established (36). The transcription
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factor SP1 regulates multiple signaling and cellular pathways (60).
TGFBRI expression in WM3314 and WM1716 cells was reduced
upon miR-211 expression at both mRNA (Fig. 5]) and protein levels
(Fig. 5K). AntagomiR-211 introduction into WM3526 cells in-
creased expression of TGFBRI mRNA (fig. S5G) and TGFBR1
protein (fig. SSH). However, SP1 expression was not decreased by
miR-211 (fig. S5I). The activity of a luciferase reporter gene fused to
the TGFBRI 3’ untranslated region (3’ UTR) was decreased upon
miR-211 expression in WM3314 and WM1716 cells, and specific
mutations in the miR-211 binding sites resulted in derepression
(Fig. 5, L and M). Last, in rescue experiments, overexpression of
TGFBRI in WM1716 and WM3314 cells stably transfected with
miR-211 blocked the inhibitory effect of miR-211 on TGF-B-
responsive reporter activity (Fig. 5N). Together, these findings suggest
that miR-211 suppresses endogenous TGF-f signaling in melanoma
cells and confers TGF-f resistance, at least, in part, by directly sup-
pressing the expression of TGFBRI.

Adipocytes sensitize melanoma cells to TGF-$

by repressing miR-211 expression

Adipocytes switch the melanoma cell phenotype from proliferative
to invasive by down-regulating miR-211 expression. Given the
parallels between miR-211 expression and TGF- resistance in
melanoma cells, we reasoned that adipocytes enhance melanoma cell
sensitivity to environmental TGF-p. First, we investigated whether
adipocytes could reversibly induce endogenous TGF-f signaling in
melanoma cells. WM3682 melanoma cells had higher levels of
SMAD?2 phosphorylation upon coculture with adipocytes than did
monocultured melanoma cells, and SMAD2 phosphorylation was
diminished upon coculture reversal (Fig. 6A). Notably, culture of
WM3682 cells with conditioned medium from an adipocyte culture
resulted in increased expression of TGFBR1 (Fig. 6A). Moreover,
cocultured WM3682 cells had higher expression of the pro-invasive
TGF-B-driven genes (TWIST, ZEB2, MDM2, and HMGH?2) (39)
and lower expression of genes more characteristic of the prolifera-
tive phenotype (c-MYC, ID3, and ID1) (39) in comparison to
monocultured cells (Fig. 6B). These effects were reversed upon
adipocyte removal from the culture (Fig. 6B). The adipocyte-induced
transcriptional signature of the invasive phenotype was the inverse
of that of the miR-211-induced transcriptome (Fig. 5F).

Next, rescue experiments were performed to confirm that adipo-
cytes increase TGF-P signaling in melanoma cells through miR-211
repression (experimental design scheme in Fig. 6C). Using a
TGEF-B-responsive reporter gene, we demonstrated that miR-211
mimic introduction into WM3682 melanoma cells treated with
adipocyte-conditioned medium completely abolished the adipocyte-
derived induction of TGF-p reporter activity (Fig. 6D).

Next, we aimed to determine whether adipocytes could reversibly
sensitize melanoma cells to TGF-B. Melanoma cells treated with
adipocyte-conditioned medium displayed higher TGF-B-responsive
reporter activity upon treatment with external TGF- compared to
cells treated with vehicle control (Fig. 6E). No substantial change in
TGF-B-responsive reporter activity was detected in cells incubated
in unconditioned medium (Fig. 6E). The adipocyte-driven TGF-f
sensitivity was abolished upon conditioned medium removal
(Fig. 6E), indicative of reversibility. Further, melanoma cells grown
in conditioned medium from adipocytes exhibited a reversible sus-
ceptibility to TGF-B-mediated invasion, whereas TGF-P resistance
was observed in cells grown in unconditioned medium (Fig. 6F).

Together, these results suggest that adipocytes reversibly evoke
TGF-B sensitivity in melanoma cells.

We next asked whether adipocyte-induced melanoma pheno-
typic plasticity is TGF-B signaling dependent. To this end, we exam-
ined the influence of SB431542, a specific inhibitor of TGFBR1 (33),
on adipocyte-mediated invasion of WM3682 melanoma cells.
SB431542 treatment resulted in complete loss of adipocyte-driven
invasion (Fig. 6G). These results indicate that adipocytes elicit their
effects on melanoma cells in a TGF-p signaling-dependent manner.

DISCUSSION

Cancer research has traditionally focused on cancer cell muta-
genesis per se or on its effect on tumor stroma (1). Recently,
accumulating evidence, however, highlights the role of the recipro-
cal cross-talk between the microenvironment and the tumor in
establishing the tumor phenotype (1, 14, 61). The cross-talk between
melanocytes and their neighboring cells is a classic example of the
continuous communication that occurs during normal and disease
conditions. Melanoma is a neoplasm of melanocyte origin. Melano-
cytes produce the pigment melanin, which is stored in melanosomes
(20). In normal skin, melanosomes are transferred to the epidermis
in response to ultraviolet (UV) exposure providing protection
against UV-induced DNA damage (62). Melanoma maintains
melanosome production and trafficking functions for reasons
that are mostly unknown. We found that melanoma cells commu-
nicate with the microenvironment by miRNA trafficking through
melanosomes, prompting dermal metastatic niche generation (20).
It will be interesting to learn whether there are additional cases
of cancer cells that keep their seemingly unnecessary cell of origin
functions and whether this might predispose characterization of
tumor initiation.

Over the course of progression, the cancer encounters different
microenvironments. In the case of cutaneous melanoma during the
radial growth phase, proliferation begins from the basal epidermis
and advances toward the upper epidermis, which is populated by
differentiated keratinocytes (14). Subsequently, in the vertical growth
phase, the melanoma invades the dermis, which consists of blood
vessels and mesenchymal factors such as fibroblasts (63). It then
spreads to the subcutaneous tissue, which is mainly composed of
adipocytes (29). The intercommunication between melanoma cells
and the neighboring cells is mostly based on direct cell contact,
growth factor secretion, circulating extracellular miRNAs, and ex-
tracellular vesicle exchange, all leading to the activation of specific
pro-cancer signaling pathways (14, 20). Here, we report that, in the
presence of in situ melanoma, subcutaneous adipocytes translocate
from their usual location in the hypodermis layer of the skin to the
upper dermal layer. We also found that the translocated adipocytes’
proximity to the melanoma cells correlates with disease aggressive-
ness. It will be interesting to further explore de novo melanoma
microenvironments that are characterized on the basis of not only
molecular changes within the cells but also changes in their loca-
tion. For example, is there an immune cell that appears specifically
in close proximity to in situ melanoma? Because the identification
of de novo cell location depends on immunostaining with specific
antibodies as we did here, this presented a technical challenge for
us, which we hope future studies will overcome.

The proliferative-to-invasive phenotypic switch model for mela-
noma progression proposes that tumor plasticity is driven by
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Fig. 6. Adipocytes sensitize melanoma cells to TGF-p by re-
pressing miR-211 expression. (A) Western blot analysis of phospho-
SMAD?2 (pSMAD2) and SMAD?2 (top) and TGFBR1 (bottom) protein
expression in WM3682 melanoma cells in indicated conditions (see

Reverse TGF-B signaling genes Adipocytes Adipocytes
Mono-  Co-  co- 5 B Cocultured Unconditioned Conditioned 69 *hk *
- - [ —
culture culture culture < Reverse cocultured medium medium g 5 ] —
S UM cM 2
pPSMAD2 54 *k (UM) (CM) ? )
23 _ o [ o 23
S B sorambled ™\ @ 24
“é 2 ¢
B-Actin ° 2 | TGF-pletrl &
2 g \ 2ol
Reverse T 1 [} . 3 3
UM _CM UM & TGF-B inhibitor E g
- 0 ctrl
Tereri ™ | ! g g
Reverse to @ @
B-Tubulin | e - e Analysis Analysis UM
umMm CM
| o |
o
2
3
3
©
v
Analysis Analysis
okn ok R
> il 1 everse
s 100+ 100
g 904 0 ]
5 ~ 804 804
Q °
5 £ 704 70 4
5 2 604 60 1
H % o) == 50
& B 40 201
F g 30 30+
z 20 1
Ctrl TGF-B| Ctrl TGF-B 204 -
10+ 1 ==
Reverse 0 -_— — 0 = =
UM ‘ cM um ‘ oM um ‘ cM ‘ um ‘ oM ‘
ctrl TGF-B ctrl TGF-B
G Sl ok Normal Proliferative Invasive Proliferative Invasive
60 | I melanoma melanoma melanoma melanoma
. 501 i
g o] qi N i
> RI RII RIRIl
3 K]
£ 304 E
3 ] ;
§ 20§ 2 miR-211 m|R-2ﬁl
= 104 £
0 =
um CMm umMm ‘ CM @ R-SMAD
TGF-p E R-SMAD
Ctrl inhibitor T SMAD4
o
SMAD4
E Transcription Transcription
% Proliferative genes]\ Invasive genes
&
I

. AN &,
A SR
@ Invasive melanoma signaling

« ||+ ) Keratinocyte

Fig. 2A for experimental scheme). B-Actin and B-tubulin served as \fH Melanocyte @& ) Adipocyte
loading controls. (B) Luciferase activity assay of TGF-p signaling- s

related genes in WM3682 cells cocultured or reverse cocultured with Endothelial cells A TGFB
adipocytes relative to monocultured cells. Data are means + SEM Z+) Proliferative melanoma #  IL-6/TNF

from three independent experiments; *P < 0.05 and ***P < 0.005.
(€) Experimental schematic in (D) to (G). (D and E) Luciferase activity of a TGF-B-responsive reporterin WM3682 cells either transfected with a miR-211 mimic or scrambled
control (D) or treated with TGF- (2 ng/ml) or DMSO (ctrl) (E). (F and G) Invasion assay of WM3682 melanoma cell grown in adipocyte-conditioned medium, followed by
conditioned medium removal (reverse) in the indicated conditions, upon treatment with TGF-B (2 ng/ml; F) or TGF-B inhibitor SB431542 (5 uM; G), each compared with
those treated with DMSO. Images are representative; DAPI-stained nuclei are blue. Scale bars, 50 um. Data in (D) to (G) are means + SEM from three independent experi-
ments. *P < 0.05, **P < 0.01, and ***P < 0.005, t test. (H) Proposed mechanism of adipocyte-mediated regulation of TGF-§ signaling in melanoma cells. In proliferative
melanoma (melanoma in situ), miR-211 represses the expression of both TGFBR1 (RI) and TGFBR2 (RIl), suppressing endogenous TGF-B signaling in melanoma cells and
conferring TGF-p resistance. As a result, cells are highly proliferative and weakly metastatic. When adipocytes are present in the melanoma microenvironment, IL-6 and
TNF-o released from the adipocytes suppress miR-211 expression. The subsequent expression of TGF-f receptors enhances sensitivity to environmental TGF-B and therefore
promotes the melanoma phenotypic switch from the proliferative to the highly invasive state.

100 www.SCIENCESIGNALING.org 23 July 2019 Vol 12 Issue 591 aav6847



Science Signaling

RESEARCH ARTICLE

microenvironmental changes, rather than by the accumulation
of genetic events (5, 6). Although several microenvironmental condi-
tions induce this phenotypic switch, the cell type(s) in the melanoma
microenvironment that induces this crucial phenomenon was
hitherto not described. Here, we show that skin adipocytes serve as the
cellular inducer of melanoma plasticity. They do so by secreting
IL-6 and TNF-0, which decrease miR-211 expression in melanoma,
thereby leading to the proliferative-to-invasive phenotypic switch. We
further demonstrate that miR-211 inhibition enhances endogenous
TGF-B signaling and sensitizes melanoma cells to environmental
TGF-B. According to this phenotypic switch model (5, 6), tumor
cells are at the invasive stage while in the blood (45). To establish
metastases, tumor cells travel via the bloodstream to the destination
organ and subsequently revert into the proliferative stage again
(5, 6). It will be interesting to learn what the environmental cues in the
distant metastatic niche that trigger this phenotypic switch are and
whether it can be used to block the formation of metastases.

Our findings are also of relevance to epidemiological and experi-
mental studies, suggesting that obesity increases the risk of developing
subcutaneous melanoma (64-68). However, it is still not fully under-
stood whether local changes in the subcutaneous adipose layer contribute
to these phenotypes or whether the phenotypes result from a systemic
effect. It is possible that obesity alters the subcutaneous adipose tissue
and changes the skin microenvironment (67). Obesity is known to be
associated with a wide spectrum of dermatologic diseases, such as
psoriasis, ulcerations, infections, poor wound healing, and insulin re-
sistance syndrome (67, 69). Furthermore, obesity increases the expres-
sion of IL-6 and the IL-6R in subcutaneous adipocytes (70), and obese
patients have high serum concentrations of IL-6 compared to patients
who are not overweight (71). Increased serum IL-6 is also observed in
patients with metastatic melanoma (72, 73). Although most of the
studies that link melanoma development to obesity have focused on
the systemic effects of visceral adiposity and insulin resistance mecha-
nisms (74), there are substantial changes in the skin microenvironment
due to obesity that may contribute to melanoma development. There-
fore, obesity might increase the risk of melanoma development due to
the alterations in the skin microenvironment.

MATERIALS AND METHODS

Cell culture

Primary human white subcutaneous pre-adipocytes (HWP; PromoCell)
were cultured in pre-adipocyte growth medium (C-27410; PromoCell).
At 80 to 90% confluency, differentiation was induced by culturing
the cells in differentiation medium (C-27436; PromoCell) for 3 days,
followed by culturing in nutrition medium (C-27438; PromoCell)
that was renewed every 2 days for 6 to 8 days. NIH3T3-L1 cells were
provided by A. Munitz (Department of Microbiology and Clinical
Immunology, Sackler School of Medicine, Tel Aviv University).
Cells were cultured in complete Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (Sigma-Aldrich)
and 1% penicillin/streptomycin/glutamine (Invitrogen). Differentia-
tion was induced at 80% confluency using 3T3-L1 differentiation kit
(DIF001; Sigma-Aldrich) containing insulin (1.5 pg/ml), 500 uM
3-isobutyl-1-methylxanthine (IBMX), and 1 uM dexamethasone
for 3 days followed by culturing in complete DMEM supplemented
with insulin (1.5 pg/ml) (10516; Sigma-Aldrich) for an additional
8 days. Medium was renewed every 2 days. Differentiation was
validated at day 10 after induction by oil red O staining.

Primary normal human epidermal keratinocytes (NHEK; PromoCell)
were cultured in growth medium (C-20011; PromoCell) and were
induced to differentiate with high calcium (1.2 mM) for 5 days. Primary
normal human dermal fibroblasts (NHDF; PromoCell) were cultured
in DMEM. Primary human endothelial cells (HUVEC; PromoCell)
were grown in endothelial cell growth medium (C-22011; PromoCell).
WM3314, WM3526, WM3682, and WM1716 melanoma cell lines
were provided by L. A. Garraway (Department of Medical Oncology
and Center for Cancer Genome Discovery, Dana-Farber Cancer
Institute, Boston, MA). Cells were cultured in complete DMEM. To
establish stable cell lines, cells were selected with puromycin (1 pg/ml)
(Sigma-Aldrich). Polymerase chain reaction (PCR) detection kit
(Sigma-Aldrich) tested cells for mycoplasma. Characteristics of the
melanoma lines are summarized in table S1.

Reagents

TGEF-B1 (T7039; Sigma-Aldrich) was added to culture medium at a
final concentration of 2 ng/ml 48 hours before analyses unless indicated
differently. A TGF- inhibitor, SB431542 (Sigma-Aldrich), was
added at a final concentration of 5 uM at 24 hours before analysis.
IL-6 (final concentration, 40 ng/ml; Abcam), TNF-a (final concen-
tration, 15 ng/ml; Abcam), IL-6 inhibitor cucurbitacin I (final
concentration, 0.1 uM; Tocris), and TNF-o inhibitor R7050 (final
concentration, 0.5 uM; Tocris) were added 48 hours before analysis.

RNA purification and quantitative reverse transcription PCR
Total RNA was extracted using TRIzol (Invitrogen) according to
the manufacturer’s instructions. RNA was quantified by measuring
0D260/280. For quantitative reverse transcription PCR (qQRT-PCR)
analysis of mature miR-211, 20 ng of total RNA was subjected to a
TagMan mRNA assay (Applied Biosystems). Mature miR-211 levels
were normalized to levels of RNU48. For mRNA analysis, cDNA
prepared using the qScript cDNA Synthesis Kit (Quantabio) was
subjected to qRT-PCR using the PerfeCTa SYBR Green FastMix
(Quantabio). Data are presented as fold changes relative to control.
Primer sequences and manufacturers are listed in table S2.

Oligonucleotide transfection

miR-211 mimic, antagomiR-211, scrambled control, and antagomiR
control were transfected into melanoma cells using HiPerFect (Qiagen)
according to the manufacturer’s instructions. Cells were transfected
twice, at 24-hour intervals, with 100 pmol of oligonucleotide per 0.5 x
10° cells. Transfected cells were analyzed 48 hours after the first
transfection. For data shown in Fig. 3 (K to M), transfections were
conducted 3 days after incubation with conditioned medium.
Sequences and manufacturers are listed in table S2.

Melanoma coculture with adipocytes

Coculture analysis was performed in 6- or 12-well Millicell Hanging
cell culture inserts (1.0 um of polyethylene terephthalate; MCRPO6,
MCRP12; Millipore). Pre-adipocytes were either seeded (coculture)
or not seeded (monoculture; control) into hanging inserts and
induced to differentiation for 9 to 11 days. At differentiation,
WM3682 cells were seeded into the lower compartment of the tran-
swell, and the cells were cocultured for 5 days in nutrition medium.
For reverse coculture analysis, the hanging inserts, containing adipo-
cytes, were removed after 5 days of coculture, medium was replaced
to unconditioned medium, and cells were allowed to grow for an
additional 5 days. Cells were trypsinized to maintain 70% confluency.
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For assays with adipocyte-conditioned medium, medium from cul-
ture of differentiated adipocytes was replaced 8 days after differen-
tiation induction, and after an additional 2 to 3 days, supernatants
were collected on ice. Cells and cellular debris were excluded from
the medium by centrifugation at 12,000 rpm for 5 min.

Invasion assays

Melanoma cells (5 x 10*) were seeded in duplicate in serum-free
DMEM into an 8-um pore Transwell membrane (Corning) coated
with Matrigel (BD Biosciences). Invasion analysis was performed as
previously described (13). Images of fixed cells from the invasion
chambers were taken using an Olympus IX81 microscope and the
cellSens Dimension software. In all assays, three fields per insert
were photographed. The number of invaded cells was normalized to
the number of total seeded cells.

Quantification of IL-6

IL-6 was quantified in adipocyte-conditioned medium using the
Quantikine ELISA Kit (R&D Systems) according to the manufac-
turer’s instructions.

Immunofluorescence

Cells were seeded onto glass slides. After 24 hours, the cells were
fixed with 4% paraformaldehyde for 10 min at room temperature,
permeabilized with 0.1% Triton X-100, and incubated with 5%
bovine serum albumin. The cells were stained with SMAD4 (1:50,
D3R4N; Cell Signaling Technology) for 2 hours at room temperature
followed by incubation with Alexa Fluor 488-conjugated secondary
antibody (1:1000, Invitrogen) or with Ki67 Alexa Fluor 488-conjugated
antibody (1:100, D3B5; Cell Signaling Technology) for 2 hours at
room temperature. Nuclei were labeled with 4',6-diamidino-2-
phenylindole (DAPI; Vector Laboratories). Staining was analyzed
using an Olympus IX81 fluorescence microscope and the cellSens
Dimension software.

Plasmids and site-directed mutagenesis

For construction of miR-211 and scrambled control, expression
vectors, miR-211, and scrambled sequences were cloned into modi-
fied PLKO.1 vector containing a cassette coding for luciferase,
mCherry, and puromycin as previously described (13). The TGF-B-
responsive luciferase construct and TGFBR1 expression plasmid were
provided by Y. Henis (Neurobiology Department, The George S. Wise
Faculty of Life Sciences, Tel Aviv University). pcDNA3-MITF was
described in previous publications (75). The plasmid containing
luciferase fused to the TGFBR1 3’ UTR was a gift from E. Galun
(The Goldyne Savad Institute of Gene Therapy, Hadassah University
Hospital, Jerusalem). Site-directed mutagenesis was performed on the
miR-211 binding sites in the TGFBR1 3’ UTR using the QuikChange
method (Stratagene) according to the supplier’s protocols. Primer
sequences for site-directed mutagenesis are listed in table S2.

Transfection and luciferase reporter assay

For establishment of stable cell lines, WM3314 and WM1716 cells
were transfected with PLKO.1-miR-211 or PLKO.1-scrambled con-
trol vectors using jetPEI kit (Polyplus-transfection) according to the
manufacturer’s instructions. For luciferase assays, 1 ug of reporter
plasmid (TGF-B-responsive reporter, TGFBRI 3’ UTR reporter,
mutated TGFBRI 3’ UTR reporter, or MITF reporter) was cotrans-
fected into cells with 40 ng of Renilla control plasmid using jetPEI
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(Polyplus-transfection). At 48 hours after transfection, luciferase
assays were performed using the Dual Luciferase Kit (Promega)
according to the manufacturer’s reccommendations. For data shown
in Fig. 5 (M and N), cells were transfected first with oligonucleotides,
and then at 24 hours after transfection, the cells were transfected
again with oligonucleotides and luciferase reporter plasmids. Luciferase
assays were performed 24 hours after reporter plasmid transfection.

Western blot analyses

Equal amounts of extracted proteins (20 to 40 p1g) were resolved on
10% SDS-polyacrylamide gel electrophoresis gels, and the proteins
were transferred to nitrocellulose membranes (Whatman). The mem-
branes were incubated with TGFBR1 (1:1000, 3712; Cell Signaling
Technology), SMAD?2 (1:1000, 3102; Cell Signaling Technology),
PSMAD2 Ser**** (1:1000, 138D4; Cell Signaling Technology), SMAD4
(1:1000, 46535; Cell Signaling Technology), and B-actin (1:5000,
3700; Cell Signaling Technology) or B-tubulin (1:5000, 2146; Cell
Signaling Technology) followed by incubation with appropriate
horseradish peroxidase-conjugated antibodies at room temperature
for 1 hour. Proteins were detected by an enhanced chemilumines-
cence solution (Thermo Fisher Scientific).

Wound scratch assay/migration assay

WM3682 melanoma cells were cocultured or treated with adipocyte-
conditioned medium in six-well plates for 3 days. At confluency,
the monolayer was wounded by scratching with a plastic pipette tip
to create an about 450-um-diameter strip. Images of wound closure
were taken at 0, 19, 24, and 42 hours using an Olympus IX81 micro-
scope and cellSens Dimension software and were analyzed by
Image] software. Percentage of migration area was calculated by
dividing the healed area by the wounded area. Five scratch areas per
sample were analyzed.

Oil red O staining

Lipid droplets were stained as previously described (76). Cells were
fixed with 4% paraformaldehyde at room temperature for 20 min,
incubated with 60% isopropanol at room temperature for 5 min, and
stained with 0.3% oil red O (01391, Sigma-Aldrich) at room tem-
perature for 20 min. After staining, cells were counterstained with
Harris hematoxylin solution (HHS16; Sigma-Aldrich) for 45 s. Lipid
droplets were photographed using an Olympus BX61 microscope.

Cell cycle analysis by flow cytometry

Cells were synchronized by serum starvation for 18 hours and then
released for 10 hours. Cells (1 x 10° cells per sample) were fixed in
cold 70% ethanol at 4°C overnight and permeabilized with 0.1%
Triton X-100. To analyze DNA content, samples were treated with
propidium iodide (0.05 mg/ml) (P4170; Sigma-Aldrich) and RNase
A (ribonuclease A) solution (0.1 mg/ml) (R4642; Sigma-Aldrich)
at room temperature for 30 min and were analyzed immediately
by flow cytometry using a BD FACSCalibur flow cytometer. Data
were gated by using Kaluza analysis software.

XTT cell proliferation assay

Aliquots of 2 x 10° WM3682 cells were seeded into 96-well plate in
duplicate. Cell proliferation was determined every 24 hours for a period
of 4 days, unless indicated differently, using the XTT Cell Proliferation
Kit (Biological Industries) according to the manufacturer’s instruc-
tions. Absorbance intensity was normalized to samples at time 0.
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Mice and histopathology analysis

Animal experiments were approved by the University of Tel Aviv
Institutional Animal Care and Use Committee (M-11-053). WM3314
or WM1716 cells stably expressing the firefly luciferase reporter and
miR-211 or scrambled control were mixed 1:1 with Matrigel (356231,
BD Biosciences) and subcutaneously injected into 10-week-old
NOD-SCID-IL2y null mice (The Jackson Laboratory). Biolumines-
cence intensities of luciferase-expressing cells in mice were quanti-
fied at 29, 35, 41, 49, 56, 63, and 70 days after injection using an IVIS
Spectrum system (Caliper Life Sciences, PerkinElmer). Mice were
injected with 150 pl of p-luciferin (Promega) and then gas-anesthetized
with isoflurane. A total of 20 mice were used. For ex vivo experiments,
mice were sacrificed at 6 to 10 weeks after xenografting. Local xeno-
grafts, lungs, and livers were surgically removed and individually
imaged. Regions of interest from displayed images were quantified
as photons per second (p/s). Internal organs were fixed with 10%
formalin and were paraffin-embedded followed by hematoxylin
(HHS16, Sigma-Aldrich) and eosin (HT110232, Sigma-Aldrich)
staining according to the manufacturer’s instruction.

Human samples and histopathology analysis

Human melanoma specimens were from the Sheba Medical Center
(Helsinki ethical approval Smc-8333-10) and the Wolfson Medical
Center (Helsinki ethical approval 0015-16-WOMC). Melanoma
margins were determined by pathologists. The distance between the
epidermis (stratum corneum) and the dermal adipocytes was measured
using the ruler tool in the Aperio ImageScope software (unit: um) at
five random places throughout the tissue section, and these distances
were averaged. Melanocytic nest numbers and sizes (in um?) were cal-
culated by analysis of Melan- A-stained patient samples within a 6-mm
range. H&E staining was conducted as described in the previous sec-
tion. Immunostaining was performed as previously described (14). In
brief, slides were incubated, according to the manufacturer’s instruc-
tions, with FSP1 (ab27957, Abcam), perilipinl (ab61682, Abcam), IL-6
(ab6672, Abcam), HMB45 (ab732, Abcam or Dako), MART-1/
Melan-A (A103, BioSB), and S100 (ab52642, Abcam) antibodies,
followed by incubating with the associated fluorophore-conjugated
secondary antibodies: Alexa Fluor 488 (A11055, Invitrogen), Alexa
Fluor 594 (8889, Cell Signaling), Alexa Fluor 594 (A21203, Invitrogen),
or Alexa Fluor 647 (A31571, Invitrogen). Images were obtained at x4,
x10, and x20 magnification using fluorescence microscopy (Nikon).

mRNA profiling analysis

Total RNA from WM3682 melanoma cells that were monocultured
or cocultured with adipocytes was extracted using TRIzol (Invitrogen).
RNA quality was analyzed on Bioanalyzer, and RNA concentrations
were determined with NanoDrop. Single-stranded cDNA was gener-
ated from the amplified complementary RNA (cRNA) with the WT
cDNA Synthesis Kit (Affymetrix) and then fragmented and labeled
with the WT Terminal Labeling Kit (Affymetrix). Samples were
hybridized with Clarioum S Human Arrays (Affymetrix) and scanned
at the Hebrew University Microarray Core Facility. Array scanning
was performed according to the manufacturer’s instructions. Raw
data were processed using Transcriptome Analysis Console (Thermo
Fisher Scientific).

Proliferation and invasion gene signature analysis
Log fold ratio of the two genes sets (7) was used after excluding all
genes with log fold change of less than 25%. P values based on two-

sided Wilcoxon rank sum test that the two distributions are differ-
ent were calculated using R version 3.5.1.

Signaling pathway analysis for WM1716 P value calculations
The probability that a given pathway with certain mean up- and
down-regulated genes would be identified by chance was calculated
using simulations as follows: The up- or down-regulation was rep-
resented as a mean log fold ratio and was calculated separately for
each pathway after noise filtering (genes with fold change of less
than 0.25 were not considered; other thresholds resulted in the
same trend). In cases where multiple probes existed for a gene, their
average were taken. P values were determined after 5000 repeated
calculations of the same measurements of mean log fold ratios for
each pathway after shuffling all genes in the pathways in the analysis
while keeping pathway size and gene expression distributions intact.
The fraction of times the mean log fold change of the down-regulated
genes exceeded that of the down-regulated genes in a pathway was
considered the P value of down-regulation. P values for up-regulated
genes were calculated in the same manner, and the P values for both
pathways were the joint probability. KEGG pathway genes were
downloaded using the package “EnrichmentBrowser” version
2.10.6 (77).

Gene expression analysis

CEL files (annotation: pd.hugene.1.1.st.v1) for data from WM1716
cells were processed in R version 3.5.1 using the package “oligo”
version 1.44.0 (78) with default parameters. Differential expression
was calculated by the log (base 2) fold ratio of control to transfected
samples after the exclusion of genes with expression of less than 6
(log 2 base).

Gene set enrichment analysis

GSEA for WM1716 cell data was done using GSEA v3.0 (79) from
the Broad Institute using c2.cp.kegg.v6.2.symbols gene sets, permu-
tation type “gene set,” and all the other parameters as default. False
discovery rate of 25% was considered for significance.

Kaplan-Meier analysis

The information analyzed was taken from the Cancer Genome
Atlas database, which contains data on 550 patients with melanoma.
These data were generated by the TCGA Research Network (http://
cancergenome.nih.gov/). The Kaplan-Meier graph was generated
by using the “survival” tab of cBioPortal for Cancer Genomics (56).
Patients were divided into two groups: with and without amplifica-
tions of IL6R mRNA.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/12/591/eaav6847/DC1

Fig. S1. Subcutaneous adipocytes are observed in proximity to in situ melanoma.

Fig. S2. Subcutaneous adipocytes approximate to in situ melanoma correlate with advanced
disease.

Fig. S3. Adipocytes drive melanoma plasticity in a reversible manner by miR-211 repression.
Fig. S4. Adipocytes decrease miR-211 expression through secretion of IL-6 and TNF-o.

Fig. S5. miR-211 attenuates TGF-B signaling and reduces melanoma sensitivity to TGF-p.
Table S1. Characteristics of melanoma cell lines.

Table S2. Sequence data for oligonucleotides.

Data file S1. Differentially expressed miRNAs in melanoma upon coculture with adipocytes.
Data file S2. Gene set enrichment upon miR-211 expression in melanoma.

Data file S3. Pathway enrichment upon miR-211 expression in melanoma.

Data file S4. Venn diagram data.
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Ninety-seven percent of drug-indication pairs that are tested in clinical trials in oncology never advance to receive
U.S. Food and Drug Administration approval. While lack of efficacy and dose-limiting toxicities are the most common
causes of trial failure, the reason(s) why so many new drugs encounter these problems is not well understood.
Using CRISPR-Cas9 mutagenesis, we investigated a set of cancer drugs and drug targets in various stages of clini-
cal testing. We show that—contrary to previous reports obtained predominantly with RNA interference and
small-molecule inhibitors—the proteins ostensibly targeted by these drugs are nonessential for cancer cell prolif-
eration. Moreover, the efficacy of each drug that we tested was unaffected by the loss of its putative target, indi-
cating that these compounds kill cells via off-target effects. By applying a genetic target-deconvolution strategy,
we found that the mischaracterized anticancer agent OTS964 is actually a potent inhibitor of the cyclin-dependent
kinase CDK11 and that multiple cancer types are addicted to CDK11 expression. We suggest that stringent genetic
validation of the mechanism of action of cancer drugs in the preclinical setting may decrease the number of therapies

tested in human patients that fail to provide any clinical benefit.

INTRODUCTION

Substantial progress has been made in the treatment of certain malig-
nancies by targeting cancer “addictions” or genetic dependencies
that encode proteins required for the survival and/or proliferation
of cancer cells (1). Therapeutic agents that block the function of a
cancer dependency—such as the kinase inhibitor lapatinib in HER2"
breast cancer—can trigger apoptosis and durable tumor regression
(2). Discovering and characterizing druggable cancer dependencies
are key goals of preclinical research.

While screening cancer drug targets, we found that maternal
embryonic leucine zipper kinase (MELK), a protein previously re-
ported to be essential in multiple cancer types, could be eliminated
using CRISPR-mediated gene editing without any detectable loss in
cancer cell fitness (3, 4). In addition, we demonstrated that OTS167,
a small-molecule inhibitor of MELK undergoing phase 2 clinical
trials, continued to kill MELK-knockout (KO) cancer cells with no
decrease in potency. These findings suggested that a drug tested in
human cancer patients had been designed to target a nonessential
cellular protein and that its putative inhibitor killed cells by inter-
acting with proteins other than its reported target. We hypothesized
that problems in drug development and inhibitor validation, as
exemplified by MELK and OTS167, could potentially contribute to
the high failure rate of new cancer therapies. In particular, drugs
that target superfluous proteins may display limited efficacy in human
patients, and if these drugs are active only via off-target effects, then
this could potentially contribute to patient toxicity. Moreover,
clinical trials that use a biomarker to select patients for trial in-
clusion are about twice as likely to succeed as those without one
(5). Misidentifying a drug’s mechanism of action (MOA) could
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hamper efforts to uncover a biomarker capable of predicting
therapeutic responses, further decreasing the success rate of clinical
trials. To test whether other cancer drugs had similarly been de-
signed against nonessential targets or had been assigned an incorrect
MOA, we set out to systematically analyze multiple cancer drugs and
drug targets that have entered clinical trials or are in late-stage pre-
clinical development.

RESULTS

CRISPR competition assays to investigate several putative
cancer dependencies

Based on an analysis of the literature, we chose drug targets that
met several criteria (described in detail in Materials and Methods).
Notably, we selected drug targets that had been reported to play a
cell-autonomous role in cancer growth, such that their loss or inhi-
bition was reportedly sufficient to block cancer cell proliferation. In
addition, we selected drug targets that lacked a known mutation
capable of conferring resistance to their targeted inhibitors, which
we hypothesized represents the gold standard for proving a drug’s
MOA. We identified 10 cancer drugs targeting six proteins that met
these criteria (Table 1). Five of these proteins are reported to repre-
sent cancer dependencies (HDAC6, MAPK14/p38a, PAK4, PBK,
and PIM1) (6-15). One protein (CASP3/caspase-3) is reported to
induce apoptosis when activated by a small molecule (16, 17) and is
discussed separately. Among the putative dependencies, over 180
different publications indicate that they are required for cancer cell
proliferation or fitness (listed in data file S1). For each of these genes,
the majority of evidence supporting their designation as cancer
dependencies comes from RNA interference (RNAI) studies, in which
small interfering RNA (siRNA)- or short hairpin RNA (shRNA)-
mediated knockdown was reported to impair cancer cell fitness. In
addition, each protein is targeted by one or more small-molecule
drugs, which have been described to exhibit potent cell killing
in vitro and in vivo. On the basis of these preclinical results, the
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Table 1. Anticancer drugs and drug targets.

Target Drug No. of cancer clinical trials
1541B Preclinical
CASP3 ......................................................................................
PAC-1 3
Citarinostat 5
HDAC6 ......................................................................................
Ricolinostat 10
Ralimetinib 5
MAPKTA (D38G) oo
SCIO-469 3
PAK4 PF-03758309 1
OTS514 Preclinical
PBK (TOPK) ......................................................................................
0TS964 Preclinical
PIM1 SGI-1776 2

drugs listed in Table 1 have been used in at least 29 different clinical
trials, with an estimated enrollment of more than 1000 patients.

We first set out to validate the role of the putative dependencies
targeted by these drugs in cancer cell fitness. To accomplish this, we
applied a CRISPR-Cas9-based cell competition assay, in which
cancer cells are infected at a low multiplicity of infection with green
fluorescent protein (GFP)-expressing guide RNA (gRNA) vectors
targeting a gene of interest (Fig. 1A) (18). If a CRISPR-induced
mutation reduces cell fitness, then the untransduced cells within a
population should outcompete the gRNA-expressing cells, and the
fraction of GFP™ cells should decrease over time. To verify this
approach, we designed gRNAs against pan-essential genes and against
several confirmed cancer drug targets. In breast cancer, colorectal
cancer, lung cancer, and melanoma cell lines, guides targeting the
essential replication proteins RPA3 and proliferating cell nuclear
antigen (PCNA) dropped out up to 100-fold, and guides targeting
the validated pan-cancer dependencies Aurora A, Aurora B, and
ERCC3 exhibited similar levels of depletion (Fig. 1B). Mutations in
Aurora A (19), Aurora B (20), and ERCC3 (21) confer resistance
to the cytotoxic agents MLN8054, ZM447439, and triptolide, respec-
tively, thereby providing genetic evidence that they are required for
cancer cell growth. In contrast, gRNAs targeting the nonessential
Rosa26 and AAVSI loci exhibited minimal dropout over five passages
in culture. These GFP competition assays were also capable of iden-
tifying cell type-specific dependencies: Guides targeting the onco-
genic kinase BRAF dropped out in a BRAF-mutant melanoma cell
line but not a BRAF-wild-type (WT) colorectal cancer line, whereas
guides targeting the gene encoding the estrogen receptor (ESR1)
dropped out in an ER-positive breast cancer line but not in a triple-
negative breast cancer line (Fig. 1C). We concluded that our CRISPR
dropout assay can robustly identify both pan-essential and cancer
type-specific genetic dependencies.

We next designed gRNAs against the reported cancer dependen-
cies HDAC6, MAPK14 (p380), PAK4, PBK, and PIM1. To maximize
the likelihood that a CRISPR-induced mutation results in a non-
functional allele, guides were designed to target exons that encode
key functional domains within a protein (fig. S1A) (18). We used
Western blotting to verify that each guide resulted in strong protein
depletion in four separate cell lines (Fig. 1D and fig. S1B), and we
then further confirmed target ablation by performing a second set
of Western blots with a different antibody that recognizes a distinct
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protein epitope (fig. S1C). Next, we conducted GFP competition
assays in 32 cell lines from 12 different cancer types, which included
multiple cell lines in which each gene had previously been reported to
be essential (data file S1). In each experiment, four gRNAs targeting
Rosa26 and AAVSI were used as negative controls, whereas four
gRNAs targeting PCNA and RPA3 were used as positive controls.
These positive control guides dropped out between ~10- and ~200-
fold over five passages in culture, whereas the negative control
guides consistently exhibited <2.5-fold dropout. The variation in
positive control dropout rates likely reflects cellular differences in
Cas9 expression, proliferation, and the spectrum of indel mutations
produced by the gRNA. Notably, all guides targeting HDACS,
MAPK14, PAK4, PBK, and PIM1 failed to drop out in every cell line
that we tested (Fig. 1E, fig. S2, and data file S2). For instance, HDAC6
has been reported to be a genetic dependency in ARIDIA-mutant
ovarian cancer (6). However, in ARIDIA-mutant ovarian cancer
cell lines A2780, OVK18, OVTOKO, and TOV-21G, HDAC6-
targeting guides failed to deplete above background levels. Similarly,
PIM1 has been reported to be a genetic dependency in triple-negative
breast cancer (14, 15), but PIM1-targeting guides were not depleted
in any of the seven triple-negative breast cancer cell lines that we
tested (data file S2). These results called into question whether these
putative drug targets are required for cancer cell growth.

Generation and analysis of CRISPR-derived KO clones
To further test the essentiality of these genes in cancer, we derived
clones harboring CRISPR-induced KOs in each gene in multiple
cancer types. All five genes were knocked out in the triple-negative
breast cancer cell line MDA-MB-231 and the melanoma cell line
A375. HDAC6, MAPK14, PBK, and PIM1 were knocked out in the
colorectal cancer cell line DLD1, whereas PAK4 was knocked out in
the colorectal cancer cell line HCT116, because it has previously
been reported that PAK4 is not a dependency in DLD1 (11). To
minimize the possibility that downstream translational initiation or
alternative splicing bypasses the effect of a single CRISPR-induced
mutation, clones were made by cotransducing cancer cells with
guides that targeted two different exons in a gene of interest (Fig. 2A
and fig. S1A). Complete target ablation was then verified by Western
blotting using two antibodies that recognized distinct protein epi-
topes (Fig. 2B and figs. S3 to S5A). We next compared these KO
clones to control clones transduced with guides targeting Rosa26 or
AAVSI. As a positive control, we confirmed that knocking out the
verified drug target MEK1 decreased proliferative capacity in A375
clones (fig. S4). However, we found that clones lacking each putative
genetic dependency listed in Table 1 proliferated at levels that were
indistinguishable from control A375, DLD1, and HCT116 cancer
cells (Fig. 2C). For instance, PAK4-KO melanoma cells underwent
an average of 20.3 population doublings over the course of 15 days in
culture, compared to 19.9 doublings for the Rosa26 gRNA-transduced
clones. To test whether these genes were dispensable for cell division
but required for growth in other environments, we also seeded the
KO clones in soft agar and assessed their ability to grow in anchorage-
independent conditions. Although MEK1-KO clones formed fewer
colonies in soft agar (fig. S4E), every HDAC6, MAPK14, PAK4,
PBK, and PIM1 KO exhibited WT rates of colony formation, further
verifying that these genes are not required for cancer cell fitness
(Fig. 2, D and E).

Consistent with previously reported results, Rosa26 and AAVSI
control clones derived from MDA-MB-231 cell populations exhibited
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Fig. 1. Cell competition assays to test the essentiality of putative cancer dependencies. (A) Schematic of the CRISPR-based cell competition assays used in this paper
(18). (B) Cell competition assays comparing guides targeting AAVST and ROSA26 (nonessential, negative control genes), RPA3 and PCNA (pan-essential positive control
proteins), and Aurora A, Aurora B, and ERCC3 (inhibitor-validated cancer dependencies). Full results from these competition experiments are included in data file S2. (C) Cell
competition assays for the cell type-specific cancer dependencies BRAF and ESR1. (D) Western blot analysis of A375 populations transduced with the indicated gRNAs.
(E) Cell competition assays with gRNAs targeting HDAC6, MAPK14, PAK4, PBK, or PIM1 in four different cancer cell lines.

some variability in proliferative capacity (3, 4, 22). By analyzing a
total of 12 single cell-derived control clones, we established a range of
doubling times in which WT MDA-MB-231 cells can divide (fig. S5B).
Every HDAC6, MAPK14, PAK4, PBK, and PIM1 KO clone prolif-
erated at a comparable rate to these control clones (fig. S5C). All KO
clones were also capable of forming colonies in soft agar at rates
comparable to the control clones, further verifying that these putative
dependencies are nonessential in breast cancer (fig. S5D).

Lack of homolog up-regulation in KO clones

Null mutations caused by CRISPR may trigger a different cellular
response than RNAi-induced gene repression, potentially contributing
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to the discrepancies between our results and those that had previ-
ously been reported. In particular, a recent study suggested that
CRISPR-induced nonsense mutations can trigger the up-regulation
of the homologs of a targeted gene, potentially compensating for the
effects of the lesion (23). We assessed the expression of the closest
homologs of HDAC6, MAPK14, PAK4, PBK, and PIM1 in 33 dif-
ferent KO clones that we generated, but we observed no consistent
up-regulation of any target homolog (fig. S6). In addition, we analyzed
RNA sequencing (RNA-seq) data from 10 published experiments in
gene-edited cancer cells from other laboratories and similarly failed
to detect consistent evidence for the up-regulation of target gene
homologs (fig. S7). In several experiments, we found that the homologs
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Fig. 2. Generating and analyzing single cell-derived KO clones of putative cancer dependencies. (A) Schematic of the two-guide strategy used to generate clonal
KO cell lines. (B) Western blot analysis of single cell-derived A375 KO clones. ab, antibody. (C) Proliferation assays for HDAC6, MAPK14, PAK4, PBK, and PIM1 KO clones.

(D) Representative images of A375 and DLD1 Rosa26 or MAPK14-KO clones grown in
A375,DLD1, and HCT116 clones. Boxes represent the 25th, 50th, and 75th percentiles
each assay, colonies were counted in at least 15 fields under a 10x objective.

of the targeted gene were down-regulated. These results suggest that
homolog up-regulation is not a common consequence of CRISPR
mutagenesis in human cancer cells and that compensatory homolog
overexpression is unlikely to explain the lack of a detectable growth
defect in the CRISPR clones that we have analyzed.
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soft agar. Scale bar, 2 mm. (E) Quantification of colony formation in control or KO
of colonies per field, and the whiskers represent the 10th and 90th percentiles. For

Assessing putative cancer dependencies in whole-genome
CRISPR and RNAi screens

Cell lines can exhibit interlaboratory variability that affects their
response to different genetic and chemical perturbations (24). In addi-
tion, although we chose cancer types to study based on the dependency
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patterns reportedly exhibited by each gene (data file S1), it remained
possible that these genes represent dependencies in a cancer lineage
not included among the 32 cell lines that we studied. To test this
possibility and to assess whether unique or nonrepresentative
features of the cell lines used in our laboratory contributed to our
discrepant results, we reanalyzed genetic dependency data from
whole-genome CRISPR screens conducted in 485 cancer cell lines
(fig. S8A). These screens consistently identified both pan-cancer
and cell type-specific genetic dependencies (for example, Aurora B,
BRAF, and PIK3CA; fig. S8, B and C). However, in accordance with
our earlier results, these experiments also indicated that our chosen
dependencies were fully dispensable for cancer cell fitness (fig. S8, A
to C). For instance, MAPK14/p38a. has previously been reported to
be essential in breast cancer (9), but CRISPR screens conducted in 26
different breast cancer cell lines corroborate that its loss is tolerated
without a substantial fitness defect (fig. S8D). Notably, we also rean-
alyzed 712 genome-wide shRNA screens, and these knockdown
experiments similarly failed to identify HDAC6, MAPK14, PAK4,
PBK, or PIMI as cancer-essential genes (fig. S8, E to G). In total,
these results indicate that our findings are unlikely to be explained by
nonrepresentative features of the cell lines studied in our laboratory,
by differences between partial and complete loss-of-function pertur-
bations, or by these genes functioning as genetic dependencies only
in certain cancer types. Instead, our data suggest that multiple genes
targeted in cancer clinical trials are, in fact, fully dispensable for
cancer cell growth.

Knocking down putative cancer dependencies

with CRISPR interference

To further investigate whether differences between partial and
complete loss-of-function perturbations could explain our discrepant
results, we next performed competition experiments using the
CRISPR interference (CRISPRi) system. In this approach, catalytically
inactive Cas9 is fused to a transcriptional repressor and targeted to
a gene’s promoter, resulting in down-regulation of gene expression
without the generation of a complete loss of function-inducing
frameshift mutation (25). We designed three gRNAs that recognized
HDAC6, MAPK14, PAK4, PBK, and PIM1 and verified that these
constructs blocked the expression of their targets (fig. SOA). We
then conducted competition experiments in four different cell lines,
and we found that gRNAs targeting the essential replication protein
MCM2 exhibited ~10- to ~20-fold dropout, whereas gRNAs targeting
HDAC6, MAPK14, PAK4, PBK, and PIM1 failed to deplete (fig. S9B).
These assays further verify that our results cannot be explained by
the existence of different cellular responses to partial and complete
loss-of-function alterations.

Assessing the sensitivity of target-KO clones

to chemotherapy agents undergoing combination

clinical trials

Several of the proteins listed in Table 1 are currently undergoing
combination clinical trials using their targeted inhibitors together
with other chemotherapy agents. It is conceivable that a protein
could be nonessential under normal conditions but that its loss
sensitizes cells to specific chemotherapies. For instance, HDACS is
capable of deacetylating microtubules (26), and HDACS6 inhibition
has been reported to render cells vulnerable to drugs that interfere
with microtubule dynamics (27). As a result of this preclinical work,
two clinical trials are combining HDAC6 inhibitors with the micro-
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tubule stabilizer paclitaxel (NCT02632071 and NCT02661815). We
therefore tested whether the KO clones that we had generated were
sensitive to various chemotherapy agents (fig. S10, A to C). In con-
trast to previous results, loss of HDACS6 failed to sensitize cells to
paclitaxel or to four other anticancer drugs (fig. SI0A). Similarly,
p38a inhibitors have been clinically applied in combination
with bortezomib, gemcitabine, carboplatin, and temozolomide
(NCT00087867, NCT00095680, NCT01663857, and NCT02364206),
but MAPK14/p38a KO clones in multiple cell lines were as sensitive
to these agents as Rosa26 control clones (fig. S10B). These results
suggest that, in addition to being nonessential, these putative drug
targets do not affect sensitivity to several chemotherapy agents that
have been tested in combination trials.

Assessing RNAi promiscuity as a cause

of the misidentification of cancer dependencies

If these genes do not drive cancer growth or chemotherapy resist-
ance, then why have inhibitors targeting the proteins that they
encode been tested in human patients with cancer? A review of the
literature indicates that each of these genes has been described to be
essential on the basis of RNAi-induced knockdown phenotypes
(data file S1). Off-target toxicity has been reported to be a common
problem in the design and interpretation of RNAi-based experi-
ments (28-30), although the impact of these issues on the therapeutic
development pipeline is not known. We acquired four different
RNAi constructs that were used in these prior studies and then tested
their effects on the clones that we had generated. Although we were
able to confirm that each construct decreased the expression of its
putative target, we also found that these constructs impaired prolif-
eration in both WT clones and clones in which the construct’s target
had been knocked out (fig. S11, A to C). For example, a recent report
found that PAK4-targeting siRNAs blocked cell division in HCT116
colon cancer cells and concluded that PAK4 was a genetic depen-
dency in this cell line (31). However, we found that these same siRNAs
induced an equivalent decrease in proliferation in both HCT116
PAK4-KO and HCT116 Rosa26 clones, suggesting that their effects
on growth are a consequence of off-target toxicity (fig. S11A).
Similarly, while knocking down PIM1 has been reported to block
proliferation in the MDA-MB-231 breast cancer cell line (15), this
construct had the same effect in MDA-MB-231 PIM1-KO cells
(fig. S11B). Our results therefore suggest that these drug targets
have advanced to clinical testing due, at least in part, to promiscuous
RNAI constructs.

Assessing the specificity of cancer drugs

undergoing clinical trials

Off-target toxicity from small-molecule drugs can cause dangerous
side effects and is a major cause of clinical trial failure (32, 33). Our
results suggested that the drugs listed in Table 1 were designed to
target nonessential cellular proteins, raising the possibility that the
anticancer effects of these drugs could be due to off-target interac-
tions. We therefore sought to apply CRISPR to differentiate between
the on- and off-target effects of each clinical cancer drug. First, we
confirmed that CRISPR could be used to verify the MOA for several
genetically validated therapies. The natural product rapamycin is
reported to bind to the prolyl isomerase FKBP12, and this complex
inhibits the essential mMTOR (mammalian target of rapamycin) kinase
(fig. S12A) (34, 35). We knocked out FKBP12 using CRISPR, and
we verified that these KO clones exhibited increased resistance
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to rapamycin treatment (fig. S12, B and C). Similarly, knocking out
p53 conferred resistance to the experimental p53-activating drug
nutlin-3a (fig. S12, D to F). Last, we sought to test whether CRISPR
could be used to validate a published resistance-granting point
mutation. We used CRISPR-mediated homology-directed repair
(HDR) to introduce a missense mutation into the kinase domain of
the essential mitotic kinase MPS1, and we verified that this substi-
tution was capable of granting resistance to the small-molecule
MPS1 inhibitor AZ3146 (fig. S12, G to I) (36). Thus, CRISPR-derived
KO and knock-in cell lines can be used to validate on-target drug
activity.

Next, we applied CRISPR to interrogate the MOA of two caspase-3
activating compounds: PAC-1 and 1541B. These drugs are reported to
function by catalyzing the conversion of caspase-3 from its inactive,
procaspase state to its active, cleaved form, thereby causing cellular
apoptosis (fig. S13A) (16, 17). Currently, PAC-1 is undergoing three
different clinical trials in patients with cancer (NCT02355535,
NCT03332355, and NCT03927248). We knocked out the CASP3 gene
in four different cell lines and then verified protein ablation using two
different antibodies (Fig. 3A and fig. S13). However, these CASP3-KO
lines exhibited identical sensitivity to PAC-1 and 1541B compared
with Rosa26 controls (Fig. 3B and fig. S13, D and F). These results
suggest that a putative caspase-3 activator undergoing clinical trials
actually kills cancer cells in a caspase-3-independent manner.

We next tested each putative HDAC6, MAPK14, PAK4, PBK,
and PIM1 inhibitor in control and KO clones. If these drugs act by
specifically inhibiting their reported targets, then cancer cells that
totally lack the expression of their targets would be expected to be
resistant to these drugs’ effects. In contrast, if a drug kills cells in
which its reported target has been knocked out, then this drug
necessarily kills cells by affecting another protein or proteins. In every
instance that we tested, cancer cells in which HDAC6, MAPK14,
PAK4, PBK, or PIM1 had been knocked out exhibited WT sensitivity
to their putative targeted inhibitors (Fig. 3 and fig. S14, A and B).
For example, we found that the PAK4 inhibitor PF-3758309 blocked
the growth of both Rosa26 and PAK4-KO melanoma cells with a
Gls value of ~9 nM (Fig. 3G). Given that this drug is fully capable of
killing cells in which its putative target has been deleted, the ability
of PF-3758309 to block cancer cell growth must be through an
off-target effect. To further interrogate whether the drugs studied in
this manuscript could exhibit an on-target MOA in an additional
genetic background, we knocked out HDAC6 in TOV-21G cells, an
ARIDIA-mutant ovarian cancer cell line in which this gene has
been reported to be a dependency (fig. S15A) (6). However, TOV-21G
HDACS6-KO cells exhibited WT fitness in vitro and in soft agar
(fig. S15, B and C), and these cells remained sensitive to citarinostat
and ricolinostat, two putative HDAC6 inhibitors in clinical trials
(fig. S15D). In total, all 10 different anticancer agents targeting
CASP3, HDAC6, MAPK14, PAK4, PBK, or PIM1 exhibited clear
evidence of target-independent cell killing in every KO cell line that
we examined.

Last, we applied these putative inhibitors to investigate several
combination chemotherapy trials. As described above, HDAC6
inhibitors are currently undergoing testing in cancer patients along
with paclitaxel, and p38a inhibitors have also been combined with
several different therapeutic agents. We verified that cotreatment
with a targeted inhibitor and a second agent generally caused a
greater decrease in cancer cell viability than either agent alone
(fig. S14B). However, this synthetic enhancement was observed in

www.SCIENCETRANSLATIONALMEDICINE.org

both Rosa26 and target-KO clones, suggesting that these additive
effects are also due to an off-target interaction.

Discovering the true target of 0TS964

If these clinical anticancer therapies do not kill cells by inhibiting
their reported targets, then how do they block cancer growth? We
note that, although the MOA of each drug has previously been char-
acterized using biochemical and biophysical approaches, there is
little genetic evidence linking each drug to its reported target.
We hypothesized that an alternative genetic methodology could shed
light on the true target of a therapeutic agent whose MOA was in
question.

For this work, we chose to focus on the putative PBK inhibitor
OTS964, because it exhibited nanomolar potency in multiple cancer
types and our CRISPR experiments had provided clear evidence
that PBK was not required for cell proliferation. Moreover, OTS964
has been reported to affect mitotic progression (13), and antimitotic
drugs have been historically proven to be highly successful anticancer
agents (37). To identify mutations that conferred resistance to OTS964,
we used HCT116 colorectal cancer cells, which harbor an increased
mutation rate caused by a defect in mismatch repair (38). We cul-
tured HCT116 cells in the presence of a lethal concentration of
OTS964 and successfully isolated 12 clones that were capable of
growing under these conditions (Fig. 4A). We found that these
clones exhibited stable resistance to OTS964, as they failed to revert
to OTS964 sensitivity after prolonged growth in normal medium
(fig. S16A). Cancer cells commonly acquire chemotherapy resistance
by amplifying the P-glycoprotein drug efflux pump (39). However,
the OTS964-resistant clones remained sensitive to paclitaxel, a
verified P-glycoprotein substrate, suggesting that they had not
acquired a multidrug resistance phenotype (fig. S16B) (40). These
experiments indicated that our drug-resistant clones could harbor a
mutation or mutations that specifically altered OTS964 sensitivity.

To identify genetic alterations capable of conferring OTS964
resistance, we subjected 10 OTS964-resistant clones, 1 Rosa26 control
clone, and the parental cell population to whole-exome sequencing
(WES). Notably, all 10 resistant clones were found to harbor hetero-
zygous missense mutations in the poorly characterized cyclin-
dependent kinase (CDK) CDK11B (fig. S16C). Eight clones harbored
two mutations in this gene, H572Y and G579S, in trans, whereas
two clones harbored only the G579S substitution. No CDK11B
mutations were observed in the parental population or in the Rosa26
control clone. Sanger sequencing verified the presence of the CDK11B
mutations in two independent drug-resistant clones that were not
subjected to WES (Fig. 4B and fig. S16C). These mutations were
also absent from additional control clones that were analyzed
(fig. S16C) and have not been previously observed in the Catalog of
Somatic Mutations in Cancer database (41).

The human genome encodes two CDK11 proteins, CDK11A and
CDKI11B, that are 97% identical and that arose from an evolu-
tionarily recent gene duplication event (42). The CDK11 family has
been reported to support various cellular processes, including tran-
scription, splicing, and chromosome segregation (43), but its role in
cancer is unknown. No drugs have previously been reported to target
CDK11, and inhibitors that are specific for single CDKs are difficult
to discover due to the sequence similarity among these kinases (44).
We aligned the sequences of the human CDKs, and we noted that
19 of 20 of these proteins harbored an alanine residue immediately
upstream of the magnesium-coordinating DFG motif (fig. S16D).

11 September 2019 Vol 11 Issue 509 aaw8412 111



RESEARCH ARTICLE

Science Translational Medicine

A B
CASP3 CASP3
ab: sc-7272 ab: sc-56052
N a9 O N D D
o\ \lhoo{.oo\lhoo o\ {_Oo\l_oo OO
© 55 5 q© 5 5
o P K K KK
2 XXX X F KX
2| CASP3 == CASP3 ==

0-TUB ememteg, A-TUB | ———

N o N9 O
[ShpNe) S OO <
an\ @ *O )l_o %Q\ )l_o @ *O
P L L P77 L
© FP S P G B
— Nl RGN C o U0
'_
O CASP3 == CASP3 ==
I
0-TUB == = e = O-TUB mm——
Cc D
_ A375: Citarinostat _ DLD1: Citarinostat
.g _ -+~ Rosa26 c1 _S -+ Rosa26 c1
2 1.04 I3 1.0
3 + Rosa26 c2 3 - Rosa26 c2
w o HDAC6-KOcl 5 o HDAC6-KO c2
» §°° - HDAC6-KOc2 § % - HDAC6-KO ¢3
51 3 i
2l &£ &
= w w 0.0
Q Y 1 10 100 ! 1 10 100
-E [Citarinostat] (uM) [Citarinostat] (uM)
.(E A375: Ricolinostat DLD1: Ricolinostat
(&) K} T 15
b 2 - Rosa26 c1 2 - Rosa26 c1
o) % 1.0 + Rosa26 c2 % 10 - Rosa26 c2
T w o HDAC6-KOc1 5 o HDAC6-KO c2
§os 2 -+ HDAC6-KOc2 § o5 -+ HDAC6-KO c3
© ©
s " i
= 0.04 w o

.0 .04
0.1 1 10 100 0.1 1 10 100

[Ricolinostat] (uM) [Ricolinostat] (uM)

A375: 0OTS514 DLD1: OTS514

A375: PAC-1 _ A375: 1541B
s - Rosa26 c1 -g -+ Rosa26 c1
% 1.0 + Rosa26 c2 3107 + Rosa26 c2
» = o CASP3-KOc1 g o CASP3-KO c1
5 Sos -+ CASP3KO2 5 057 -+ CASP3-KO 2
TS| g g
S| woo L 0.04
= 0001 001 0.1 1 10 001 0.1 1 10 100
8 [PAC-1] (M) [1541B] (M)
@ _ HCT116: PAC-1 _ HCT116: 1541B
8 .g - Rosa26 c1 .g - Rosa26 c1
8 g 1.0 + Rosa26 c2 S 1.04 + Rosa26 c2
ol = o CASP3-KO c1 2 o CASP3-KO c1
@ © ©
Of &os -+ CASP3-KOc2  § 05 ~ CASP3-KO c2
g £
0.0 0.0+
0001 001 04 1 10 X 0.1 1 10 100

[PAC-1] (M) [1541B] (uM)

A375: Ralimetinib

DLD1: Ralimetinib

o

0
0.1 1 10 100 1000 10000
[OTS964] (nM)

0.0+
0.1

1

T 1 T
2 - Rosa26 c1 2 - Rosa26 c1
g 10 + Rosa26 c2 g 10 - Rosa26 c2
» ' w
= o PBK-KOC1 5 o PBK-KO c1
Sos -+ PBK-KOC2  §os -+ PBK-KO ¢2
o| 3 g
’6 i g0 L 0.0
pe] 01 1 10 100 1000 01 1 10 100 1000
o [0TS514] (nM) [0TS514] (nM)
= G
c
= A375: 0TS964 DLD1: OTS964
X T 15 TS5
m 2 - Rosa26 c1 2 - Rosa26 c2
o S 10 + Rosa26 c2 g 10 + Rosa26 c1
» w '
s o PBK-KOC1 g o PBK-KO ¢1
§os -« PBK-KOC2  § s - PBK-KO c2
o o
S i
I 0.0 [y

10 100 1000 10000

[OTS964] (nM)

[PF-3758309] (nM)

.g - Rosa26 c1 .g - Rosa26 c1

% 10 + Rosa26 c2 % + Rosa26 c2

= o MAPK14-KOCl g o5 o MAPK14-KO c1
0| §os + MAPK14KOc2 § + MAPK14-KO c2

Q| © k]

=| & 4

S| & ool 1 0.4

= 0.1 1 10 100 1000 01 1 10 100 1000

c [Ralimetinib] (uM) [Ralimetinib] (uM)

< A375: SCIO-469 DLD1: SCIO-469

- = -

N i - Rosa26 c1 B - Rosa26 c1

& S 1.0 + Rosa26 c2 % 10 + Rosa26 c2
@

S| s o MAPK14-KOc1 5 o MAPK14-KO c1
Sos - MAPK14-KOc2  § 05 - MAPK14-KO ¢2
£ £
L 0.0 L 0.0

0.1 1 10 100 1000 0.1 1 10 100 1000
[SCI0-469] (M) [SCI0-469] (M)

= A375:SGI-1776 _ DLD1: SGI-1776

kel 2 - Rosa26 c1 2 - Rosa26 c1

o) § 1.01 -~ Rosa26 c2 % 1.0 + Rosa26 c2

Ll s o PIM1-KO c2 = o PIM1-KO c1

E| 5os -+ PIM1-KO ¢3 §os -+ PIM1-KO ¢6

~— | © S
o ©

= | £ ool \ £ ool

o 01 1 10 100 1000 01 1 10 100 1000

[SGI-1776] (M) [SGI-1776] (uM)

| _ A375: PF-3758309 _ HCT116: PF-3758309

_g .g - Rosa26 c1 g - Rosa26 c1

Q § 10 + Rosa26 c2 % 1.0 +~ Rosa26 c2

<| 3 o PAK4-KO c1 = o PAK4-KO c1

= §os -+ PAK4-KO c2 §os -+ PAK4-KO c2

N B T

X| s £

< | oo i 0.0

o 01 1 10 100 01 1 10 100

[PF-3758309] (nM)

Fig. 3. Target-independent cell killing by multiple anticancer drugs. (A) Western blot analysis for caspase-3 in A375 and HCT116 cells. (B) Seven-point dose-response
curves of Rosa26 and CASP3-KO A375 and HCT116 cells in the presence of two putative caspase-3 activators: 1541B and PAC-1. (C) Seven-point dose-response curves
of Rosa26 and HDAC6-KO A375 and DLD1 cells in the presence of two putative HDAC6 inhibitors: ricolinostat and citarinostat. (D) Seven-point dose-response curves of
Rosa26 and MAPK14-KO A375 and DLD1 cells in the presence of two putative MAPK14 inhibitors: ralimetinib and SCIO-469. (E) Seven-point dose-response curves of
Rosa26 and PBK-KO A375 and DLD1 cells in the presence of two putative PBK inhibitors: OTS514 and OTS964. (F) Seven-point dose-response curves of Rosa26 and PIM1-KO
A375 and DLD1 cells in the presence of a putative PIM1 inhibitor: SGI-1776. (G) Seven-point dose-response curves of Rosa26 and PAK4-KO A375 and HCT116 cells in the

presence of a putative PAK4 inhibitor: PF-3758309.

Only CDKI11 contained a glycine at this location, and this glycine
was mutated to serine in every OTS964-resistant clone that we
sequenced (fig. S16, C and D). This amino acid position (called
“xDFG”) has previously been identified as a key residue that affects
kinase inhibitor binding (45), suggesting a potential basis for CDK11-
selective inhibition. To test whether the xDFG Gly—Ser mutation
was sufficient to confer resistance to OTS964, we designed a strategy
to use CRISPR-mediated HDR to introduce this substitution into
the endogenous CDK11B gene (Fig. 4C). These experiments revealed
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that this point mutation was sufficient to restore viability in A375,
A2780, DLD1, and MDA-MB-231 cancer cells grown in a lethal
concentration of OTS964 (Fig. 4, D and E). To verify that our re-
sults were not an off-target effect of CRISPR, we generated a retro-
virus to stably express CDK11B“** cDNA, and we confirmed that
this construct was also sufficient to confer OTS964 resistance (fig.
S16E). In an HCT116 clone that had spontaneously evolved resist-
ance to OTS964, eliminating mutant CDK11B with CRISPR re-
stored OTS964 sensitivity, demonstrating that this alteration is both
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necessary and sufficient for drug resistance (fig. S16F). Introducing
an alanine substitution into residue 579, so that the CDK11B xDFG
motif was identical to the other human CDKs, was also sufficient to
decrease the efficacy of OTS964 (fig. S16, G and H). Last, to confirm
a direct interaction between OTS964 and CDK11B, we assessed the
binding of OTS964 to different CDKs. OTS964 bound to CDK11B
with a Kp (dissociation constant) of 40 nM, and it displayed greater
than 10-fold selectivity for this kinase compared with several other
CDKs (Fig. 4F and fig. S16I). In total, these results indicate that the
putative PBK inhibitor OTS964 actually functions by targeting
CDK11, and its specificity for this kinase is conferred by CDK11’s
distinct xDFG motif.

www.SCIENCETRANSLATIONALMEDICINE.org

Discovering the consequences of CDK11 inhibition in cancer

We next determined the cellular effects of OTS964 treatment and
CDK11 ablation with CRISPR. In cell competition assays, cancer
cells transduced with gRNAs specific for either CDK11A or
CDK11B exhibited minimal dropout. However, guides designed to
recognize both isoforms exhibited substantial dropout in every cell
line that we tested, including pancreatic cancer and triple-negative
breast cancer (Fig. 4G and fig. S17A). Flow cytometry revealed that
cells transduced with pan-CDKI11 guides accumulated in G,/M
with 4C DNA content, suggesting that CDK11 function is required
for mitotic progression (fig. S17B). To test whether OTS964 pheno-
copied the CDK11 gRNAs, we arrested A375 cells expressing the
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chromosomal marker H2B-mCherry at G,/S with a double-thymidine
block and then released them into normal medium or medium con-
taining OTS964. Cells treated with a low concentration of OTS964
exhibited delayed nuclear envelope breakdown and progressed
slowly through mitosis (Fig. 4H, fig. S17C, and movies S1 and S2).
Cells treated with a lethal concentration of OTS964 arrested in G,
before mitotic entry (movie S3). OTS964 treatment did not perturb
DNA replication, because the arrested cells displayed 4C DNA con-
tent and did not accumulate 53BP1 foci, a marker of DNA damage
(fig. S17, D and E). Introducing the G579S substitution into A375
cells rescued normal mitotic entry and progression in the presence
of a lethal concentration of OTS964 (Fig. 4, H and I, fig. S17C, and
movie S4). These results establish CDK11 activity as necessary for
mitosis in human cancer and suggest that CDK11 is the key in
cellulo target of OTS964.

DISCUSSION
It is generally known that small molecules can exhibit off-target
effects that may confound the design of specific chemical inhibitors
(46). Our data suggest that, rather than simply being the side effect
of a drug, these off-target interactions are frequently the mechanism
by which small molecules block cancer growth. Every inhibitor tested
in this manuscript that lacked a previously described resistance
mutation was found to kill through an off-target effect; these results
therefore identify this phenomenon as a common problem that
affects cancer clinical trials. As 97% of drug-indication pairs tested
in clinical trials fail to receive U.S. Food and Drug Administration
(FDA) approval (5), the misidentification of essential genes in cancer and
the mischaracterization of reportedly target-specific inhibitors likely
contribute to their exceedingly high failure rate. The adoption of more
stringent genetic target and activity validation studies may alleviate
this problem and decrease the failure rate of new cancer drugs.
Each gene that we studied has been reported to be required in a
cell-autonomous manner for cancer proliferation by more than 180
publications, and it is this specific claim that our work sought to test
(data file S1). Toward this end, we generated KO clones in at least
three cancer cell lines, we performed CRISPR competition assays in
32 cell lines, and we performed CRISPRi-knockdown competition
assays in an additional four cell lines, which all consistently demon-
strated that HDAC6, MAPK14, PAK4, PBK, and PIM1 are dispensable
for cancer cell fitness. Although cancer cells harbor the ability to
evolve in response to various perturbations, we do not believe that
this adaptability is sufficient to explain the robust growth of the
CRISPR-modified cells that we have generated. First, in the compe-
tition assays that we conducted, cells are analyzed immediately after
gRNA transduction, allowing them no time to adapt to the loss of
the targeted gene. For instance, although BRAF-addicted melano-
ma cells are capable of evolving BRAF independence over time by
acquiring secondary mutations in MEK or NRAS (47), we still ob-
served a strong depletion of BRAF-targeting guides in these dropout
assays. Second, we knocked out the verified drug target MEK1 and
confirmed that MEK1-KO clones grow substantially more slowly than
Rosa26 control clones, demonstrating our ability to validate genetic
dependencies in CRISPR-modified clones. Third, although each of
the genes that we studied has previously been reported to be essential,
our experiments provide a mechanism to explain these discrepant
results. In particular, we demonstrate that several RNAi constructs
previously used to inhibit these genes exhibit identical antiproliferative
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effects in target-WT and target-KO cancer cells, suggesting that
RNAIi promiscuity contributed to the misidentification of these
genes as drug targets. Fourth, although it has been proposed that
cells can compensate for CRISPR-induced mutations by up-regulating
homologs of the targeted gene (23), we failed to detect any evidence
of this in our KO clones or in genetically modified cell lines from
several independent laboratories. Last, high-throughput screens
conducted in hundreds of cancer cell lines using both RNAi and
CRISPR technologies have also failed to identify these genes as cancer
dependencies. We therefore believe that cellular evolution after
CRISPR mutagenesis is unlikely to explain the robust growth of the
cancer cells lacking the drug targets that we have studied.

The cell lines studied in this paper were chosen based on the
literature on each target, but we have not attempted to recapitulate
every individual published result with each drug or drug target.
Thus, it remains possible that these drug targets exhibit a cell type-
specific dependency pattern not uncovered in this work. To partially
address this concern, we analyzed published whole-genome CRISPR
and RNAIi screening data from >700 cell lines, which consistently
revealed that the genes studied in this work could be eliminated
without substantially affecting cell fitness. Because of the breadth of
cell lines tested both within our laboratory and through high-
throughput screening, it is unlikely that these genes are genetic
dependencies in a common cancer lineage. Nonetheless, we do
not rule out the possibility that these genes are essential in a rare
cancer type not included among those studied here. In addition, it
remains possible that these genes play a non-cell-autonomous role
during tumorigenesis. For instance, whereas MAPK14/p38a has
been reported to be essential for proliferation in breast cancer (9, 48),
colon cancer (8), ovarian cancer (49), and several other cancer types, it
has also been proposed to mediate inflammatory signaling (50). Thus,
although our work provides strong evidence that these proteins are
dispensable for cancer proliferation, we do not rule out the possibility
that these proteins have some function in other non-cell-autonomous
processes related to tumor development in vivo.

Our results indicate that many cancer drugs in clinical trials kill
cells independently of their reported targets. As the application of a
predictive biomarker doubles the likelihood that a clinical trial will
succeed (5), the inability to decipher a drug’s true target may
prevent successful biomarker identification and contribute to trial
failure. Moreover, our findings may provide evidence that cancer
drug polypharmacology is a common MOA for reportedly target-
specific compounds. For example, whereas ricolinostat has been
reported to be a selective HDACS6 inhibitor (51), our work shows
that HDAC6 expression is fully dispensable for ricolinostat sensitivity.
These results are similar to those reported in (52), which found that
ricolinostat continued to kill HDAC6-KO HAP1 cells. The human
genome harbors 18 different histone deacetylases (53), and it is
possible that this drug kills cells by inhibiting HDAC6 and several
synthetically redundant HDAC family members. In addition, the
invalidation of a drug’s putative target does not necessarily mean
that a drug will be ineffective in the clinic, as some broadly non-
specific inhibitors have been proven efficacious in certain cir-
cumstances. In many cases, these successes derive from a thorough
understanding of a drug’s MOA. For instance, the multitargeted
kinase inhibitor midostaurin has received FDA approval for use
in FLT3" leukemias due to its demonstrated activity against FLT3
(54). Thus, strong validation of on-target drug activity remains
essential.
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Alternately, these mischaracterized drugs may kill cells by in-
hibiting single, specific proteins that are not closely related to their
reported targets. For instance, our results demonstrate that the
putative PBK inhibitor OTS964 functions by blocking CDK11
activity. Several CDK inhibitors have received FDA approval or are
in late-stage trials for various malignancies, underscoring the clinical
potential for targeting members of the CDK family (55). However,
no CDK11-specific inhibitors have been previously described (56).
OTS964 and its derivatives could therefore allow us to block cancer
growth by inhibiting a previously undruggable mitotic CDK. Fur-
thermore, our work identifies CDK11’s distinct xDFG motif as a
key determinant of drug sensitivity, suggesting a potential structural
basis for CDK11-specific inhibition. Although CDK11 has previously
been reported to function in chromosome segregation (57), our
results demonstrate that its activity is required for entry into mitosis.
It will therefore be crucial to investigate whether CDK11 inhibitors
are capable of synergizing with PLK1 inhibitors, Aurora A inhibitors,
or any other drugs that similarly target mitotic entry (58). Last, the
CDK11 locus on chromosome 1p has been reported to be deleted or
translocated in several cancer types, including melanoma and neuro-
blastoma (43), raising the exciting possibility that alterations in this
gene family could serve as predictive biomarkers for CDK11 inhibitor
sensitivity.

More broadly, our results underscore the power of genetic ap-
proaches to improve the preclinical characterization of cancer drugs
and drug targets. In particular, CRISPR-mediated gene editing is a
powerful methodology for interrogating the effects of loss-of-function
alterations in disease-relevant genes, and head-to-head comparisons
have verified that CRISPR is less susceptible to off-target effects
than RNAi (59, 60). Although biochemical and biophysical approaches
can demonstrate target engagement by a potential therapeutic
molecule, these assays alone are insufficient to demonstrate the rel-
evance of this interaction in cellulo. Mutagenesis experiments,
using either spontaneous or CRISPR-directed approaches, can com-
plement these assays to verify or discover a drug’s true MOA and
indicate potential biomarkers for sensitivity and resistance. We
suggest that the adoption of stringent genetic characterization
assays in the preclinical setting will decrease the number of drugs
used in human cancer patients that fail to provide any clinical
benefit.

MATERIALS AND METHODS

Study design

In this work, we sought to determine whether several drug targets
were truly essential for cancer cell fitness. After discovering that
many of these drug targets were nonessential, we investigated
whether the drugs used to target them Kkilled cells through an
off-target effect. The cell lines used in this study were selected
based on an analysis of the literature on these drug targets (sum-
marized in data file S1). No predetermined sample sizes were used
for this analysis. No randomization or blinding was performed.
Cell competition experiments represent single biological repli-
cates. Proliferation assays represent two to three biological replicates.
Drug sensitivity curves were generated with three to six technical rep-
licates. Soft agar experiments represent three technical replicates
with at least 15 independent fields counted for each experiment.
Raw data for the cell competition experiments are included in data
file S2.
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Selecting drug targets to study

Our laboratory previously investigated the role of MELK in cancer
(3, 4). We found that, contrary to previous results obtained with
RNAj, cancer cells tolerated CRISPR-induced ablation of MELK
with no loss in cell fitness. In addition, we found that OTS167, a
small-molecule inhibitor of MELK in clinical trials, killed cells in a
MELK-independent manner. These findings led us to investigate
whether MELK and OTS167 were aberrations or whether other drugs
and drug targets had been similarly mischaracterized.

To begin this project, we generated a list of drugs and drug
targets to study. We constructed this list using a few criteria, in-
formed in part by our experience studying MELK. First, we sought
to identify cancer genes that reportedly played a cell-autonomous
role in cancer growth, so that we could study the most relevant
phenotypes that resulted from their ablation in cell culture. Thus,
we did not consider drugs that primarily target angiogenesis, the
immune checkpoints, or related in vivo processes. (Importantly, our
work does not rule out in vivo roles for the genes studied in this
paper.) Second, we only considered drugs that were reported to act
by targeting single, specific proteins. If a drug was believed to act by
inhibiting multiple proteins, then this would confound our CRISPR
experiments, because the genetic ablation of a single gene would not
be expected to phenocopy the effects of the inhibitor. Third, we
focused on genes that were reported to have broad dependency
patterns, allowing us to study the consequences of their inhibition
in a wide range of cell lines. Fourth, we focused on genes that had
been largely characterized using RNAj, although we did not exclude
genes that had been previously studied using CRISPR, transgenic
mice, dominant-negative alleles, or other approaches. Fifth, we chose
drugs that were in advanced preclinical or clinical testing. Sixth, we
posited that the gold standard for showing on-target drug activity
was the identification of a mutation that confers resistance to a targeted
inhibitor, and we sought to study drugs that lacked known resistance-
granting mutations.

Using these criteria, we searched PubMed, the database of
American clinical trials (https://clinicaltrials.gov/), and other related
resources (61) for drugs and drug targets that fit these criteria. We
did not aim to comprehensively identify every drug that met the
above criteria but instead chose to limit ourselves to a small number
of targets such that we could deeply characterize each one. Using
these approaches, we chose to study CASP3, HDAC6, MAPK14,
PAK4, PBK, and PIM1. We first became aware of the putative PBK
inhibitor OTS964 because it was developed by the same company
that created the MELK inhibitor that we previously studied. A press
release on this drug reported that clinical trials would soon be initi-
ated, although, to our knowledge, these clinical trials have not yet
begun (62). In addition, our list of drugs initially included the putative
PAK4 inhibitor KPT-9274. However, while performing the research
described in this paper, a report was published that identified muta-
tions in NAMPT that granted resistance to KPT-9274; therefore, we
did not further pursue this compound (63). After the initial submission
of this manuscript, a second group independently demonstrated that
the putative HDACS6 inhibitor ricolinostat kills HDAC6-KO HAP1
cancer cells, in accordance with our results (52).

We also chose to study two drugs, PAC-1 and 1541B, that
reportedly function by activating the apoptosis protein caspase-3.
Although caspase-3 is not considered to be a “cancer dependency,”
its activation by small molecules has been reported to trigger cancer
cell apoptosis (16, 17). The first activator, PAC-1, was introduced in
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a publication that used in vitro methods to demonstrate the ability of
PAC-1 to induce procaspase-3 cleavage and activation. Furthermore,
the group implied specificity of PAC-1 for caspase-3 by showing
that it exhibited a higher IC5¢ (median inhibitory concentration)
value in MCF?7 cells, a caspase-3-deficient breast cancer cell line,
compared with caspase-3-expressing cell lines (16). After this study,
however, concerns were raised over whether caspase-3 activation
was the true MOA of PAC-1. In a letter to Nature Chemical Biology,
another laboratory reportedly failed to see substantial activation of
procaspase-3 in in vitro studies of PAC-1 (64). In addition, the
group stated that the caspase-3-deficient cell line, MCF7, displayed
similar sensitivities to the drug as two caspase-3—-expressing cell
lines. Although this letter raised questions as to the true MOA of
PAC-1, the original developers of this compound disputed these
concerns, arguing that the different in vitro results were a conse-
quence of different procaspase concentrations and buffer conditions
used in the assays (65). In support of this claim, in later publications,
the group detailed the in vitro MOA of PAC-1 as a zinc chelator,
describing a mechanism where zinc prevents procaspase-3 activation;
therefore, the in vitro efficacy of PAC-1 is highly dependent on the
concentration of zinc in the buffer (66). This group also argued that
the activity of PAC-1 against the MCF7 cell line only occurs under
conditions of low cell density and high drug concentration and that
the mechanism of death seems to resemble necrosis more than
caspase-mediated apoptosis (65). A number of other publications
using PAC-1 and second-generation caspase-3 activators reported a
similar resistance of MCF?7 cells to caspase-3—activating compounds
(17, 67). On the basis of this evidence, many in the field have con-
tinued to use PAC-1, not only in biological investigations but also
in a number of clinical trials, under its listing as a caspase-3 activator
(Table 1 and data file S1). In contrast to PAC-1, later caspase-3
activators, namely 1541, were reported to have direct interactions
with caspase-3. 1541, the parental compound to the 1541B inhibitor
used in our study, was not only able to induce caspase-3 activation
in in vitro conditions where PAC-1 exhibited no effect, but 1541
resistance mutations in the CASP3 gene were also described (17).
Because caspase-3 deficiencies have been linked with decreased sen-
sitivity to a wide range of chemotherapeutic agents, we considered
it possible that this putative resistance could be caused by an indirect
effect on apoptosis (68, 69). Thus, because of the controversy and
conflicting data concerning the MOA of different caspase-3 activators,
we decided to include these compounds in our study.

Cell culture

The sources of each cell line are listed in data file S3. The identities
of all human cell lines used in this study were confirmed using STR
(short tandem repeat) profiling (University of Arizona Genetics Core).
A375, A549, A673, Cal51, Camal, DLDI1, HCT116, HEK293T,
MDA-MB-231, PC3, SK-MEL-28, and U87 cell lines were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher
Scientific, cat. no. 11995-073) supplemented with 10% fetal bovine
serum (FBS) (Sigma-Aldrich, cat. no. F2442), 2 mM glutamine
(Lonza, cat. no. 17-605F), and penicillin and streptomycin (100 U/ml;
Life Technologies, cat. no. 15140122). A2780, DU-145, HCC1143,
HCC38, HT29, K562, LNCaP, MDA-MB-453, MDA-MB-468,
NCI-H82, OVK18, OVTOKO, SUIT2, SW480, and TOV-21G cell
lines were cultured in RPMI 1640 (Lonza, cat. no. 12-115F/12) sup-
plemented with 10% FBS, 2 mM glutamine, and penicillin and
streptomycin (100 U/ml). MiaPaCa-2 cells were cultured in DMEM
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supplemented with 10% FBS, 2.5% horse serum (Thermo Fisher
Scientific, cat. no. 26050088), 2 mM glutamine, and penicillin and
streptomycin (100 U/ml). MCF?7 cells were cultured in DMEM sup-
plemented with 10% FBS, insulin (0.01 mg/ml; Thermo Fisher
Scientific, cat. no. 12585-014), 2 mM glutamine, and penicillin and
streptomycin (100 U/ml). T24 cells were cultured in McCoy’s 5A
medium (Life Technologies, cat. no. 16600-108) supplemented with
10% FBS, 2 mM glutamine, and penicillin and streptomycin (100 U/ml).
HepG?2 cells were cultured in Eagle’s minimum essential medium
(American Type Culture Collection; cat. no. 30-2003) supplemented
with 10% FBS, 2 mM glutamine, and penicillin and streptomycin
(100 U/ml). RPE1 cells were cultured in DMEM/F12 (Thermo Fisher
Scientific, cat. no. 11320-033) supplemented with 10% FBS, 2 mM
glutamine, and penicillin and streptomycin (100 U/ml). Sum149 cells
were cultured in Ham’s F12 medium (Lonza, cat. no. 12-615F)
supplemented with 5% FBS, insulin (0.01 mg/ml), hydrocortisone
(500 ng/ml; STEMCELL Technologies, cat. no. 07926), 2 mM gluta-
mine, and penicillin and streptomycin (100 U/ml). Additional details
on the conduct of these studies are included in Supplementary Materials
and Methods.

Statistical analysis

For box plots, the boxes represent the 25th, 50th, and 75th per-
centiles of the colonies per field, whereas the whiskers represent
the 10th and 90th percentiles. In fig. S4, a Student’s ¢ test (two sided)
was used to compare control and MEK1-KO colony formation
efficiency.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/11/509/eaaw8412/DC1

Materials and Methods

Fig. S1. Drug target ablation with CRISPR-Cas9.

Fig. S2. Cell competition assays in multiple cancer types.

Fig. S3. Verification of drug target-KOs.

Fig. S4. Knocking out the verified genetic dependency MEK1 in A375 melanoma cells.

Fig. S5. MDA-MB-231 clonal analysis.

Fig. S6. Analysis of homolog gene expression in CRISPR-KO clones.

Fig. S7. Analysis of homolog gene expression in published RNA-seq experiments.

Fig. S8. Assessing putative cancer dependencies in whole-genome CRISPR and RNAi screens.
Fig. S9. Targeting several putative cancer dependencies with CRISPRi.

Fig. S10. Lack of sensitivity to several clinical chemotherapy agents in putative cancer
dependency KOs.

Fig. S11. Target-independent toxicity of RNAi reagents previously used to investigate several
putative cancer dependencies.

Fig. S12. Using CRISPR to validate the MOA of several anticancer drugs.

Fig. S13. Off-target toxicity of two caspase-3-activating compounds in CASP3-KO clones.
Fig. S14. Target-independent cancer cell killing in single-agent and combination therapy
experiments.

Fig. S15. Off-target toxicity of two putative HDAC6-inhibiting compounds in HDAC6-KO
ovarian cancer clones.

Fig. S16. A mutation in the xDFG residue of CDK11B in OTS964-resistant clones.

Fig. S17. Requirement for CDK11 activity for progression through mitosis.

Data file S1. Literature supporting the designation of HDAC6, MAPK14, PAK4, PBK, and PIM1 as
cancer genetic dependencies and CASP3 as a drug target.

Data file S2. Cell competition assay results.

Data file S3. Sources of the cell lines used in this manuscript.

Data file S4. CRISPR gRNA sequences.

Data file S5. CRISPRi gRNA sequences.

Data file S6. Quantitative polymerase chain reaction primers.

Data file S7. Antibody sources and concentrations.

Data file S8. Drugs and drug sources.

Movie S1. A375 cells expressing H2B-mCherry released from a double-thymidine block into
normal medium.

Movie S2. A375 cells expressing H2B-mCherry released from a double-thymidine block into
medium with 25 nM OTS964.
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Movie S3. A375 cells expressing H2B-mCherry released from a double-thymidine block into
medium with 100 nM OTS964.

Movie S4. A375PK11B65795 |5 expressing H2B-mCherry released from a double-thymidine
block into medium with 100 nM OTS964.
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An innate-like V81" y8 T cell compartment
in the human breast is associated with remission
in triple-negative breast cancer

Yin Wu"?3%, Fernanda Ker-Cezar1'2*, Richard T. Woolf"®, Cristina Naceur-Lombardelli®,
Julie Owen6, Dhruva Biswas4'7, Anna Lorenc‘, Pierre Vantourout"z, Patrycja Gazinska3'8,
Anita Grigoriadis®, Andrew Tutt>%, Adrian Hayday'*'

Innate-like tissue-resident yd T cell compartments capable of protecting against carcinogenesis are well estab-
lished in mice. Conversely, the degree to which they exist in humans, their potential properties, and their contri-
butions to host benefit are mostly unresolved. Here, we demonstrate that healthy human breast harbors a distinct
v T cell compartment, primarily expressing T cell receptor (TCR) V31 chains, by comparison to V82 chains that
predominate in peripheral blood. Breast-resident V31* cells were functionally skewed toward cytolysis and IFN-y
production, but not IL-17, which has been linked with inflammatory pathologies. Breast-resident V51* cells could
be activated innately via the NKG2D receptor, whereas neighboring CD8* af T cells required TCR signaling. A
comparable population of V31* cells was found in human breast tumors, and when paired tumor and non-
malignant samples from 11 patients with triple-negative breast cancer were analyzed, progression-free and overall
survival correlated with V317 cell representation, but not with either total y5 T cells or V52" T cells. As expected,
progression-free survival also correlated with af TCRs. However, whereas in most cases TCRaf repertoires focused,
typical of antigen-specific responses, this was not observed for V31* cells, consistent with their innate-like respon-
siveness. Thus, maximal patient benefit may accrue from the collaboration of innate-like responses mounted by
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tissue-resident V81* compartments and adaptive responses mounted by ap T cells.

INTRODUCTION

v T cells comprise a highly conserved third lineage of lymphocytes
that uses somatic gene rearrangement to encode the defining antigen
receptor (I, 2). Although this is a hallmark of adaptive immunity,
subsets of murine Y8 T cells also display innate-like activity,
manifest in rapid responses to self-encoded “stress antigens” such
as ligands for the NKG2D receptor (3-6). This is known as lymphoid
stress surveillance (7).

Given that NKG2D ligands are up-regulated by overactivity of
epidermal growth factor receptor (EGFR) signaling and DNA damage
(8, 9), it is natural that lymphoid stress surveillance might contribute
to cancer immunosurveillance (10). Y8 T cell-deficient mice show
greatly increased susceptibility to cancer in several systems (4, 11-13),
and many attempts are ongoing to exploit their activities clinically
(14). Such approaches may enhance the efficacy of current immuno-
therapies such as checkpoint blockade and, in particular, chimeric
antigen receptor (CAR) T cells, which have shown limited success
in treating solid tumors. Moreover, the capacity of some y& T cell
subsets to secrete chemokines and cytokines and/or to present anti-

Peter Gorer Department of Immunobiology, School of Inmunology & Microbial
Sciences, King's College London, London SE1 9RT, UK. lmmunosurveillance Laboratory,
Francis Crick Institute, 1 Midland Road, London NW1 1AT, UK. 3Breast Cancer Now
Research Unit, Innovation Hub, Cancer Centre at Guy’s Hospital, Faculty of Life Sci-
ences and Medicine, King’s College London, London SE1 9RT, UK. 4Cancer Research
UK Lung Cancer Centre of Excellence, University College London Cancer Institute,
University College London, London WCTE 6DD, UK. St John's Institute of Dermatology,
King's College London, London SE1 9RT, UK. ®KHP Cancer Biobank, Innovation Hub,
Cancer Centre at Guy’s Hospital, Faculty of Life Sciences and Medicine, King's College
London, London SE1 9RT, UK. 7Bill Lyons Informatics Centre, University College
London Cancer Institute, University College London, London WC1E 6DD, UK. ®Breast
Cancer Now Research Centre, Institute of Cancer Research, London SW3 6JB, UK.
*These authors contributed equally to this work.

tCorresponding author. Email: adrian.hayday@kcl.ac.uk

gen argues strongly for their potential to promote the therapeutic
potentials of other cell types (12, 15-17).

In mice, signature y8 T cell compartments are associated with
discrete tissues such as epidermis, dermis, lung, uterus, and intestinal
epithelium (18-25), seemingly offering optimal capacity to detect and
respond to malignant transformation of neighboring cells. Accord-
ingly, ¥ T cell-deficient mice have increased susceptibility to skin
carcinogens owing to the lack of dendritic epidermal y& T cells (5).
Whether local y8 T cell compartments populate all tissues is un-
resolved. Nonetheless, the prospect of a mouse breast-associated
compartment was supported by the fact that the representation, albeit
variable, of Y3 T cells in lactating mammary glands was at least four-
fold higher than in draining lymph nodes. Moreover, those cells used
a variety of y8 T cell receptors (TCRy®s), distinguishing them from
skin- and gut-resident yd T cell compartments (26).

There has been long-standing interest in the degree to which tissue-
associated y3 T cell compartments might be conserved in humans
and whether or not they contribute to cancer immunosurveillance.
On the one hand, humans harbor no obvious counterparts of dendritic
epidermal y8 T cells; on the other hand, jawless vertebrates have
skin-resident and gut intraepithelial cells with many parallels to y§
T cells, suggesting that such compartments have been conserved for
over half a billion years (27). We therefore hypothesized that sub-
optimal methods for the detection and/or extraction of T cells from
human tissues might have confounded attempts to identify and
characterize conserved extralymphoid y8 T cell compartments.
This hypothesis is consistent with inefficiencies and biases reported
both for extracting TCRaB" tissue-resident memory T (Tgry) cells
(28) and for visualizing tumor-infiltrating lymphocytes (TILs)
in situ (29) and derives support from our recent characteriza-
tion of a large intraepithelial Y3 T cell compartment in the human
gut (30).
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In this regard, the care of women in a large breast cancer risk
surveillance and treatment practice offered a rare opportunity to
analyze the status of y8 T cells in healthy tissue obtained from:
reduction mammoplasty or risk-reducing mastectomy; malignant
tissue from wide local resection; and paired malignant and nonmalignant
tissues from therapeutic mastectomies. Additionally, the importance
of investigating the possible existence of local yd T cells was un-
derlined by evidence that TIL densities were positive prognostic
indicators in some types of breast cancer (31, 32). Despite this, the
potential of immunotherapy in breast cancer remains unclear with
disappointing response rates to current immunotherapies, such
as checkpoint blockade (33, 34).

RESULTS

V31 T cells compose a major human breast-resident

76 subset and are skewed toward cytolysis

Our initial goal was to assess the status of T cells resident within
healthy human breast. However, the obtainment and characterization
of lymphocytes from healthy human tissues has commonly been
confounded by poor and irreproducible yields and low cell viability.
To redress this problem, Clark and colleagues (35-38) developed a
“grid” explant culture system that permitted the recovery and charac-
terization of large numbers of healthy skin-resident and lung-resident
T cells without substantively changing their phenotype.

We therefore applied grids to disaggregated breast tissue from
29 healthy subjects undergoing reduction mammoplasties or risk-
reducing mastectomies. Compared to the limited and variable recovery
and poor viability of lymphocytes examined directly ex vivo, grids
facilitated the recovery and maintenance of CD3™ natural killer
(NK) cells/innate lymphoid cells (ILCs), y8 T cells, and CD4" and
CD8" of T cells in every case, albeit there was some enrichment of
NK/ILC and y§ T cells (table S1 and Fig. 1A).

As is common for peripheral blood (PB) y3 T cells (39), y8 T cell
representation in breast showed considerable interindividual varia-
tion (Fig. 1B). However, breast-extractable cells were clearly distinct
from PB y8 T cells by TCRVS chain usage. Whereas most PB cells
express V92 paired to Vy9, most donors’ breast y3 T cells were pre-
dominantly V81" (median, 60.5% of y3 T cells), as are most human skin-
resident and gut-resident y8 T cells (Fig. 1B) (40). In all cases, there
was some representation of V82" T cells (median, 13.6% of v T cells)
and of cells expressing neither V81 nor V82 (median, 20.45% of y§
T cells), which, in some cases, were almost exclusively V33" (fig. S1A).

The phenotypic consistency of y8 T cells in grid cultures and
counterpart cells examined directly ex vivo was apparent from the
expression patterns of several biologically important surface markers,
albeit CD69 was expressed by more cells in grid culture (fig. S1, B
and C, top two rows). By multiparameter analysis of a subset of donors,
we could deduce a consensus V31" T cell phenotype that resembled
that of extralymphoid y8 T cell subsets in other tissues of mice and
humans (4, 41-44), namely, uniform positivity for the activating
NK cell receptor NKG2D, and for CD69, and largely lacking the
lymphoid T cell costimulator, CD28 (Fig. 1C and fig. S1C, bottom row).
On average, ~20% of breast V81" T cells expressed PD-1, whereas
slightly more expressed the epithelial interaction integrin, CD103
(0gB7), albeit with high interindividual variation (Fig. 1C and fig.
S1C, bottom row).

To assess the cells’ functional potential, they were incubated with
phorbol 12-myristate 13-acetate (PMA) and ionomycin, which jointly

www.SCIENCETRANSLATIONALMEDICINE.org 9 Octocber2019 Vol 11 Issue 513 aax9364

mimic TCR signaling, and analyzed for intracellular cytokine
production and for surface expression of CD107a, a marker of
degranulation and exocytosis of cytolytic mediators such as gran-
zymes and perforin. Breast-associated V31" T cells combined CD107a
expression with tumor necrosis factor (TNF) and interferon-y
(IFN-y) production (Fig. 1D), a T-cytolytic type 1 (T.1) phenotype
that among CD8" TCRo" T1ILs is considered highly patient beneficial
(45-48). Cells from some donors expressed interleukin-13 (IL-13)
(median, 5.2% of y3 T cells), which was recently linked to T cell tumor
surveillance (49), but there was no production of IL-17A, an effec-
tor cytokine commonly produced by mouse yd T cells, in which
species it has been associated with tumor promotion (50-52).

Because IL-17 production by human y8 T cells is reportedly dif-
ficult to observe (53), we tested whether breast-resident y6 T cells
would respond in culture to IL-17-skewing conditions, namely, IL-1p,
IL-6, IL-23, IL-2 + transforming growth factor-p (TGF-B) (54).
However, whereas breast-resident CD4" o T cells extracted and
maintained together with V31" T cells in the identical breast explant
cultures (table S1) produced IL-17A [median, 16.5% (using IL-2) and
12.6% (using IL-2 + IL-15) of CD4" T cells] and markedly increased
production in IL-17-skewing conditions (medians, 41.5 and 35.5%,
respectively) (Fig. 1E), breast V31" T cells produced negligible IL-17A
under all circumstances (Fig. 1E).

To place the phenotypes of breast V381" T cells into context, similar
analyses were performed on coextracted V32" and V817V82™ v
T cells, on CD4" and CD8" 0 T cells, and on CD3" lymphocytes that
will include NK and ILC. The greatest similarities to V81 T cells were
shown by V82" and V81 V82~ y§ cells and by CD8" 0B T cells, although
some such cells expressed CD28, and CD8" af T cells were more
uniformly CD103" (fig. S1D). NK and ILC were also similar to V31"
T cells except that they uniformly lacked PD-1. Last, and as anticipated,
CD4" af T cells lacked NKG2D expression and were mostly CD28"
and CD103" (fig. S1D), consistent with a recently described tissue-
resident CD4" phenotype (55).

Upon activation, breast-associated CD8" af T cells were func-
tionally most similar to V81" T cells in their Tl phenotype, showing
an even greater frequency of IFN-y—producing cells (fig. S1E). Likewise,
breast-explanted CD4" op T cells included more IL-13 producers than
did V317 T cells. In sum, the healthy breast harbored a complex lymphoid
ecosystem of multiple cell types with related but distinct phenotypes.

Human breast V51" T cells are innate-like

Murine skin-resident y3 T cells can respond in vivo to NKG2D
ligand up-regulation without overt TCR stimulation (5). In relation
to cancer, this is potentially important because NKG2D ligands are
up-regulated by DNA damage (8) and EGFR overactivity (9). We
therefore investigated whether breast-explanted V31" T cells would
respond to plate-bound recombinant MICA protein, an NKG2D ligand
commonly expressed by tumors. MICA provoked a subset of V31"
T cells to produce TNF and IFN-y and to up-regulate CD107a in a
response inhibited by anti-NKG2D (Fig. 2A). Conversely, CD8" o3
T cells within the identical grid cultures did not make significant
responses to MICA relative to controls (Fig. 2A and fig. S2A), whereas
both cell types showed increased responses when MICA was provided
as a costimulator to anti-CD3 (Fig. 2B) (56, 57). The innate-like
responsiveness of other breast Y8 T cells was challenging to examine
because even in cases where they composed a greater proportion of
tissue y8 T cells, non-V31" cells were usually too few to assay reliably
(fig. S2B). Despite this, we observed some NKG2D-dependent,
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Fig. 1. Healthy human breast tissue harbors tissue-resident V31*, T.1-skewed v3 T cells. (A) Representative flow cytometry plots showing the gating strategy to
identify lymphocytes including y3 T cell subsets isolated from human breast tissue and following grid culture. Lymphocytes were gated on size and scatter (1), followed
by live-dead exclusion (2), a singlet gate (3), and CD45 (4) before subsetting (5 to 8). (B) Summary dot plots showing TCRy8" cells isolated from healthy human breast
tissue, expressed as a percentage of recovered CD3* cells (n = 29) (median indicated). In a subset of these, V& chain usage was quantified and expressed as percentage of
pan-TCRy3" (n = 18) (medians indicated). (C) Expression of cell surface markers NKG2D, CD28, PD-1, CD103, and CD69 on V&1* T cells (n =9 to 11) (medians indicated).

(D) Functional phenotype of tissue-resident V81" T cells. Dot plots showing intrace

llular cytokine staining for IFN-y (n=12), IL-13 (n=8), IL-17A (n=9), TNF (n=10), and

cell surface CD107a (n = 5) expression, after in vitro stimulation of bulk CD3™ cultures with PMA and ionomycin (4 hours) (medians indicated). (E) Summary data showing

the percentages of breast-resident V31* or CD4 af T cells stained intracellularly for

IL-17A. Cells were isolated by explant culture and then grown in two forms of IL-17-

skewing media, followed by in vitro activation with PMA and ionomycin (4 hours) (n =3, except for V81" cells grown in TGF-B-containing medium, where n=2) (mean

with SEM indicated).

innate-like responses among V81~ V32~ T cells but not among breast
V82" T cells (fig. S2B).

It was also reported that innate-like Y3 T cells make strong, TCR-
independent responses to combinations of a STAT (signal transducer
and activator of transcription)-signaling cytokine and an IL-1 family
member (58). Breast-explanted V81" T cells produced IFN-y in
response to IL-12 + IL-18 but not to either alone, whereas CD4" and
CD8" off T cells responded significantly less well to IL-12 + IL-18
(fig. S2C). In sum, the healthy breast harbored a mixture of innate-
like V81" T cells and primarily adaptive af T cells.
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Innate-like yo T cells in human breast cancers

The identification of innate-like yd T cells in healthy human breast
formed a backdrop to examining the tissue-associated lymphoid
compartment in breast cancer subjects. Although breast cancers
vary in lymphoid infiltrates (32, 59), Y8 T cells were invariably re-
covered and were largely comparable to those from healthy tissue in
terms of TCR usage: V81 was predominant, although the tumor samples
included some examples where either V32" cells or V81 V32~ cells
predominated (fig. S3A). As with y8 T cells from healthy breast, cells
isolated from tumors using grids were phenotypically comparable
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(n=9) and with medium alone (n=9). For all panels, mean with SEM is indicated. **P<0.01, ***P <0.001, and ****P <0.0001, Kruskal-Wallis with post hoc Dunn’s test

corrected for multiple testing.

with those examined directly ex vivo, albeit grid cells again showed
higher expression of CD69 and, to some extent, NKG2D (fig. S3B).
The similarities of TCR usage and surface marker expression for y3
T cells from tumor and nonmalignant tissue were particularly
apparent in paired samples from 26 subjects (Fig. 3A and fig. S3C).
Moreover, this comparability extended to other lymphocyte subsets
simultaneously harvested from the paired samples (fig. S3D).

Likewise, the functional potential of V81" TILs was comparable
to those of nonmalignant breast V81" T cells, in being T.1 skewed
and IL-17 deficient (Fig. 3B). V81" TILs were again responsive to
NKG2D ligands and IL-12 + IL-18 in the absence of overt yd TCR
signaling, whereas co-isolated CD8" o8 TILs did not show significant
responses to MICA relative to controls, although they did respond
better to IL-12 + IL-18 than did counterparts from healthy breast
(Fig. 3C).

Given their strong cytolytic responsiveness, we tested the capacity
of breast-derived y8 T cells to kill two breast tumor cell lines, MCF7
and HCC1954, for which tumor cell lysis was distinguished from
lymphocyte death by quantitating cytokeratin 18 release (60). Note
that because Y3 T cells are not MHC (major histocompatibility
complex)-restricted, it was possible to assess their functional responses
to nonautologous tumor lines. Y3 T cells from healthy breast donors
(n = 4) reproducibly killed MCF7 cells at an effector:target (E:T)
ratio of 5:1 (fig. S3E), and using this ratio, we found that cells from
healthy breast and from tumor samples (n = 4) showed comparable
capacity to kill MCF7 and HCC1954 (Fig. 3D). However, whereas
NKG2D receptor blockade reduced killing by y8 T cells from healthy
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breast, killing by TCRy8" TILs was less affected (Fig. 3D). We also
observed primary tumor cell killing by autologous TCRy8" TILs for
the one patient from whom primary tumor cells could be grown and
stably maintained (fig. S3F). In sum, primary Y8 T cells obtained from
breast cancers were functionally competent, could respond innately
via NKG2D engagement, and could lyse breast tumor cells, albeit this
was not overtly NKG2D dependent.

V317 TiLs and durable remission
Given the functional T.1 skew of y8 TILs, we wished to examine their
status in relation to clinical outcome in an aggressive subset of breast
cancer where time to events is relatively short. To this end, we sought
patients with triple-negative breast cancer (TNBC) from whom we
could access sufficient paired tumor and nonmalignant tissues and
for whom accurate clinical follow-up data were available. Those criteria
were met by 11 patients treated at Guy’s and St Thomas’ Hospitals,
London (BTBC study REC no.: 13/LO/1248), for whom there were bio-
banked, formalin-fixed paraffin-embedded (FFPE) samples. Patients
were otherwise unselected. All patients had localized or locoregional
TNBC [American Joint Committee on Cancer (AJCC) stage I to II1]
and had surgery with curative intent. Five of 11 remained in com-
plete remission at last follow-up (range, 48 to 63 months; table S2;
demarcated in blue in the figures that follow), whereas six had re-
lapsed with distant metastatic disease within 18 months (range, 6 to
18 months; table S2; demarcated in red in the figures that follow).
FFPE blocks were needle-dissected to delineate tumor and non-
malignant tissue for genomic DNA extraction. Given the difficulty
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anti-NKG2D). 4 and o are two donors for which there were paired nonmalignant breast tissue and breast tumor. *P < 0.05, **P<0.01, ***P <0.001, and ****P <0.0001,

Kruskal-Wallis with post hoc Dunn’s test corrected for multiple testing.
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of immunohistochemical approaches in detecting yd T cells in FFPE
(61), we used quantitative genomic DNA sequencing of rearranged
TCRo and TCRS chain genes to infer absolute counts of af and v
T cells. This approach has been shown to be more sensitive than
immunohistochemistry for detecting TILs (29) and is used clinically,
for example, to assess minimal residual disease.

We found that both of and y8 T cells were significantly more
abundant per microgram of DNA extracted from tumor tissue versus
paired nonmalignant tissue (Fig. 4A and fig. S4A). However, it was
notable that in cases of remission, the numbers of TCRa, TCRY3,
TCRV31, and TCRV32 DNAs were invariably enriched in paired
malignant versus nonmalignant tissue, whereas the pattern in relapsed
cases was essentially random (fig. S4A). Moreover, in addition to
enrichment relative to healthy tissue, there were conspicuously more
TCRa" and V81" TCRs per microgram of total tumor DNA in re-
mission cases versus relapse (Fig. 4B). Thus, in indicating positive
clinical outcome, the dynamics of small numbers of V31" T cells were
as potent as the much larger-scale dynamics of af T cells, defined
subsets of which have been shown to predict survival in TNBC (62).
Conversely, this was not so for either total TCRy or V32 TCRs (Fig. 4B),
the latter possibly reflective of cells infiltrating from the PB.

Notable manifestations of the correlations were evident from
Kaplan-Meier plots of progression-free survival (PES), where limited
representation (less than median values) of intratumoral TCRa and
V&1 TCRs was predictive of poor PFS, whereas neither total TCRy
nor V82" TCRs predicted outcome (Fig. 4C). Furthermore, there
was a positive and significant correlation of intratumor TCRa with
V81 TCRs (Spearman r = 0.75, P < 0.01) (fig. S4B), whereas neither
total TCRyd nor V52 TCRs correlated with TCRa: Moreover, no
TCRa-TCRS correlation existed in nonmalignant tissue (fig. S4B).
In addition, V81 TCRs predicted overall survival (OS), although
TCRa did not (Fig. 4D).

In situ evidence of innate-like V31" TILs
Having established significant positive correlates of TCRaf" T cells
with PFS and of V81" T cells with PFS and OS, we assessed their
TCR repertoires. When represented as circular tree plots, the V31"
repertoires in tumors compared to paired nonmalignant tissue showed
no clear overall focusing (examples shown in Fig. 5A), as quantitated
by D50 (the smallest number of clones accounting for 50% of the
total number of sequences observed) from paired nonmalignant and
tumor tissues (table S3). Focusing would have suggested an adap-
tive TCR-driven response, as we observed for the TCRa repertoires
of most tumors versus paired normal tissue (examples shown in
Fig. 5B), consistent with previous reports (62, 63).

To further analyze the data, we also calculated the Gini coefficient
(a statistical measure of distribution where 0 is fully polyclonal and
1 is monoclonal) for V31 TCRs from paired nonmalignant and tumor
tissues (table S3). Note that the tumor TCRs were down-sampled so
that equivalent numbers of TCRs were compared within each patient.
The same treatment was then applied to TCRa, although we con-
sidered only the most abundant 10% of TCRa TCRs, given recent
evidence that the most relevant antigen-reactive off T cells commonly
sit within this fraction (64). For each patient, we then calculated the
delta of the Gini coefficient of paired tumor tissues and nonmalignant
tissues for both V31 and TCRa: Note that tumor focusing would be
reflected by positive AGini coefficient (Fig. 5C). We then likewise
calculated the delta of the D50 values for paired tumor and non-
malignant tissues for both V81 and TCRaf: Note that tumor focusing

would be reflected by negative AD50 (Fig. 5C). These analyses con-
firmed quantitatively that TCRo repertoire focusing occurred in all
but two tumor samples (KCL-059 and KCL-202), whereas V31 reper-
toires showed no bias either toward focusing or toward diversification
(Fig. 5C).

As a complementary approach, we also applied repertoire metrics
to non-down-sampled (raw) TCR reads, using normalized measures
of clonality (normalized Shannon entropy, Gini coefficient, and D50),
as previously used by others (29, 63). These methods also suggested
tumor repertoire focusing for TCRa (significance was reached for
D50), whereas there was no such finding for V81 (fig. S5 and table S4).
Collectively, these data strongly suggest that the V31" cell responses
were not driven by clonotypic antigens.

Given that, among TCR gene rearrangements, TCRS harbors the
highest potential for junctional diversity (65), it was not surprising
that no public V81 sequences were observed across different donors’
tumors (Fig. 6A). However, there was some V381 sequence overlap
between tumors and tissue from the same donor (fig. S6). Although
the sample size was small, the lack of public sequences would also be
consistent with TCR-agnostic, innate-like regulation of tissue-resident
V81" T cells. By contrast, assessment of a comparably sized sample
showed that some V82 TCRs were shared across multiple donors
(Fig. 6B). Most shared sequences reflected TCRs reactive to phospho-
antigens that can be up-regulated in tumors (66), with a conserved
hydrophobic residue in position 97 (table S5) specifically associated with
phospho-antigen-mediated selection of the V52" repertoire (67, 68).

DISCUSSION
The past decade has witnessed a sea change in cancer immunology,
with the realization that tumors are often antigenic and that tumor-
reactive T cells can provide patient-beneficial responses, particularly if
derepressed by checkpoint blockade (69, 70). Hence, there is con-
siderable interest in the immune ecology of tumors. Over the same
period, it became clear that several extralymphoid tissues in which
tumors commonly form ordinarily harbor large myeloid and lympho-
cyte compartments, including y8 T cells that become tissue resident
during the cells’ development and systemic a8 T cells that become
Try cells after priming in secondary lymphoid organs (71, 72).

Although positive clinical outcomes in TNBC have been associated
with CD8" TCRof" Try cells (62), there has been little investigation
of whether a human breast-resident Y8 T cell compartment exists that
might influence breast cancer outcomes (73). This study addresses
this point by first establishing a tissue-resident yd T cell compartment
in healthy human mammary tissue. This may be evolutionarily con-
served because TCRy8" lymphocytes were reported in alveolar
mammary epithelia of lactating cows (74) and were associated with
lactating mammary glands in mice (26). To characterize human
breast-resident yd T cells in sufficient numbers, we used grid cultures
previously used to elucidate key features of human skin and lung
T cells (35-38). Although this is a limitation, there was strong pheno-
typic consistency with breast Y& T cells examined directly ex vivo.
This permitted our description of the compartment as mostly V817,
NKG2D", CD69", partly CD103", and with a T.1 phenotype lacking
IL-17 production. This is very distinct from PB y3 T cells but shares
features with human intestinal epithelial yd T cells (40).

In addition, human breast yd T cells were innately responsive to
NKG2D activators, whereas colocated aff T cells required coincident
TCR stimulation. Thus, healthy human breast V51" cells have an
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Fig.4.V31* T cells in TNBC are predictive of disease-free survival and OS. (A) Overall landscape of T cell subsets in nonmalignant breast tissue (“Tissue”) and matched
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inherent potential to detect and respond rapidly to local cells en route
to malignancy. Some of these signature properties may be shared with
local V31782 T cells, which are often V§3*, although these cells were
most often present in very small numbers.

Within breast tumors, V81* T cells and of T cells were frequently
more abundant than in paired healthy tissue, particularly in patients
in remission. This likely reflects an inflexion point at which an acti-
vating immune response to the tumors occurred. Furthermore, when
extracted from breast tumors, the comparatively expanded V31" and
of T cell populations were functionally competent, retaining the
innate responsiveness and T.1 potential of cells from healthy breast.
These observations evoked evidence that PD-1" breast cancer TILs
responded functionally to restimulation (75) and that their presence
could be associated with favorable outcome (62). Although only few
patients were available for in-depth analysis in this study, they were
sufficient to show significant positive correlations of tumor-derived

V81" and af T cells with clinical outcome, with V31 TCRs correlating
with both PFS and OS. It is therefore attractive to hypothesize that
maximum patient benefit accrues from a collaboration of the innate
responsiveness of local V31" cells with the antigen-specific modus
operandi of o T cells, particularly CD8" TCRaf* Try cells (62).

At least two patient-beneficial facets of collaboration between
V31" and TCRoB" T cells may be envisioned. First, by recognizing
tumors via innate stimuli, V81" T cell responses may not be limited
either by the number of neoantigen-generating somatic mutations
or by immune-evasive suppression of peptide antigen presentation
(47, 76-79). The innate stimuli may include ligands for several NK
receptors (43), including but not limited to NKG2D.

Second, the cytolytic, T.1 phenotype of V81" cells may be augmented
by the cells’ capacity to promote tissue immunogenicity via chemokine
secretion and possibly via direct antigen presentation (16, 17, 80).
A critical role of tissue-resident V31" cells may be to orchestrate
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maining tolerant to others. In this context,
tissue/tumor immunogenicity might
be effectively enhanced in the clinic by
agents promoting the activities of local V81" T cells, or by the cells’
adoptive transfer, in concert with the activation/derepression of
adaptive T cells. Because y3 T cells are not MHC-restricted, they
might be adoptively transferred from heterologous donors, and
because they are naturally tissue resident, local V817 cells may
cope with hypoxic environments that prove hostile to systemic
lymphocytes (81, 82).

Such considerations may pertain to other human tissues harboring
local Y8 T cell compartments, such as the gut, and may underpin
reportedly strong correlations of y8 T cells with favorable clinical
outcomes across a broad spectrum of human tumors (83). None-
theless, in this study, neither total Y5 TCRs nor V82" TCRs correlated
with clinical outcome. This emphasizes the fact that yd T cells com-
prise biologically distinct subsets, as is the case for ap T cells or ILCs.
Even among intratumoral CD8" T cells, which are traditionally
associated with patient benefit, most benefit in TNBC was attributable
to a discrete subset of local CD8" Ty cells (62). In mice, functionally
different y3 T cell subsets have been reported to either mediate or
repress tumor immunosurveillance (84, 85). Most often, IL-17 has been
implicated in tumor promotion by Y& T cells (50-52), whereas IL-17-
producing cells are seemingly rare in humans, wherein the pre-
dominant phenotype is cytolytic and TNF/IFN-y producing (86), as
described here.

In mice, the innate responsiveness of yd T cells and their suppres-
sion of IL-17 production were induced developmentally by subset-
specific, tissue-specific selecting elements of the butyrophilin-like
(Btnl/BTNL) family, members of which can also regulate human vy
T cells (30, 40, 58, 87). It is therefore possible that such elements act
locally to select and regulate human breast-resident V31" T cells, in
which regard the mammary gland is one of reportedly few tissues
expressing BTNL9 (88).

Our study did not focus on interactions of breast V81" T cells with
other breast-resident immune cells including B cells (32). Likewise,
spatial relationships between breast 3 T cells and tumor-associated
tertiary lymphoid structures were not determined (31, 32). In practical
terms, clinical studies have suggested that human breast cancer,
including TNBC, can be vulnerable to immune attack (33, 34), yet
the efficacy of immunotherapies in this indication has been relatively
poor. We strongly believe that this may be redressed by shifting
therapies away from their unique focus on conventional, adaptive
T cell responses and by learning from the natural ecology of the local
breast T cell compartment. In particular, we believe that this may
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promote the immunogenicity of tumor tissues that drives and sus-
tains patient-beneficial adaptive responses.

MATERIALS AND METHODS

Study design

The aim of this study was to ascertain whether the human breast
might contain a tissue-resident Y8 T cell compartment and to determine
whether this might be protective in breast cancers. This study was
undertaken first by demonstrating the reproducible presence of Y3
T cells in healthy breast tissue with a particular focus on V3 chain
usage. Then, we determined their functional potential and whether
they might be consistent with protective tumor immunosurveillance.
These approaches were subsequently applied to Y8 T cells in breast
tumors. Colocated af T cells isolated using the same protocol and
maintained in the same culture conditions were used as controls.
Having established the presence of y3 T cells in human breast tissue
and tumors and their innate-like immunosurveillance capacity
in vitro, we examined the presence of these cells in situ (via their DNA
rearrangements) and correlated this to prognosis in clinical samples.
We also sought in situ evidence, particularly TCR repertoire clonality,
for cells functioning in an innate-like immunosurveillance capacity,
as was established ex vivo. Detailed study design, sample sizes, rep-
licates, and inclusion/exclusion criteria are provided in the figure
legends or in Materials and Methods. The sample sizes and experi-
mental repetitions were sufficient to permit rigorous statistical
analysis as described in the figure legends and Materials and Methods.
All antibodies and key reagents are listed in table S6. Primary data
are reported in data file S1.

Clinical material

Human breast samples were obtained from adult female patients
undergoing breast reduction or risk-reducing mastectomy (29 patients)
or breast tumor resection (90 patients) after informed consent as part
of a noninterventional clinical trial (BTBC study REC no.: 13/LO/1248,
IRAS ID 131133; principal investigator: A.T; study title: “Analysis
of functional immune cell stroma and malignant cell interactions in
breast cancer in order to discover and develop diagnostics and therapies
in breast cancer subtypes”). This study had local research ethics
committee approval and was conducted adhering to the principles
of the Declaration of Helsinki. Specimens were collected from
surgery into sterile saline and transported immediately to cut up.
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A histopathologist or pathology-trained technician identified and
collected tumor material and ipsilateral nonadjacent normal breast
tissue from surgical specimens from which lymphocytes were sub-
sequently isolated as described below. Demographics of the patients
are detailed in table S2. In addition to the patients above, for TCR
sequencing experiments, tumor and paired nonmalignant tissue
DNA was extracted from bio-banked FFPE blocks from 11 patients
with AJCC stage I to III TNBC who had mastectomies for which we
could access sufficient material and accurate clinical follow-up data.
No other criteria were applied. The 11 cases were also part of the
BTBC clinical trial described above.

Primary lymphocyte extraction and culture

For direct ex vivo isolation, fresh breast tumor or tissue was coarsely
minced with scalpels and then dissociated using the MACS human
tumor dissociation kit on a gentleMACS dissociator as per the manu-
facturer’s instructions (Miltenyi Biotec). Samples were washed twice
with sterile RPMI 1640 and used immediately for downstream assays.
Lymphocytes were also harvested using a grid explant system adapted
from a protocol first described by Clark and colleagues (35). Briefly,
fresh breast tumor or tissue was minced using scalpels and placed
onto rat tail collagen (100 ug/ml; BD Biosciences)-coated Cellfoam
grids (Cytomatrix Pty Ltd.). Each grid was placed into a separate well
of a 24-well tissue culture plate and cultured in complete medium
[Iscove’s modified Dulbecco’s medium (Life Technologies), 10%
heat-inactivated fetal bovine serum (FBS; Life Technologies), L-glutamine
(292 ug/ml; Life Technologies), penicillin (100 U/ml; Life Technologies),
streptomycin (100 pg/ml; Life Technologies), and 2-mercaptoethanol
(3.5 ul/liter; Life Technologies)] supplemented with recombinant
human IL-2 (rhIL-2) (100 IU/ml; Proleukin; Novartis Pharmaceuticals
UK Ltd.) and rhIL-15 (10 ng/ml; BioLegend). The grids were maintained
for 3 weeks in culture at 37°C/5% CO,, and the lymphocytes were
harvested by washing the wells/grids with 0.01 mM Hepes/Hanks’
balanced salt solution.

Flow cytometry and fluorescence-activated cell sorting

Cells were washed in sterile phosphate-buffered saline (PBS) to remove
traces of serum and stained for 20 min at room temperature with
LIVE/DEAD Fixable Aqua (Thermo Fisher Scientific) in PBS. Sub-
sequent surface staining was carried out in fluorescence-activated cell
sorting (FACS) buffer (PBS, 2% fetal calf serum, and 1 mM EDTA)
for 20 min at 4°C (see table S6) before washing twice with FACS
buffer and fixing with CellFIX (BD) for 10 min at room temperature.
For intracellular cytokine staining, fixed cells were washed twice with
Intracellular Staining Permeabilization Wash Buffer (BioLegend) and
stained for 20 min at room temperature before two further washes
with Intracellular Staining Permeabilization Wash Buffer. Samples
were acquired on a BD FACSCanto II or BD LSRFortessa and were
analyzed using Flow]Jo software (FlowJo LLC). For FACS, cells were
not fixed and sorted on a BD FACSAria II as detailed below. Anti-
bodies are listed in table S6 and were used at 1:50 dilution unless
otherwise specified.

In vitro lymphocyte activation assays

Directly isolated and grid explant-isolated lymphocytes were stimu-
lated with PMA (10 ng/ml; Sigma) and ionomycin (1 pg/ml; Sigma) in
the presence of brefeldin A (BFA; 20 ug/ml; Sigma) for 4 hours at
37°C/5% CO, before surface marker and intracellular cytokine staining
and acquisition on a BD FACSCanto or Fortessa. For plate-bound

NKG2D ligand assays, lymphocytes were harvested from explant cultures
24 hours before activation and rested in complete media without
cytokine supplementation. After resting, lymphocytes were transferred
to 96-well flat-bottom cell culture plates (Corning) coated with thMICA
(10 ug/ml; R&D Systems), anti-CD3 (50 ng/ml; BioLegend), anti-CD3
(50 ng/ml; BioLegend) and rhMICA (10 pg/ml; R&D Systems), or
mouse immunoglobulin G2a (IgG2a) (50 ng/ml; BioLegend) at
100,000 cells per well in 100 ul of complete medium. Plates were
incubated for 6 hours at 37°C/5% CO; in the presence of IL-15
(10 ng/ml; BioLegend) and BFA (20 ug/ml; Sigma). Where CD107a
was used as a functional readout, anti-human CD107a antibody (1:400
final concentration; BioLegend) was also added at the start of the assay
along with monensin at 1x (BioLegend). For NKG2D-blocking
conditions, anti-NKG2D antibody (10 ug/ml; clone 1D11; BioLegend)
was added to lymphocytes just before plating.

For cytokine activation assays, lymphocytes were incubated with
IL-12 (100 ng/ml; PeproTech) and/or IL-18 (100 ng/ml; Medical and
Biological Laboratories) for a total of 24 hours at 37°C/5% CO, with
BFA (20 ug/ml; Sigma) added for the last 4 hours before surface and
intracellular cytokine staining for flow cytometry. For IL-17-skewing
assays, breast tissue explants were cultured in complete medium and
in conditions as described above with the addition of rhIL-2 + rhIL-
15, thIL-1B, rhIL-6, rhIL-23, and rhTGF- for 3 days. These cells were
then activated with PMA and ionomycin in the presence of BFA
(20 ug/ml) for 4 hours at 37°C/5% CO, before surface and intracel-
lular cytokine staining for flow cytometry.

Cytotoxicity assays

Grid explant-derived y§ T cells from breast tissues and tumors
were isolated by FACS via depletion of TCRaB" and NKp46™ cells.
Target cells, MCF7 and HCC1954 [Cancer Research UK (CRUK)/
Francis Crick Institute Cell Service], were seeded at 10,000 cells per
well in 96-well flat-bottom plates (Corning) 24 hours prior. Fifty
thousand negatively sorted Y8 T cells were added to target cells
in the presence or absence of blocking NKG2D antibody (10 pg/ml;
BioLegend). Cells were incubated at 37°C for 48 hours, after which
supernatants were collected and stored at —20°C until further
analysis. Target cell apoptosis was measured using enzyme-linked
immunosorbent assay (ELISA) for the epithelial cell-specific caspase-
cleaved cytokeratin 18 (Diapharma), according to the manufac-
turer’s instructions.

Cell lines and culture conditions

Target MCF7 and HCC1954 cell lines were sourced from CRUK Cell
Services (Clare Hall, London) and maintained in Dulbecco’s modi-
fied Eagle’s medium (Life Technologies), supplemented with 10%
heat-inactivated FBS (Life Technologies), penicillin (100 U/ml; Life
Technologies), and streptomycin (100 pg/ml; Life Technologies) at
37°C/5% CO,. HCC1954 cells were maintained in RPMI 1640 (Gibco)
supplemented with 10% heat-inactivated FBS (Life Technologies),
penicillin (100 U/ml; Life Technologies), and streptomycin (100 pg/ml;
Life Technologies) at 37°C/5% COs.

DNA extraction

DNA was extracted from FFPE paired tumor tissue and normal tissue
blocks of 11 patients with TNBC treated with mastectomy as part of
the BTBC study. Tumor tissue was needle microdissected after sec-
tioning. The QIAamp DNA FFPE Tissue kit (Qiagen) was used per
the manufacturer’s instructions to extract DNA. DNA was quantified
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using a Qubit fluorometer, and material from patients with >1 ug of
DNA from both tumor and normal tissue was sent for quantitative
TCRo/8 locus sequencing by Adaptive Biotechnologies.

TCR sequencing

TCR sequencing was performed by Adaptive Biotechnologies. The
Adaptive Biotechnologies platform uses genomic DNA and can
quantitate T cell numbers. Reads were aligned and annotated by
Adaptive Biotechnologies, and data were output as .csv files (available
from https://osf.io/d4eu6/) for downstream analysis from the
immunoSEQ Analyzer (https://clients.adaptivebiotech.com/login).
Output was filtered on in-frame CDR3s as well as TCRA to TCRA
V-J family joins for TCRof and TCRD to TCRD V-] family joins for
TCRy3 T cells. We normalized the absolute counts of TCRs to 1 ug
of input DNA for each sample to enable normalized comparison of
infiltrating T cell numbers across all samples. All analyses were car-
ried out using CDR3 amino acid sequences as opposed to nucleo-
tide sequences.

Clonal repertoire analysis

To compare clonality metrics within each patient between paired tumor
and nonmalignant tissue, we down-sampled TCRs from each pair
of samples. For V31, TCRs from tumor and nonmalignant tissue were
down-sampled to the number of clones in the smaller sample with
probability of drawing a clonotype equal to its frequency in the full
sample. Down-sampling with replacement was performed 200 times.
For TCRop, clonotypes were ordered in decreasing frequency, and
the top 10% of total TCRs in each pair of tumor and nonmalignant
tissue were used for down-sampling as described above. Clonality
metrics were then applied to the down-sampled data, and the median
values were plotted. As an alternative, we also applied normalized
measures of clonality (normalized Shannon entropy, Gini coefficient,
and D50) to the raw data. TreeMaps were generated using the Macro-
focus TreeMap program (www.treemap.com). We visualized shared
clonotype patients using the UpSet R package (https://ieeexplore.
ieee.org/abstract/document/6876017 and https://vcg.github.io/upset).

Statistical analysis

Statistical significance was determined by Kolmogorov-Smirnov test,
log-rank test, Wilcoxon matched pairs signed-rank test, or Mann-
Whitney test, as indicated in the figure legends using Prism 7 soft-
ware (GraphPad). All findings were considered significant at a
P value threshold of <0.05. Where results of statistical test are shown,
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 unless other-
wise indicated.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/11/513/eaax9364/DC1

Fig. S1. Explant culture permitted the isolation of substantial numbers of human
tissue-resident lymphocytes.

Fig. $2. V31" T cells display innate-like responsiveness.

Fig. S3. ap and y8 T cells could be isolated from breast tumors and phenotypically resemble
those from healthy tissue.

Fig. S4. Both af and y3 T cells are enriched in tumors compared with paired nonmalignant
tissue.

Fig. S5.V31" T cells show no evidence of tumoral clonal focusing in contrast to aB T cells.

Fig. S6. There is limited V31 repertoire overlap between tumor and paired nonmalignant tissue
within patients.

Table S1. Lymphocyte subtypes observed ex vivo after enzymatic digestion and in grid explant
cultures.

Table S2. Clinical features of KCL TNBC cohort.

134

Table S3. Clonality metrics of down-sampled TCRs.

Table S4. Clonality metrics of raw TCRs.

Table S5. Public intratumoral phospho-antigen reactive V32 CDR3 sequences and samples in
which they were shared.

Table S6. Antibodies and key reagents table.

Data file S1. Primary data.

View/request a protocol for this paper from Bio-protocol.
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