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IMMUNE ENGINEERING

Selective targeting of engineered
T cells using orthogonal IL-2
cytokine-receptor complexes
Jonathan T. Sockolosky,1,2 Eleonora Trotta,3* Giulia Parisi,4* Lora Picton,1 Leon L. Su,1

Alan C. Le,5 Akanksha Chhabra,5 Stephanie L. Silveria,3 Benson M. George,2,5,6

Indigo C. King,7 Matthew R. Tiffany,8 Kevin Jude,1 Leah V. Sibener,1,9

David Baker,7 Judith A. Shizuru,5 Antoni Ribas,4,10

Jeffrey A. Bluestone,3,10 K. Christopher Garcia1,2,10,11†

Interleukin-2 (IL-2) is a cytokine required for effector T cell expansion, survival, and
function, especially for engineered T cells in adoptive cell immunotherapy, but its
pleiotropy leads to simultaneous stimulation and suppression of immune responses as well
as systemic toxicity, limiting its therapeutic use. We engineered IL-2 cytokine-receptor
orthogonal (ortho) pairs that interact with one another, transmitting native IL-2 signals, but
do not interact with their natural cytokine and receptor counterparts. Introduction of
orthoIL-2Rb into T cells enabled the selective cellular targeting of orthoIL-2 to engineered
CD4+ and CD8+ T cells in vitro and in vivo, with limited off-target effects and negligible
toxicity. OrthoIL-2 pairs were efficacious in a preclinical mouse cancer model of adoptive
cell therapy and may therefore represent a synthetic approach to achieving selective
potentiation of engineered cells.

A
doptive transfer of tumor-reactive T cells
has evolved into a clinically useful therapy
capable of inducing antitumor immunity
in patients (1, 2). However, the broad ap-
plication of adoptive T cell transfer (ACT)

therapies to treat cancer has several limitations,
including the production of sufficient quantities
of cells for infusion and the failure of transferred
T cells to persist and remain functional in vivo.
In the clinic, the concomitant administration of
the T cell growth factor interleukin-2 (IL-2) im-
proves the survival, function, and antitumor ac-
tivity of transplanted T cells (3, 4). However, the
use of IL-2 to potentiate ACT is complicated by
the pleiotropic nature of IL-2,which induces both

immune stimulatory and suppressive T cell re-
sponses as well as potentially severe toxicities (5).
This is governed by the interaction between IL-2
and the IL-2 receptor (IL-2R), which consists of
a, b, and g subunits (6). IL-2Rb and the common
g-chain (IL-2Rg) together form the signaling dimer
and bind IL-2 with moderate affinity, whereas
IL-2Ra (CD25) does not signal but increases the
affinity of IL-2 for the binary (bg) IL-2 receptor
to sensitize T cells to low concentrations of IL-2.
The activity of IL-2 as an adjuvant to ACT is

dependent on the balance between activation of
transplanted and endogenous T cell subsets bear-
ingnatural IL-2 receptors, aswell as host responses
that cause dose-limiting toxicities. Strategies to
overcome these limitations could improve T cell
immunotherapy (7, 8). Recognizing the need for
new approaches that afford precise targeting of
IL-2–dependent functions to a specific cell type
of interest, we devised a strategy to redirect the
specificity of IL-2 toward adoptively transferred
T cells. This method, based on receptor-ligand
orthogonalization, uses a mutant IL-2 cytokine
and mutant IL-2 receptor that bind specifically
to one another but not to their wild-type counter-
parts (Fig. 1A).
We focused on the murine IL-2/IL-2Rb inter-

action to enable in vivo characterization in syn-
geneic mouse models. The IL-2Rb chain was
chosen as the mutant receptor because the b
chain is required for signal transduction and
can bind IL-2 independently. We devised a two-
step approach to engineer orthogonal IL-2/IL-
2Rb pairs informed by the crystal structure of the
IL-2 high-affinity receptor complex (6) (Fig. 1B).
First, point mutations of the IL-2Rb chain were
identified from inspection of the interface be-
tween IL-2 and IL-2Rb that abrogated binding

to wild-type IL-2 (Fig. 1, C to E). The IL-2Rb hot-
spot residues His134 and Tyr135 make numerous
contacts with IL-2 that contribute a majority of
the binding free energy between IL-2 and IL-2Rb
(6) (Fig. 1E). A double mutant IL-2Rb [His134 →
Asp (H134D) and Tyr135→ Phe (Y135F)], referred
to herein as orthoIL-2Rb, lacked detectable bind-
ing to IL-2 (Fig. 1D), even in the presence of CD25
(fig. S1) (7, 9).
Next, we used yeast display-based evolution to

mutate, and thus remodel, the wild-type IL-2
interface region that was opposing (or facing
the site of) the IL-2Rb mutations in the crystal
structure, in order to create amolecule that bound
to orthoIL-2Rb but not to wild-type IL-2Rb. IL-2
residues in proximity to the orthoIL-2Rb binding
interfacewere randomlymutated andwere chosen
on the basis of a homology model of the mouse
IL-2/IL-2Rb complex (Fig. 1E) derived from the
crystal structure of the human IL-2 receptor com-
plex (6). A library of ~108 unique IL-2 mutants
was displayed on the surface of yeast (fig. S2) and
subjected to multiple rounds of both positive
(against orthoIL-2Rb) and negative (against IL-
2Rb) selection (figs. S2 and S3). This collection of
yeast-displayed IL-2 mutants bound the orthoIL-
2Rb, but not wild-type IL-2Rb, and retained CD25
binding (Fig. 1D). Sequencing of yeast clones from
the evolved IL-2 libraries revealed a consensus
set of mutations at IL-2 positions in close struc-
tural proximity to the orthoIL-2Rb mutations
(fig. S4). Interestingly, a Gln30→ Asn (Q30N)mu-
tation was highly conserved across three inde-
pendent mutant IL-2 yeast libraries, whereas
all other IL-2 positions used a restricted but not
specific mutational signature. We found that
IL-2 mutations Q30N, Met33 → Val (M33V), and
Asp34→ Leu orMet (D34L/M) appear to form a
small nonpolar pocket to compensate for the
IL-2Rb Y135F mutation, whereas Gln36 → Thr,
Ser, Lys, or Glu (Q36T/S/K/E) andGlu37→ Tyr or
His (E37Y/H)mutations present a polar or charged
surface to compensate for the IL-2Rb H134D mu-
tation (Fig. 1F).
Because of the affinity-enhancing effects of

CD25 expression on the interaction of IL-2 with
the binary (bg) IL-2 receptor (10), IL-2 mutants
with negligible binding to IL-2Rb alone may still
form a functional signaling complex on cells that
also express CD25 (8). Therefore, we used a yeast-
based functional screen to further triage IL-2mu-
tants that bound specifically to the orthoIL-2Rb
and signaled selectively on T cells that express the
orthoIL-2Rb (Fig. 1G and fig. S5), and produced
recombinant formsof select IL-2mutants (orthoIL-2)
for characterization (figs. S6 to S8).
We focused our efforts on two orthoIL-2 mu-

tants, 1G12 and 3A10. OrthoIL-2 1G12 and 3A10
share the consensus Q30N, M33V, and D34L
mutations but differ at positions Glu29, Gln36,
Glu37, and Arg41 (Fig. 1I). OrthoIL-2 1G12 and
3A10 bound the orthoIL-2Rb with an affinity
comparable to that of the wild-type IL-2/IL-2Rb
interaction and displayed little to no detectable
binding to wild-type IL-2Rb (Fig. 1H and figs. S7
and S8) but differed in their ability to activate
IL-2Rb signaling in CD25-positive wild-type
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and orthoIL-2Rb T cells. Stimulation of orthoIL-
2Rb T cells (fig. S5B) with orthoIL-2 1G12 resulted
in dose-dependent phosphorylation of STAT5
(pSTAT5), a hallmark of IL-2R signaling, with
potency similar to that of wild-type IL-2, but also
induced pSTAT5 on wild-type T cells, albeit with
significantly reduced potency relative to IL-2
(Fig. 1, G and I, and fig. S6). By comparison,
orthoIL-2 3A10 was specific for orthoIL-2Rb
T cells, but with a weaker potency relative to IL-2
(Fig. 1, G and I, and fig. S6). We speculated that
orthoIL-2 1G12 activity on wild-type T cells is a
consequence of weak residual binding to wild-
type IL-2Rb (fig. S7). Low-affinity interactions
with IL-2Rb alone are enhanced in the presence
of CD25 (8). Indeed, orthoIL-2 1G12 exhibited
binding to wild-type IL-2Rb when first captured
by CD25, with limited binding in the absence of
CD25 (figs. S1 and S8). OrthoIL-2 3A10 did not
bind appreciably to IL-2Rb even in the presence
of CD25, in agreement with its negligible bio-
logical activity on CD25-positive T cells. Interac-
tion of orthoIL-2 1G12 and 3A10with orthoIL-2Rb
was significantly enhanced in thepresenceofCD25,
with apparent binding affinities of the ternary
CD25/orthoIL-2Rb/orthoIL-2 complex that cor-
relate with their respective potency on orthoIL-
2Rb T cells (fig. S1).
In clinical ACT regimens, patient-derivedT cells

for ACT are expanded in IL-2 before re-infusion in
order to obtain sufficient numbers of therapeutic
cells with the desired genotype/phenotype (2).We
explored the in vitro activity of orthoIL-2 on ac-
tivated primary mouse CD8+ T cells engineered
to express the orthoIL-2Rb and a yellow fluores-
cent protein (YFP) to distinguish modified (YFP+)
and unmodified (YFP–) cells (Fig. 2A). The tran-
scription factor STAT5 is phosphorylated upon
IL-2 engagementwith the IL-2R and translocates
to the nucleus, where it promotes the prolifera-
tion and cell cycle progression of T cells (11).Wild-
type IL-2 induced the phosphorylation of STAT5
(pSTAT5) in bothwild-type and orthoIL-2Rb CD8+

T cells with similar potency and signaling am-
plitude, indicating functional signal transduc-
tion through the wild-type receptor but not
orthoIL-2Rb (Fig. 2B). By comparison, orthoIL-2
1G12 potently activated STAT5 on orthoIL-2Rb–
transduced T cells, with a potency increase by a
factor of ~5 relative to wild-type T cells.OrthoIL-2
3A10 induced somewhat weaker, albeit selective
pSTAT5 on orthoIL-2Rb–expressing but not wild-
type T cells (Fig. 2, B, D, andE). These resultswere
consistent with the biased binding of the orthoIL-
2s to the orthoIL-2Rb, which translated into the
selective or specific expansion of orthoIL-2Rb
T cells cultured ex vivo in orthoIL-2 1G12 or 3A10,
respectively (Fig. 2, C and D). The orthoIL-2Rb–
transduced T cells cultured in saturating concen-
trations of orthoIL-2 3A10 became enriched to
near homogeneity after 3 to 5 days (Fig. 2F).
IL-2 is indispensable for the development and

function of regulatory T cells (Tregs) (12), which
are sensitive to IL-2 as a result of constitutive
expressionofCD25 and require IL-2Rb–dependent
activation of STAT5 signaling for survival and
function (13). Both orthoIL-2 1G12 and 3A10 re-

tained specificity for Tregs modified to express the
orthoIL-2Rb, with potency similar to that onCD8+

T cells (Fig. 2G and fig. S9, A and B). In addition
to cells that naturally respond to IL-2, activation
of orthoIL-2Rb signaling pathwayswith orthoIL-2

could, in principle, be achieved in any cell type
that also expresses the IL-2Rg. Activated mouse
B cells expressed the IL-2Rg but lacked appre-
ciable levels of IL-2Rb (14, 15) and were relatively
insensitive to IL-2–dependent STAT5 activation
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Fig. 1. Engineering and characterization of orthogonal IL-2 and IL-2R pairs. (A) Schematic
overview of orthogonal IL-2/IL-2R pairs, consisting of a mutant IL-2 cytokine and mutant IL-2R
that interact specifically with each other but do not cross-react with their wild-type counterparts.
(B) Strategy used to engineer orthogonal IL-2/IL-2Rb pairs. (C) Wild-type and mutant IL-2Rb tetramer
binding to wild-type IL-2 displayed on yeast by fluorescence-activated cell sorting. MFI, mean fluo-
rescence intensity. Data are representative of two independent experiments. (D) Histograms of wild-type
IL-2Rb (blue), orthoIL-2Rb (red), or CD25 (purple) binding to yeast-displayed wild-type IL-2, the naïve
mutant IL-2 yeast library, or mutant IL-2 yeast clones after in vitro evolution. In vitro evolution of three
independent mutant IL-2 yeast libraries (fig. S4) yielded similar results. (E) Homology model of the
mouse IL-2/IL-2Rb structure and the site I interface of IL-2 (gray) and contacts with IL-2Rb His134 and
Tyr135 (teal). Dashed lines indicate potential polar contacts. (F) Model of the orthoIL-2/orthoIL-2Rb
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(Fig. 2H and fig. S9, E and F). Transduction of
the orthoIL-Rb into activated B cells rendered
them responsive to orthoIL-2 (Fig. 2H and fig. S9,
E and F), butwith reduced potency and increased
specificity relative to T cells. Specificity was due
to the lack of appreciable wild-type IL-2Rb on
B cells (fig. S9E).
In a host with an intact immune system, adop-

tively transferred T cells must compete with host
cells for survival signals such as IL-2 (16). How-
ever, unlikewild-type IL-2, there shouldbeminimal
competition from endogenous cells for orthoIL-2
consumption. Thus, we determined the in vivo
activity of orthoIL-2 and orthoIL-2Rb T cells in
mice with intact immune systems. Amixture of
wild-type and orthoIL-2Rb CD8+ T cells was adop-
tively transferred into wild-type mice, and the
impact of IL-2 and orthoIL-2 administration
on transplanted T cells and the host immune
system was quantified (Fig. 3A). OrthoIL-2 1G12
significantly expanded CD8+ T cells transduced
with the orthoIL-2Rb at doses equivalent to or
lower than wild-type IL-2, which acted through
the endogenous IL-2Rb expressed in both wild-
type and orthoIL-2Rb T cells (Fig. 3B and fig. S10).

The selectivity of orthoIL-2 1G12 for orthoIL-2Rb
T cells was dose-dependent, with increased activ-
ity on wild-type cells at increased dose amounts
and/or frequency of treatment (Fig. 3, B and C,
and figs. S10 to S12). These results were consistent
with the in vitro selectivity of orthoIL-2 1G12,
although it remained possible that orthoIL-2 1G12
signaling through the orthoIL-2Rb could trigger
endogenous IL-2 production by the orthoIL-2Rb
T cells, leading to indirect signaling through the
wild-type IL-2R in cis or trans.
At high doses and twice-daily administration,

orthoIL-2 3A10 resulted in the substantial expan-
sion of orthoIL-2Rb T cells with high specificity
and nowild-type T cell expansion (Fig. 3, B and C,
and figs. S11 and S12). This finding suggests that
the effects of high-dose orthoIL-2 1G12 treatment
were due not to induction of endogenous IL-2
by orthoIL-2Rb CD8+ T cells, but rather to low-
level cross-reactivity with the wild-type IL-2Rb
by this molecule. The orthoIL-2 variants also pro-
moted the in vivo expansion of orthoIL-2Rb CD4+

effector T cell (Teff) (Fig. 3I and fig. S12) and
orthoIL-2Rb CD4+ Treg (fig. S9, C and D) cell sub-
sets with specificity similar to that in CD8+ T cells.

The two different orthoIL-2 variants exhibited
specificities in vivo that mirrored their relative
specificities in vitro. Despite its ability to activate
wild-type IL-2Rb signaling, albeit with about one
order ofmagnitude less potency than orthoIL-2Rb
signaling, orthoIL-2 1G12 administrationwas rela-
tively specific for orthoIL-2Rb T cells in vivo (Fig. 3,
B to H, and figs. S10 to S12). In mice treated twice
daily with orthoIL-2 1G12 only, CD4+ Tregs were
elevated to a substantially lower degree than
observed in IL-2–treated mice (Fig. 3F). How-
ever, the orthoIL-2 3A10 variant, consistent with
the lack of wild-type IL-2Rb signaling, had no
detectable activity on host cell subset numbers
(fig. S11) or expression of CD25, PD-1, and TIM-3,
which are up-regulated by early or late IL-2R
signaling (fig. S13).
To improve in vivo half-life and enable more

convenient dosing, we fused IL-2 and orthoIL-2
to mouse serum albumin (17) (MSA), which has
been shown to extend the half-life of mouse IL-2
from 5 hours to 50 hours (18). Fusion toMSA had
little to no impact on IL-2–or orthoIL-2–dependent
T cell proliferation in vitro (fig. S14); however, the
in vivo activity was greatly enhanced. Fusion of
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Fig. 2. OrthoIL-2 signals
through the orthoIL-2R
expressed in primary mouse
lymphocyte subsets, resulting
in specific expansion of
CD4 and CD8 Tcells in vitro.
(A) Flow cytometry data of
mouse T cells transduced with
the orthoIL-2Rb and a YFP
reporter (top panels) and asso-
ciated cell surface levels of
CD25, IL-2Rb, and IL-2Rg. (B to F)
Dose-response curves of (B)
STAT5 phosphorylation after
20 min of stimulation and (C)
proliferation of wild-type (open
circles) and orthoIL-2Rb (solid
circles) CD8+ Tcells cultured for
4 days in IL-2 or orthoIL-2; (D)
table of respective pSTAT5 and
proliferation EC50 from data in
(B) and (C). Representative his-
tograms of (E) STAT5 phospho-
rylation and (F) scatterplots of
CD8+ wild-type (YFP–) and
orthoIL-2Rb (YFP+) T cells ex-
panded in IL-2. Data are means ±
SD (n = 3 biological replicates).
Dashed lines represent curves fit
to a log (agonist) versus re-
sponse (three parameters)
model in Prism. (G) Dose-
response curves of STAT5 phos-
phorylation (left) and proliferation
(right) of wild-type and orthoIL-
2Rb CD4+ Tregs cultured in IL-2 or
orthoIL-2. Data are means ± SD
(n = 3 biological replicates).
(H) Representative histograms
of primary mouse B cells transduced with the orthoIL-2Rb and stimulated with the indicated cytokines for quantification of intracellular pSTAT5 as in fig. S9.
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orthoIL-2 1G12 to MSA substantially increased
its activity on cells that express the wild-type
IL-2R relative to native orthoIL-2 1G12, leading
to increased off-target effects and toxicity (fig.
S15). However, the MSA–orthoIL-2 3A10 fusion
protein retained exquisite specificity for orthoIL-
2Rb T cells (fig. S16).
One of the major limitations of IL-2 in the

clinic is that IL-2 toxicity limits the use of high-
dose IL-2 therapy formetastatic cancer and as an
adjuvant to adoptive T cell therapy (12). IL-2

administered as aMSA fusion resulted in a num-
ber of dose-dependent and dose-accumulating
toxicities that led toweight loss, restrictedmobil-
ity, hypothermia, ruffled fur, hunched posture,
splenomegaly, lymphomegaly, and death (Fig. 3,
J to L, and figs. S15 to S18). In contrast, MSA–
orthoIL-2 3A10was nontoxic at all doses evaluated.
MSA–orthoIL-2 3A10 activity was negligible on all
IL-2–responsive host cell subsets evaluated.
In addition to its role as a proliferative cyto-

kine, IL-2 is a potent effector cytokine capable of

activating cytotoxic T cell functions and T cell in-
flammatory pathways (19). We determined the
capacity of adoptively transferred orthoIL-2Rb
CD8+ T cells to produce interferon-g (IFN-g)
and cell surface levels of the immune inhibitory
receptors PD-1 and TIM-3 after expansion in vivo
with orthoIL-2. TIM-3 expression correlates with
a highly dysfunctional CD8+ T cell state, whereas
PD-1 expression is associated with both T cell ac-
tivation and exhaustion (20).OrthoIL-2Rb T cells
expanded in orthoIL-2 produced significantlymore
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Fig. 3. OrthoIL-2 promotes
the specific expansion of
orthoIL-2Rb–modified
T cells in mice with negligi-
ble toxicity. (A) Schematic
of the adoptive CD8+ T cell
transplant mouse model.
(B) Quantification of donor
wild-type and ortho CD8+

T cells in the spleen of recip-
ient mice treated twice
daily with phosphate-
buffered saline (PBS), IL-2
(250,000 IU/dose), orthoIL-2
1G12 (250,000 IU/dose),
or orthoIL-2 3A10
(2,500,000 IU/dose).
(C) Representative flow
cytometry data quantified in
(B) depicting donor (Thy1.1+)
wild-type (YFP–) and
orthoIL-2Rb (YFP+) CD8+

T cells in the spleen of recip-
ient mice. (D) Spleen weight
of mice treated in (B) nor-
malized to total body
weight on day of killing.
(E to G) Quantification of
exogenous cytokine admin-
istration on host (E) CD8+

memory phenotype T cell
(MP, CD44+CD62L+),
(F) CD4+ Treg (CD25+Foxp3+),
and (G) natural killer (NK)
cell (CD3-NK1.1+CD49b+)
numbers in the spleen of
mice treated in (A).
(H) Representative flow
cytometry data as quantified
in (F) and (G). Data in
(B) to (H) are means
± SD (n = 5 mice per group).
*P < 0.05, ****P < 0.0001
[analysis of variance
(ANOVA)]; ns, not significant. (I) Quantification of donor wild-type and
orthoIL-2Rb CD4+ Teff in the spleen of recipient mice treated once daily
with PBS, IL-2 (250,000 IU/dose), or orthoIL-2 1G12 (1,000,000 IU/dose).
Data are means ± SD and are representative of two independent
experiments (n = 4 mice per group). *P < 0.05, ***P < 0.001 (ANOVA).
(J) Survival of mice that received a mixture of wild-type and orthoIL-2Rb
CD8+ T cells followed by daily administration of IL-2 or orthoIL-2 fused
to MSA. All mice received a total of 250,000 IU/day of the respective
MSA fusion protein on an IL-2 basis for 5 days. (K) Mouse body weight
over time normalized to the group average on day 0 as treated in (J).

(L) Platelet counts in peripheral blood on day 4 as treated in (J). Data in
(J) to (L) are means ± SD (n = 5 mice per group). ****P < 0.0001
(ANOVA). (M to O) Quantification of cytokine administration on host (M)
CD8+ and (N) CD4+ T cell production of IFN-g upon ex vivo restim-
ulation with phorbol 12-myristate 13-acetate (PMA) and ionomycin.
(O) Representative flow cytometry data as quantified in (M) and (N).
(P and Q) Serum (P) IFN-g and (Q) IL-5 concentrations on day 7 in mice
treated daily with PBS or with MSA–IL-2, MSA-1G12, or MSA-3A10 (each
25,000 IU/dose) for 7 days. Data are means ± SD (n = 5 mice per group).
****P < 0.0001 (ANOVA).
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IFN-g than IL-2–expanded cells (Fig. 4A). PD-1 levels
were similar on orthoIL-2Rb T cells from both IL-2–
and orthoIL-2–treatedmice (Fig. 4B). Interestingly,
TIM-3 levels were significantly lower on orthoIL-
2Rb T cells from mice treated with orthoIL-2 rela-
tive to those treated with IL-2 (Fig. 4B).
The differential activity of orthoIL-2 on both

T cell expansion and function may be due to in-
creased bioavailability of orthoIL-2 for orthoIL-2Rb
T cells as the result of a reduced antigen sink or
alternative host factors influenced by IL-2 but not
orthoIL-2, which in turn may influence the func-
tion of transplanted T cells. For instance, IL-2 but
not orthoIL-2 treatment increased host CD4+ and
CD8+ T cell IFN-g production upon ex vivo restim-
ulation (Fig. 3, M to O) and increased the serum
concentration of numerous inflammatory cyto-
kines, including IFN-g, IL-4, IL-5, IL-6, and IL-13
(Fig. 3, P and Q, and fig. S17). The ability to decou-
ple direct IL-2 activity on transplanted T cells from
indirect host bystander effects using orthoIL-2/
IL-2R pairs may have important therapeutic
implications.
To investigate prospective clinical applications

of orthogonal IL-2/IL-2R pairs, we determined
the efficacy of tumor-specific orthoIL-2Rb T cells
in the B16-F10mousemodel ofmelanoma. Trans-
genic pmel-1 T cell receptor (TCR) cells (pmel-1
T cells) express a high-affinity TCR that recognizes

theB16-F10 specific ortholog of humangp100 (19),
a self antigen overexpressed in humanmelanoma
(Fig. 4, C andD). Adoptive transfer of pmel-1 T cells
in combination with lymphocyte depletion and
IL-2 administration can model ACT approaches
to treat human cancer. Adoptive transfer of pmel-1
T cells accompanied by five daily injections of IL-2
significantly delayed tumor growth in mice and
increased survival relative to mice treated only
with T cells and saline (Fig. 4, E to G). Transfer
of orthoIL-2Rb pmel-1 T cells followed by treat-
ment with native orthoIL-2 1G12 at a dose that
had minimal activity on wild-type IL-2R cells
(fig. S10) produced a significant tumor growth
delay and survival advantage that mirrored the
IL-2 treatment group (Fig. 4, E and F). Similar
antitumor responseswere observed inmice treated
with orthoIL-2Rb pmel-1 T cells andMSA–orthoIL-2
3A10 (Fig. 4, G and H). There was no therapeutic
benefit of orthoIL-2 in mice that received wild-
type pmel-1 T cells, indicating that orthoIL-2
activity is dependent on expression of the orthoIL-
2Rb in pmel-1 T cells.
Our results constitute an approach to redirect

the specificity of IL-2 toward engineered T cells
using orthogonal IL-2 cytokine-receptor pairs,
which enables the selective expansion of de-
sired T cell subsets in settings of adoptive cell
therapy, but with limited off-target activity and

negligible toxicity. Engineering orthogonal mo-
lecular recognition at a protein–small molecule
or protein-protein interface has resulted in
synthetic enzymes, kinases, transcription fac-
tors, and receptors with controllable biological
functions, but here we apply this concept to
protein interactions with cell surface receptors
to control signaling specificity and downstream
cellular functions (21–28). Orthogonal IL-2/IL-
2R pairs may be useful not only as a research
tool but in the clinic to specifically enrich trans-
duced T cells that express a target gene of inter-
est, such as a CAR or engineered TCR, when
coupled with expression of the orthoIL-2Rb. Our
approach, and variations of this orthogonaliza-
tion strategy,may be applicable to other cytokines,
growth factors, hormones, and ligand-receptor
interactions to decipher and manipulate other-
wise complex biological systems.
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Choline acetyltransferase–expressing
T cells are required to control chronic
viral infection
Maureen A. Cox1, Gordon S. Duncan1, Gloria H. Y. Lin1*, Benjamin E. Steinberg1,2†,
Lisa X. Yu3, Dirk Brenner1,4,5, Luke N. Buckler1, Andrew J. Elia1, Andrew C. Wakeham1,
Brian Nieman3,6, Carmen Dominguez-Brauer1, Alisha R. Elford1, Kyle T. Gill1,
Shawn P. Kubli1, Jillian Haight1, Thorsten Berger1, Pamela S. Ohashi1,7, Kevin J. Tracey8,
Peder S. Olofsson8,9, Tak W. Mak1,6,7,10‡

Although widely studied as a neurotransmitter, T cell–derived acetylcholine (ACh) has
recently been reported to play an important role in regulating immunity. However,
the role of lymphocyte-derived ACh in viral infection is unknown. Here, we show that the
enzyme choline acetyltransferase (ChAT), which catalyzes the rate-limiting step of ACh
production, is robustly induced in both CD4+ and CD8+ T cells during lymphocytic
choriomeningitis virus (LCMV) infection in an IL-21–dependent manner. Deletion of Chat
within the T cell compartment in mice ablated vasodilation in response to infection,
impaired the migration of antiviral T cells into infected tissues, and ultimately
compromised the control of chronic LCMV clone 13 infection. Our results reveal a genetic
proof of function for ChAT in T cells during viral infection and identify a pathway of T cell
migration that sustains antiviral immunity.

T
he prototypic neurotransmitter acetylcho-
line (ACh) was the first neurotransmitter
identified (1, 2). ACh has numerous phys-
iological roles, including mediating skeletal
and smooth muscle contraction, commu-

nication between neurons, and induction of
vasodilation (1–3). In addition to neurons, a
population of CD4+ T cells and B cells express
the enzyme choline acetyltransferase (ChAT)
(4, 5), which catalyzes the rate-limiting step of
ACh production. Although these ChAT-expressing
T cells have a demonstrated impact on blood
pressure (6) and the release of inflammatory
cytokines (4), the biological role of immune-
derived ACh during infection has not been
elucidated. In this study, we have determined

that Chat is induced by IL-21 in T cells during
infection to facilitate T cell entry into infected
tissues, thereby genetically identifying the func-
tion of T cell–derived ACh during an immune
response.
Chat+ CD4+ T cells uniformly exhibit an

“antigen-experienced” phenotype (4). Yet, the
signals that drive Chat expression in T cells are
undefined. We infected Chat–green fluorescent
protein (GFP) reporter mice (7) with the rapidly
cleared Armstrong strain of lymphocytic chorio-
meningitis virus (LCMV-Arm). There was a mas-
sive increase in Chat-GFP expression in both
CD4+ and CD8+ T cells 8 days postinfection
(Fig. 1A). In splenic virus-specific T cells, ex-
pression rapidly declined after LCMV-Arm clear-
ance (Fig. 1B), yet Chat-GFP expression was
retained in both virus-specific CD4+ and CD8+

T cells from mice chronically infected with LCMV
clone 13 (LCMV-Cl13) (Fig. 1B). GFP expression
correlated with Chat mRNA in T cells (Fig. 1C).
In CD4+ T cells, Chat-GFP was expressed by all
subsets; however, expression was highest in
T follicular helper (TFH) cells (fig. S1, A to D).
In CD8+ T cells, there was no correlation with
either memory precursor or short-lived effector
phenotypes (fig. S1E). Furthermore, Chat-GFP
was induced in germinal center (GC) B cells in
the spleen, although Chat expression was not
retained in this population during persistent
infection (fig. S1, F and G). Chat-GFP was also
induced in both CD4+ and CD8+ T cells after
vesicular stomatitis virus infection (fig. S1H).
The kinetics of Chat-GFP expression during

acute and chronic infection implicates viral
signals in driving Chat induction in T cells.
Viral infection induces numerous cytokines
that influence T cells, including type I interfer-

ons (IFN-I), interleukin-2 (IL-2), IL-6, IL-7, IL-10,
IL-15, and IL-21 (8). We activated Chat-GFP P14
T cell receptor (TCR) transgenic T cells in vitro
with the GP33 peptide in the presence or ab-
sence of these cytokines. The only condition
that resulted in Chat induction in P14 cells
in vitro was IL-21 with peptide stimulation (Fig.
1D and fig. S2A). We evaluated the contribution
of IL-21 signaling to Chat induction in vivo by
infecting IL-21 receptor–deficient (Il21r−/−) mice
(9) expressing the Chat-GFP reporter with LCMV-
Cl13. We observed a decrease in the fraction of
both CD4+ and CD8+ T cells expressing Chat-
GFP in Il21r−/− mice (Fig. 1E). Mice heterozygous
for Il21r (Il21r+/−) showed a mixed phenotype.
The expression of Chat-GFP in B cell populations
was not reduced in Il21r−/− animals (Fig. 1E).
Chat-GFP+ cells in Il21r−/−mice also demonstrated
a lower mean fluorescence intensity (MFI) for
the reporter molecule, suggesting reduced ex-
pression (Fig. 1F and fig. S2B).
IL-21 is critical for antiviral immunity (10–12).

Thus, we investigated the role of IL-21–induced
Chat in T cells (T-Chat) by using Chatflox mice
(13) crossed with CD4-cre mice (14) to generate
Chatflox/flox CD4-cre− (ChatWT) and Chatflox/flox

CD4-cre+ (T-ChatKO) animals. Cre-driven recombi-
nation occurs at the double-positive stage in the
thymus (14), resulting in deletion of Chat in both
CD4+ and CD8+ T cells (fig. S3A) and a sub-
sequent failure to produce ACh (fig. S3B). No-
tably, the loss of Chat specifically within T cells
resulted in a failure to control LCMV-Cl13 in a
subset of the animals (Fig. 2A), revealing that
Chat expression in T cells is required during
chronic infection. This failure to control LCMV-
Cl13 corresponded with the attrition of virus-
specific CD8+ T cells over time (Fig. 2B), poor
cytokine production (Fig. 2C), and increased ex-
pression of inhibitory receptors (Fig. 2, D and
E). There was no difference in the number of
antiviral T cells in LCMV-Arm–infected T-ChatKO

mice (fig. S4), which has also been reported for
Il21−/− animals (15). Although we observed high
Chat expression in TFH and GC B cells (fig. S1),
there were no deficits in either antiviral CD4+ T
cell numbers or in the anti-LCMV antibody re-
sponse in T-ChatKO mice (fig. S5).
Loss of IL-21 signaling results in decreased

T cell infiltration of tissues in bone marrow
chimeras (16, 17). Thus, we evaluated tissue
infiltration by Il21r−/− T cells during LCMV-
Cl13 infection using intravascular staining (18).
We found a reduction in virus-specific T cells
that had migrated into infected livers of Il21r−/−

mice (Fig. 3A). Chat-expressing T cells reduce
blood pressure by producing ACh (3, 6), which
may facilitate T cell entry into tissues by slow-
ing blood flow. Consequently, we also found a
reduction in virus-specific CD8+ T cells in both
the liver and salivary gland of T-ChatKO mice
after LCMV-Cl13 infection (Fig. 3, B and C). No
difference in the number of circulating virus-
specific cells was found in either Il21r−/− or
T-ChatKO mice (fig. S6, A to C). We observed a
similar trend in the liver for virus-specific CD4+

T cells (fig. S6D). Poor migration into tissues
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could affect viral control, as fewer migrated
cytotoxic T lymphocytes (CTLs) would result
in the poor elimination of infected cells. In vivo
CTL activity in the liver was impaired for two
epitopes examined 8 days postinfection in
T-ChatKO mice (Fig. 3D), despite equivalent ex-
pression of granzyme B and degranulation (Fig.

3E) by noncirculating CTLs. Furthermore, this
diminution in CTL activity was observed only
for the GP33 epitope in the spleen (Fig. 3D),
suggesting that the poor CTL activity in the
liver was not due to intrinsic defects in the
cells but rather their impaired infiltration of
tissues.

We tested whether Chat expression in T cells
functions in a cell-intrinsic manner by trans-
planting ChatWT or T-ChatKO TCR transgenic
P14 T cells into congenic recipient ChatWT or
T-ChatKO mice and infecting them with LCMV-
Cl13. We then quantified migration capacity of
the P14 cells (Fig. 3F). Briefly, we examined the

Cox et al., Science 363, 639–644 (2019) 8 February 2019 2 of 5

Fig. 1. Chat is
induced in virus-
specific T cells in
an IL-21–
dependent man-
ner. (A) Chat-GFP+

and Chat-GFP−

animals were
infected with
LCMV-Arm, and
the expression of
Chat-GFP in total
CD4+ (top) or
CD8+ (bottom)
T cells 8 days
postinfection was
compared with
expression in
uninfected Chat-
GFP+ cohorts.
Mean ± SEM, rep-
resentative of two
to four experimen-
tal cohorts, n = 8 to
12 mice for Chat-
GFP+, n = 4 for
Chat-GFP−. (B) The
fraction of virus-
specific CD4+ (left)
or CD8+ (right)
T cells expressing
Chat-GFP was
determined 8, 20,
and 30 days post-
infection with
LCMV-Arm or
LCMV-Cl13 by eval-
uating tetramer
staining and Chat-
GFP expression by
flow cytometry.
Composite data of
two (Arm) or
four (Cl13) ex-
periments. n = 7 to
12 (Arm) and n = 10 to 27 (Cl13) animals per group per time point.
(C) Pooled splenocytes from n = 5 Chat-GFP mice infected 8 days
previously with LCMV-Cl13 were sorted to obtain CD4+ GFP+, CD4+ GFP−,
CD8+ GFP+, and CD8+ GFP− populations. RNA was isolated from the cells,
and expression of Chat and Rsp9 was evaluated by reverse transcription
polymerase chain reaction in technical triplicates. Chat expression in CD4+

and CD8+ populations was normalized to the expression in the relevant
sorted GFP− population. Mean ± SEM, representative of two experimental
cohorts. Ct, cycle threshold. (D) Chat-GFP+ and Chat-GFP− P14 CD8+ Tcells
were stimulated in vitro with GP33 peptide and indicated cytokines for
5 days. The expression of Chat-GFP in the P14 cells was determined by
flow cytometry. Composite of two experimental cohorts, box plots indicate
25th to 75th percentile, line at median. Whiskers represent range minimum

to maximum, n = 5 Chat-GFP+ P14 mice. Significance tested using one-way
analysis of variance (ANOVA), P < 0.0001, significance between samples
determined by t test (depicted). (E) Il21r+/+ (dark gray), Il21r +/− (light gray),
and Il21r −/− (white) mice expressing Chat-GFP were infected with LCMV-Cl13,
and Chat expression was determined in splenocyte fractions 8 days post-
infection by flow cytometry. Box and whiskers drawn with the Tukey method,
line at median. Values outside of 1.5 times the interquartile range are
depicted as individual symbols.Two-way ANOVA was performed (P < 0.0001),
followed by multiple comparisons between groups. (F) Representative flow
plots of virus-specific Db(GP33)+ (left) or Db(GP276)+ (right) CD8+ T cells
8 days post-infection in Il-21r+/+ or Il-21r−/− mice. Representative of two to
three experimental cohorts, n = 8 to 13. Statistical significance determined by
unpaired two-tailed t test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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total noncirculating Db(GP33)+ in the spleen
and organs and determined what percentage
of these Db(GP33)+ cells were donor P14 cells.
This percentage in each organ was then com-
pared against the percentage in the spleen of
that individual animal to determine whether
the P14 cells had migrated in a superior (ratio
> 1), inferior (ratio < 1), or equivalent (ratio = 1)
manner comparedwith the endogenousDb(GP33)+

T cells (Fig. 3F). In control mice (WT P14→WT
recipients and KO P14→KO recipients), the fre-
quency of P14 cells was similar in the spleen and
organs, resulting in a ratio of ~1 (Fig. 3G and fig.
S6G).However, in T-ChatKOmice receivingChatWT

P14 cells, we observed a greater frequency of
ChatWT P14 cells in the liver and kidney than
would be predicted by their rate of occurence in

the spleen (Fig. 3G and fig. S6G). Thus, ChatWT

cells were more efficient at seeding these peri-
pheral organs than T-ChatKO cells in the same
animal.WhenT-ChatKOP14 cellswere transplanted
into a ChatWT recipient, they migrated just as well
as endogenous ChatWT cells, indicating that the
observed differences were not due to an intrin-
sic failure of T-ChatKO cells to adhere or sense
chemokines. We postulated that this migratory
advantage of ChatWT cells in a T-ChatKO host was
due to local changes in the vasculature induced
by the presence of Chat+ T cells andwould still be
present inChatWT recipients of T-ChatKO P14 cells.
Vasodilation is critical for immune responses

and is one of the hallmarks of inflammation
facilitating the entry of immune cells into in-
fected tissues. Not only do Il21r−/− mice exhibit

smaller arterial connections in the brain (19),
T-ChatKO mice exhibit higher blood pressure
than ChatWT littermates (6), indicating that
they also have smaller arteries. ACh signaling
has long been known to induce vasodilation
(20). We posited that Chat+ T cells induced by
infection are the primary mediators of vaso-
dilation via the release of ACh and that loss of
Chat in T cells would consequently abrogate
infection-driven vasodilation. Upon imaging the
liver arterial vasculature of naïve and LCMV-
Cl13–infected ChatWT and T-ChatKO mice (movies
S1 to S4), we found that infection-induced vaso-
dilation in the liver was completely abrogated
in T-ChatKO mice, in contrast to their ChatWT

counterparts (Fig. 4, A and B), resulting in
fewer detectable terminal branches (fig. S7A)
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Fig. 2. Loss of Chat
in T cells compro-
mises control of viral
infection. (A) ChatWT

and T-ChatKO were
infected with LCMV-
Cl13. Viral titers in the
serum of either
ChatWT (black) or
T-ChatKO (white) were
determined at indi-
cated time points by
plaque assay. Each
symbol indicates an
individual animal.
Composite data of two
to three experimental
replicates, n = 11 to
23. Line at limit of
detection, 333 PFU/ml
(PFU, plaque-forming
units). (B) The num-
ber of Db(GP33)+ or
Db(GP276)+ CD8+

splenocytes was
determined over time
by tetramer staining.
Mean ± SEM,
composite of three to
four experimental
cohorts, n = 10 to 16.
(C) Splenocytes from
ChatWT and T-ChatKO

animals were stimu-
lated with the GP276
peptide in vitro, and
the number of cells

Limit of
Detection

producing IFN-g, tumor necrosis factor–a (TNF-a), and IL-2 was
quantified by intracellular cytokine staining. The fraction of the
total Db(GP276)-specific cells which are nonfunctional was
determined by comparing the number of cytokine-producing
cells to the number of tetramer-binding cells. Of the functional
cells, the fraction which are monofunctional or polyfunctional
was determined. Mean of two to three experimental cohorts,
n = 9 (day 30), n = 8 (day 60). (D) Representative flow plot of
PD-1, Tim3, and LAG-3 expression in virus-specific CD8+ T cells 60 days postinfection in ChatWT (black) or T-ChatKO (gray) mice. (E) MFI for PD-1,
Tim3, and LAG-3 in virus-specific CD8+ T cells 60 days postinfection in ChatWT (black) or T-ChatKO (white) mice. Mean ± SEM, composite of three
experimental cohorts, n = 13 to 15. Statistical significance for all samples determined by unpaired two-tailed t test; *P < 0.05, **P < 0.01, ***P < 0.001.
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and smaller mean vessel diameter at equivalent
branch depths (fig. S7B).
The blood vessel phenotype in T-ChatKO mice

was reversed with short-term treatment with
the vasodilator minoxidil (Fig. 4C, fig. S7, and
movie S5). Thus, these differences were not
developmental but reflective of poor vasodilation
in the absence of T-Chat. Furthermore, treat-
ment of wild-typemice with the vasoconstrictor
L-NAME was sufficient to recapitulate the vas-
cular phenotype observed in T-ChatKO mice
(Fig. 4C, fig. S7, and movie S6). Minoxidil
treatment was sufficient to restore viral control
in T-ChatKOmice and also augmented viral con-

trol in ChatWT animals (Fig. 4D).Moreover, viral
titers were significantly higher in wild-type mice
treated with L-NAME on days 6 through 12 post-
infection when compared with phosphate-
buffered saline (PBS)–treated controls (Fig. 4E).
Thus, vasodilationmediated by Chat-expressing
T cells is critical for appropriate viral control.
IL-21 supports antiviral immunity beyond

Chat induction and vasomodulation (21). Indeed,
treatment with minoxidil was not sufficient to
fully rescue Il21r−/− mice, although this treat-
ment did reduce viral titers compared with
vehicle-treated Il21r−/− mice (Fig. 4F). Efficient
migration of effector T cells into tissues is crit-

ical for the control of viral infections (22) and
is also of great interest for immunotherapy
directed at tumors (23). In addition to its other
reported roles during infection, IL-21 signal-
ing enhances the efficacy of expanded tumor-
infiltrating lymphocytes to combat cancer (24, 25).
Here, we report that IL-21, a cytokine critical
for control of chronic infection (10–12), drives
the expression of Chat in T cells to facilitate
their migration into infected tissues. These
findings underscore the role for IL-21 during
the host response to infection and establish a
cholinergic mechanism for regulating cellular
migration into tissues.
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Fig. 3. IL-21–driven
Chat expression in
T cells facilitates
migration into infected
tissues. (A) Day 8
LCMV-Cl13 infected
Il21r+/+ (blue) or Il21r−/−

(orange) animals were
injected intravenously
with a-CD8-FITC (FITC,
fluorescein isothio-
cyanate) 3 min before
being euthanized. Livers
were then processed,
washed, and stained for
CD8, tetramer, and inhib-
itory receptors. FITC−

liver-infiltrating CD8+ T
cells were enumerated.
Composite of three
experimental cohorts,
n = 10 to 11. (B and C)
The number of virus-
specific CD8 Tcells in the
tissue of ChatWT (black)
and T-ChatKO (white)
mice was determined in
liver (B) and salivary
gland (C) by intravascular
staining as in (A). Mean +
SEM, composite of five
experimental cohorts for
liver, two experimental
cohorts for salivary gland,
n = 12 to 22. (D) In vivo
cytolytic activity was
determined in the spleen
and liver of ChatWTor
T-ChatKO mice 8 days
post–LCMV-Cl13 infection. Mean + SEM, composite of three to four
experimental cohorts, n = 15 (GP276 and NP396), n = 23 (GP33).
(E) The fraction of liver-infiltrating Db(GP276)-specific CD8 T cells
expressing granzyme B was determined by intravascular staining as
in (A). The fraction of liver-infiltrating CD8 T cells expressing CD107a
and IFN-g after in vitro stimulation with GP276 was compared with the
total number of liver-infiltrating Db(GP276)+ cells to determine the
percent of GP276-specific cells capable of degranulation. Mean ± SEM,
composite of two experimental cohorts, n = 11 to 12. (F) Analysis
schematic for P14 transfer experiments. ChatWT P14 or ChatKO P14
T cells were transferred into either ChatWT or T-ChatKO recipient mice,
which were subsequently infected with LCMV-Cl13. Intravascular cells in

different tissues were marked as in (A), 30 days postinfection. The
Db(GP33)-specific nonvascular cells were evaluated to determine the
relative ratio of endogenous and P14 cells in the spleen and peripheral
organs. The relative abundance of P14 cells in the organs was then
compared with that in the spleen to determine whether P14 cells
migrated better than, as well as, or worse than the endogenous
Db(GP33)-specific cells. (G) The ratio of migrated P14 cells to endogenous
Db(GP33)+ cells was determined as described in (F). Mean ± SEM,
composite of two experimental cohorts for controls and four experimental
cohorts, n = 5 to 10 control animals, n = 12 to 17 experimental animals.
Statistical significance for all samples determined by unpaired two-tailed
t test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 4. Vasodilation
during infection is
dependent on Chat-
expressing T cells and is
critical for viral control.
(A) Representative liver
arterial tree of naïve (left)
or day 8 post–LCMV-Cl13
infection (right) ChatWT

and T-ChatKO mice
imaged using MICROFIL
and micro–computed
tomography scan. Repre-
sentative of two (naïve) or
four (day 8) mice. Scale
bars, 2000 mm. (B) Mean
vessel diameter in day 8
infected ChatWT (black)
or T-ChatKO (white) mice
was normalized to the
average vessel diameter
of naïve mice at each
branch depth. Values
above 100% (dashed line)
indicate increased blood
vessel diameter. Mean +
SEM, average of n = 2
naïve mice for each
genotype used for com-
parison to values in n =
4 day 8 infected samples
in each genotype. Statis-
tical significance
determined by unpaired
two-tailed t test between
day 8 and naïve mice of the same genotype. (C) Representative liver
arterial tree of T-ChatKO mice treated with minoxidil or B6 mice treated
with L-NAME on days 6 to 8 postinfection. MICROFIL injection was
performed on day 8 postinfection with LCMV-Cl13. Scale bars, 2000 mm.
(D) ChatWT or T-ChatKO animals were infected with LCMV-Cl13 and then
gavaged with either water (control) or minoxidil hydrochloride dissolved in
water daily on days 6 to 12 postinfection. Serum viral titer was determined
30 days postinfection in ChatWT control (black), ChatWTminoxidil-treated
(blue), T-ChatKO control (white), or T-ChatKO minoxidil-treated (yellow)
mice. Composite of three to four experimental cohorts, n = 10 to 18.

(E) Serum viral titers of C57Bl/6 mice injected with either PBS (black) or
L-NAME (green) on days 6 to 12 post–LCMV-Cl13 infection. Composite
of three experimental cohorts, n = 10 to 15. (F) Il21r+/+ or Il21r−/− animals
were infected with LCMV-Cl13 and then gavaged with either water or
minoxidil daily on days 6 to 12 postinfection. Serum viral titer was
determined 30 days postinfection in Il21r+/+ control (black), Il21r+/+

minoxidil-treated (violet), Il21r−/− control (white), or Il21r−/− minoxidil-
treated (red) mice. Each symbol represents an individual mouse, n = 4 to 7.
Statistical significance for all samples determined by unpaired two-tailed
t test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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I M M U N O L O G Y

Chimeric camel/human heavy-chain antibodies protect 
against MERS-CoV infection
V. Stalin Raj1*†‡, Nisreen M. A. Okba1*, Javier Gutierrez-Alvarez2, Dubravka Drabek3, 
Brenda van Dieren4, W. Widagdo1, Mart M. Lamers1, Ivy Widjaja4, Raul Fernandez-Delgado2, 
Isabel Sola2, Albert Bensaid5, Marion P. Koopmans1, Joaquim Segalés6,7, 
Albert D. M. E. Osterhaus8,9, Berend Jan Bosch4, Luis Enjuanes2, Bart L. Haagmans1‡

Middle East respiratory syndrome coronavirus (MERS-CoV) continues to cause outbreaks in humans as a result of 
spillover events from dromedaries. In contrast to humans, MERS-CoV–exposed dromedaries develop only very 
mild infections and exceptionally potent virus-neutralizing antibody responses. These strong antibody responses 
may be caused by affinity maturation as a result of repeated exposure to the virus or by the fact that dromedaries— 
apart from conventional antibodies—have relatively unique, heavy chain–only antibodies (HCAbs). These HCAbs 
are devoid of light chains and have long complementarity-determining regions with unique epitope binding 
properties, allowing them to recognize and bind with high affinity to epitopes not recognized by conventional 
antibodies. Through direct cloning and expression of the variable heavy chains (VHHs) of HCAbs from the bone 
marrow of MERS-CoV–infected dromedaries, we identified several MERS-CoV–specific VHHs or nanobodies. In vitro, 
these VHHs efficiently blocked virus entry at picomolar concentrations. The selected VHHs bind with exceptionally 
high affinity to the receptor binding domain of the viral spike protein. Furthermore, camel/human chimeric 
HCAbs—composed of the camel VHH linked to a human Fc domain lacking the CH1 exon—had an extended half-life 
in the serum and protected mice against a lethal MERS-CoV challenge. HCAbs represent a promising alternative 
strategy to develop novel interventions not only for MERS-CoV but also for other emerging pathogens.

INTRODUCTION
In 2012, a novel virus, termed Middle East respiratory syndrome 
coronavirus (MERS-CoV), was identified in humans (1). Six years 
later, more than 2000 laboratory-confirmed MERS cases, including 
36% with a fatal outcome, have been reported globally. Most cases thus 
far originated from the Arabian Peninsula, as a result of hospital 
outbreaks (2). There is convincing evidence that dromedary camels 
are the primary source of MERS-CoV infection in humans. The virus 
isolated from camels is similar to that isolated from humans and also 
replicates in human cells (3). In addition, epidemiological and phylo-
genetic analyses suggest multiple introductions of MERS-CoV into the 
human population (2, 4). This raises a great concern as MERS-CoV 
could continue to cause outbreaks in the near future. Effective prophy-
lactic and therapeutic intervention strategies are therefore needed to 
combat this virus.

Monoclonal antibodies (mAbs) are promising candidates for the 
treatment and prevention of viral infections. Recently, MERS-CoV– 

neutralizing mAbs have been identified and characterized by several 
research groups, using various approaches. These antibodies have 
been isolated from human naïve B cells (5), memory B cells of MERS- 
CoV–infected individuals (6), or transgenic mice expressing human 
antibody variable heavy chains (VHHs) and  light chains (7). All these 
mAbs target the receptor binding domain (RBD) of the MERS-CoV 
spike protein. The MERS-CoV spike protein is a structural viral com-
ponent that contains the RBD, located in the S1 subunit of the protein, 
which binds to the MERS-CoV entry receptor dipeptidyl peptidase-4 
(DPP4) (8). Antibodies raised against the S1 or RBD block MERS-CoV 
infection in vitro (9, 10), and the most potent mAbs identified against 
MERS-CoV thus far recognize the RBD (5, 7, 11–14). However, pro-
duction of these mAbs at a large scale is costly and requires a long 
developmental process, and relative large quantities might be needed 
to protect humans against a viral infection (15). Alternatively, anti-
body engineering technologies allow the cloning of variable regions 
of mAbs for expression in Escherichia coli or yeast to produce large 
amounts of recombinant antibody fragments (16). To date, 68 thera-
peutic mAbs have been licensed, of which 7 are chimeric antibodies (17).

Heavy chain–only antibodies (HCAbs) are naturally produced in 
camelid species (18). These antibodies are dimeric and do not con-
tain a light chain, and their antigen recognition region is solely formed 
by the VHH region termed single-domain antibody fragment. This 
fragment is about 14 kDa in size, is relatively stable, and can be pro-
duced with high yields in prokaryotic systems (18, 19). Camelid 
VHHs have long complementarity-determining region 3 (CDR3) 
loops, capable of binding to unique epitopes not accessible to con-
ventional antibodies (20). Because of these beneficial properties, 
VHHs have been exploited for a range of biotechnological applica-
tions, including diagnostics, therapeutics, and fundamental research 
(21, 22). The recent preclinical success of a VHH that blocks von 
Willebrand factor–mediated platelet aggregation (23) shows their 
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therapeutic potential. VHHs may also efficiently prevent entry of 
viruses into host cells (24). Chimeric HCAbs, which have the camel 
VHH and the human Fc portion (lacking the CH1 exon as in camel 
HCAbs), allow them to interact with human effector cells and com-
plement cascade factors (15).

Several studies have demonstrated the presence of high levels of 
MERS-CoV–specific neutralizing antibodies (mean virus neutral-
ization titer ≈ 1000) in dromedary camels in the Middle East and 
Africa (25–27). Therefore, next to human mAbs, characterization of 
MERS-CoV–neutralizing VHHs from dromedary camels could serve 
as an alternative strategy to develop neutralizing antibodies. Here, we 
report the identification and characterization of neutralizing VHHs 
against MERS-CoV from immunized dromedary camels and demon-
strate the prophylactic activity of camel/human chimeric HCAbs in 
a MERS-CoV transgenic mouse model.

RESULTS
Identification of MERS-CoV–specific VHHs from a dromedary 
camel bone marrow complementary DNA library
First, we identified MERS-CoV–neutralizing VHHs by direct cloning 
and screening of VHH complementary DNA (cDNA) libraries 
derived from bone marrow cells (given the high frequency of specific 
plasma cells) rather than using B cells from peripheral blood of 
immunized animals (Fig. 1). Bone marrow was obtained from two 
dromedary camels immunized with modified vaccinia virus encoding 
the MERS-CoV spike protein and subsequently challenged with live 
MERS- CoV (28). At the time of sampling, MERS-CoV–neutralizing 
antibodies were detected at very high levels (titer > 10,000) in the sera 
of these dromedaries (Fig. 2A). Subsequently, VHH-specific primers 
(29) were used to amplify a VHH library from the bone marrow 
cDNA by nested polymerase chain reaction (PCR) (fig. S1, A to C). 
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Fig. 1. Schematic overview of VHH identification by direct cloning using bone marrow from immunized dromedary camels. Immunized dromedary camels were 
anesthetized, and bone marrow aspirations were performed. After total RNA isolation and first-strand cDNA synthesis, VHH genes were amplified and cloned into a pro-
karyotic expression vector (pMES4) and transformed into E. coli WK6. Individual clones were grown overnight in 96-deep-well plates, during which they expressed the 
VHHs in the periplasm. Next, crude VHHs were released from the periplasm by freeze-thawing the bacterial pellet. Crude VHHs were used for immunofluorescent staining 
on virus-infected cells. Immunofluorescent positive clones were further characterized for their genetic makeup, specificity, and potency by sequencing, antigen-specific 
enzyme-linked immunosorbent assay (ELISA), virus neutralization assay, epitope mapping, and structural analysis. Finally, potent VHHs were produced as camel/human 
chimeric single chain–only antibodies.
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After gel purification, PCR products were directly cloned into 
the dephospho rylated prokaryotic expression vector pMES4, tag-
ging the VHHs with six histidine amino acids at the C terminus 
(29). To obtain a high- diversity repertoire of VHHs, we reduced 
the number of amplification cycles. The ligated VHH plasmid 
library was transformed into E. coli strain WK6 and plated on 
ampicillin nutrient agar plates without preculturing the bacteria 
in nutrient medium. A total of 560 VHH clones (225 from camel 1 
and 335 from camel 2) were obtained in a single transformation 
event, and grown individually in 96-deep-well plates. Periplasmic 
expression of recombinant VHHs was induced by isopropyl- -
d-thiogalactopyranoside (Fig. 1). VHHs were purified from the 
periplasm as a crude extract (30), and expression was verified 
using SDS–polyacrylamide gel electrophoresis (PAGE) analysis 
(fig. S1D).

Next, we used formalin-fixed and permeabilized virus-infected cells 
[either MERS-CoV–infected or severe acute respiratory syndrome 
coronavirus (SARS-CoV)–infected] to select for MERS-CoV–specific 
VHHs using immunofluorescent staining. Crude periplasmic VHH 
extracts were incubated on the infected cells, and VHH cell binding 

was visualized with a fluorescently labeled anti-histidine antibody as a 
secondary antibody. All 560 VHH clones were screened by confocal 
microscopy (Fig. 2B). We obtained 204 MERS-CoV–reactive VHHs 
(41.7% from camel 1 and 58.3% from camel 2), of which none reacted 
to SARS-CoV–infected cells. To confirm the specificity of the VHHs 
for MERS-CoV, we randomly selected several clones for double stain-
ing of MERS-CoV–infected cells using a rabbit anti–MERS-CoV serum, 
revealing that these VHHs exclusively targeted MERS-CoV–infected 
cells (Fig. 2C).

Blocking of RBD binding to receptor DPP4 by MERS-CoV 
spike-specific VHHs in vitro
To test whether the VHHs identified in our study recognized the 
RBD or other parts of the S1, we performed MERS-CoV S1– and 
MERS-CoV RBD–specific ELISAs. Out of 204 MERS-CoV–reactive 
VHHs, 188 (92.15%) were directed against the MERS-CoV S1 
subunit, of which 46 VHHs (22.5%) blocked the binding of recom-
binant S1 to the MERS-CoV receptor present on Huh-7 cells 
(fig. S2). All these in vitro blocking VHHs were directed against 
the RBD (Fig. 2D).
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Fig. 2. Identification of VHHs directed against the spike (S) protein of MERS-CoV. (A) Virus-neutralizing antibody titers (VNT) of sera from two dromedary camels 
immunized with MVA expressing the MERS-CoV-S (MVA-S) and challenged with MERS-CoV. (B) Immunofluorescent staining of MERS-CoV–infected Huh-7 cells with crude 
VHHs. Each square represents staining of an individual VHH. (C) Immunofluorescent staining of MERS-CoV–infected Huh-7 cells with rabbit serum (anti–MERS-CoV) or 
crude VHHs and overlay. (D) Correlation of the S1-specific ELISA and the RBD-specific ELISA for the 46 MERS-CoV–neutralizing VHHs (red dots) and control VHHs indicated 
as blue dots (Spearman correlation r = 0.9258; P < 0.0001; 95% confidence interval, 0.8677 to 0.9589). OD, optical density.
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Next, we selected all blocking VHHs for further characterization. 
The VHH clone p2E6 (negative for immunofluorescent staining 
and S1 ELISA) was used as the negative control. Using a MERS-CoV 
plaque reduction neutralization test (PRNT), we estimated the 
virus neutralization capacity for each VHH. Except for the control 
VHH-p2E6, all tested VHHs inhibited MERS-CoV entry at varying 
concentrations ranging from 100 to 900 pM (PRNT90; table S1). 
VHHs with high neutralizing capacity (VHH-1, VHH-4, VHH-83, 
and VHH-101) were selected for further characterization.

We obtained sequences from all 46 blocking VHHs. Because 
CDR3 is known to be of most importance for the interaction with 
the antigen, the assumption was made that VHHs with the identi-
cal CDR3 would recognize the same epitope. Overall, 33 VHHs 
had different CDR3 sequences ranging in length from 16 to 20 
amino acids (fig. S3). Phylogenetic analysis of these sequences re-
vealed considerable diversity among the different VHH clones and 
showed that the selected VHHs formed 14 different clusters with 
different CDR3 sequences (fig. S4). All sequences contained the 
characteristic VHH tetrad, except clone 10 that, at amino acid 
positions 37, 45, and 47, shows VH characteristics (valine, leucine, 
and tryptophan). The best MERS-CoV–neutralizing VHHs (VHH-1, 
VHH-4, VHH-83, and VHH-101) had different CDR3 sequences 
(fig. S4).

VHHs bind to MERS-CoV spike protein with high affinity
Subsequently, the best four neutralizing VHHs and the control VHH-
p2E6 were selected for large-scale production and purification. We 
obtained high quantities (5 to 30 mg) of pure (>95%) His-tag affinity- 
purified VHHs from 1 liter of bacterial culture (fig. S5A). Mixing these 
VHHs with recombinant MERS-CoV spike S1 protein generated VHH- 
spike complexes, as observed by nonreducing PAGE analysis (fig. S5B). 
In addition, the equilibrium dissociation constant (Kd) between the 
VHH and spike protein of these four VHHs was relatively low, with 
Kd values ranging from 1 to 0.1 nM, indicating high-affinity binding 
(fig. S6, A and B).

Neutralization of MERS-CoV by VHHs and camel/human 
chimeric HCAbs
Next, we tested the neutralizing activities of these VHHs in vitro by 
PRNT. All four VHHs were confirmed to neutralize MERS-CoV with 
high efficiency, with PRNT50 values ranging from 0.0014 to 0.012 g/ml 
(93 to 800 pM), while no inhibition was observed using the control 
VHH-p2E6 at high concentration (>1.0 g/ml; 67 M; Fig. 3A). Be-
cause of their small size, VHHs are rapidly cleared from the circula-
tion (30, 31). Therefore, we additionally produced the four VHHs as 
camel/human chimeric HCAbs by C-terminal tagging the VHHs with 
the Fc part of human immunoglobulin G2 (IgG2) (containing the hinge 
and CH2 and CH3 exons) (Fig. 1, right). These HCAbs (HCAb-1, 
HCAb-4, HCAb-83, and HCAb-101) form homodimers of about 78 kDa 
in size and exhibit approximately the same neutralizing capacity as 
the monomeric VHHs in vitro (Fig. 3B). Moreover, using an S1-specific 
ELISA, we could detect HCAb binding at even lower concentrations, 
down to 0.00019 g/ml (2.5 pM; Fig. 3C).

Epitope mapping of four potent MERS-CoV–neutralizing VHHs
To map the VHH binding epitopes, we first tested the binding of the 
four different VHHs to recombinant S1 protein using ForteBio’s Octet 
system. As shown in fig. S7, all four VHHs competed for a single 
epitope. Subsequently, we used a set of recombinant S1 proteins that 
contain single amino acid mutations present in spike proteins of 
MERS-CoV field isolates, located within the receptor binding sub-
domain (residues 483 to 566) of the RBD that engages DPP4. MERS-
CoV polyclonal antibodies, an irrelevant VHH, and four VHHs were 
then tested for their ability to bind to these S1 variants. MERS-CoV 
polyclonal antibodies, but not the control VHH-p2E6, bound to all 
variants (Fig. 4, A and B), whereas the four MERS-CoV–specific VHHs 
did not bind to the D539N variant and differed in their binding to 
the other variants. VHH-1 also did not bind to variant E536K, whereas 
VHH-4 and VHH- 101 showed partial binding to three additional 
variants (I529T, V534A, and E536K) (Fig. 4, C to F). These data show 
that all four VHHs bind an epitope in the receptor binding subdomain 
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Fig. 3. MERS-CoV–neutralizing efficacy of monomeric VHHs and chimeric antibodies on Huh-7 cells. MERS-CoV (EMC isolate) was incubated with either VHHs 
(monomer), chimeric antibodies, or controls at various concentrations for 1 hour and then the mix was transferred on Huh-7 cells. Cells were fixed 8 hours after infection 
and stained using rabbit polyclonal antibodies. The PRNT titer was calculated on the basis of a 50% or greater reduction of infected cells (PRNT50). (A) PRNT assay for VHH 
monomer. (B) PRNT for camel/human chimeric heavy-chain antibodies. Experiments were performed at least two times in triplicate, data from an experiment were pre-
sented, and error bars show SEM. (C) MERS-CoV S1 ELISA using different HCAbs. The optical density at 450 nm was presented in triplicate, with error bars showing SEM.
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that is partially overlapping, consistent with the binding competition 
analysis (fig. S7). The RBD residues D537, D539, Y540, and R542 are 
important for the virus to bind to its cellular receptor DPP4 (32, 33). 
Because all four VHHs did not bind to the D539N variant, this sug-
gests that these VHHs neutralize MERS-CoV most likely by blocking 
its binding to its cellular receptor. Despite several attempts, we were 
not able to identify MERS-CoV escape variants in vitro. Because of 
the best neutralizing capacity and epitope recognition, we selected 
VHH-83 and HCAb-83 for further in vivo testing.

In vivo efficacy of VHH-83 and HCAb-83
To test the prophylactic efficacy of VHH-83 or HCAb-83 in vivo, we 
used the K18 transgenic mouse model (34). In our first experiment, 
mice were given VHH-83 or an irrelevant VHH control (p2E6) at 20 
or 200 g per mouse (nine mice per group) by intraperitoneal injec-
tion 6 hours before intranasal infection with a lethal dose of MERS-
CoV (EMC isolate). Mice that received VHH-83 lost weight and died 
within 7 days post-inoculation (dpi), as well as those injected with the 
control VHH (fig. S8).

Next, we tested HCAb-83 or the control HCAb-p2E6 using a sim-
ilar experimental setup. Mice treated with 200 g of HCAb-83 gained 
weight (Fig. 5A), and all mice survived (Fig. 5B). In contrast, control 
HCAb-p2E6–treated groups lost weight and died within 7 dpi (Fig. 5, 
A and B). Gross pathological changes (Fig. 5C), mononuclear cell in-
filtration, and alveolar edema (Fig. 5E) were observed in the lungs of 

control HCAb-p2E6–treated mice on day 4 after inoculation. Whereas 
low doses (20 g) of HCAb-83–treated mice were only partially pro-
tected on the basis of the observed reduction of pathological abnor-
malities on 4 dpi (Fig. 5F), the lungs of high-dose HCAb-83–treated 
mice showed no pathological changes at any time point tested (Fig. 5G). 
In addition, no infectious virus could be isolated from the lungs of 
these mice, while high viral titers were observed in the low dose– and 
control HCAb–treated mice (Fig. 5H).

Pharmacokinetics of HCAb-83
We also evaluated the pharmacokinetics of VHH and HCAb in the 
sera of mice treated with either VHH-83 or HCAb-83. First, we 
estimated the presence of MERS-CoV–neutralizing activity in sera 
obtained 2 days after treatment. No neutralization of the virus was 
observed in the sera of VHH-83– or control VHH-p2E6–treated 
mice (Fig. 6A), consistent with the reported rapid clearance of small 
VHH domains from the circulation (31). Significant levels of 
neutralizing antibodies (mean titer, 1024) were observed in the sera 
of mice treated with 200 g of HCAb-83 and, to a limited extent, in 
low dose–treated mice (mean titer, 64; Fig. 6A). Second, we tested 
the presence of circulating HCAb-83 in the sera obtained at various 
time points after injection (0, 2, 4, and 8 days after treatment) by 
ELISA. As shown in Fig. 6B, 200 g of HCAb-83–treated mice 
still had high levels of HCAb-83 8 days after treatment, with an 
apparent serum half-life of approximately 4.5 days.
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Fig. 4. Effect of MERS-CoV RBD residue substitution on VHH binding. Binding efficiency of VHHs to the wild-type and mutant forms of viral spike glycoprotein was 
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DISCUSSION
VHHs are small in size; have high stability, solubility, and affinity; and 
efficiently recognize antigens. They have many potential biomedical 
applications including the treatment of cancer, autoimmune diseases, 
and virus infections (18, 19, 22, 24, 31). Moreover, VHHs are gain-
ing much attention in the field of diagnostics and therapeutics for 
viral diseases. They have been used for the detection of viruses, such 

as Marburg virus, human immunodeficiency virus (HIV), influenza 
virus, dengue virus, and norovirus (22, 24). VHHs also block virus 
attachment to the host cells in respiratory syncytial virus, influenza 
virus, hepatitis B virus, rotavirus, and HIV infections (22, 24). Some 
VHHs inhibit viral RNA transcription or nuclear import of viral ribo-
nucleoproteins (35). Here, we have shown that MERS-CoV–neutralizing 
VHHs can be obtained from immunized dromedary camels that were 
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challenged with MERS-CoV. The engineered camel/human chimeric 
HCAbs were highly stable in mice, and prophylactically treated mice were 
fully protected from MERS-CoV infection upon challenge with live virus.

Naturally infected dromedary camels have remarkably high levels 
of neutralizing antibodies against MERS-CoV (25, 36). We used drom-
edaries that showed high levels of neutralizing antibodies in their sera 
and identified MERS-CoV–neutralizing VHHs by direct cloning from 
a VHH cDNA library using bone marrow, a major source of highly 
enriched long-lived antibody-producing plasma cells. After immuni-
zation, antigen-stimulated B cells undergo affinity maturation in ger-
minal centers of secondary lymphoid organs, where they differentiate 
into plasma cells that secrete antibodies. Significant portion of long-
lived plasma cells migrate to the bone marrow. A small portion of plas-
ma cells reside in the lymphoid organs, but these are often short-lived 
(37, 38). In mice, 8 days after boost immunization with ovalbumin, 
about 10 to 20% of the antigen-specific plasma cells migrate from sec-
ondary lymphoid organs to the bone marrow (39). In particular, bone 
marrow plasma cells are long-lived and are thus suitable for maintain-
ing antibody levels in the serum for an extended period, which plays a 
significant role in pathogen neutralization and humoral immune re-
sponses (40). The number of S1-specific clones found in the VHH li-
brary generated from vaccinated and infected camels (188 of 560 clones; 
33.5%) was much higher compared to nonvaccinated infected camels 
(12 of 496 clones; 2.4%), suggesting that the vaccination and challenge 
protocol used in this study had a major impact on the frequency of 
S1-specific B cells detected in the bone marrow.

Camelid species have naturally occurring HCAbs. These antibodies 
contain long CDR3 sequences (20), which allow them to interact with 
unique and even recessed epitopes that may not be recognized by con-
ventional antibodies (20, 41). We identified 46 MERS-CoV–neutralizing 
VHHs, of which 4 bound to the RBD of the spike protein with high 
affinity and neutralized MERS-CoV infection at picomolar concentra-
tions. VHH-83 showed a neutralizing capacity down to a concentra-
tion of 30 pM (PRNT50), making it more potent than the most potent 
mAbs described thus far (7, 42). However, direct comparisons between 
different antibodies would require determining the exact differences in 
vitro. Competition and spike protein binding assays showed that the 
four VHHs competed for binding to an overlapping epitope on the 

RBD, which partially overlaps with the RBD-DPP4 interface. Binding 
assays using variant recombinant spike proteins revealed that all four 
VHHs bound to wild-type spike protein but not to a D539N-mutant 
protein. Amino acids E536, D537, and D539 are negatively charged 
residues on the surface of the RBD, which interact with three positively 
charged residues on the outer surface of the DPP4 (32, 33). This indi-
cates that the four VHHs can prevent virus attachment and entry. Given 
the critical role of these amino acids in the DPP4-virus interaction, viral 
escape mutants without loss of fitness are less likely to develop (32, 33). 
This could be the reason why we did not identify HCAb-83 escape 
variants in vitro. However, further (structural) studies are needed to 
pinpoint all RBD-VHH contact residues involved.

Next, we produced the four VHHs as HCAbs, which showed three-
fold enhanced MERS-CoV–neutralizing capacity in comparison to the 
monomeric VHHs in vitro (PRNT50, 30 pM). In contrast to VHH-83, 
mice prophylactically treated with 200 g of HCAb-83 were fully pro-
tected from weight loss and death upon challenge with live virus. No 
infectious virus was detected in the lungs of these mice, and protection 
correlated with the presence of sustained high levels of HCAbs-83 in 
the sera of mice. In addition, most in vivo studies testing mAbs to 
MERS-CoV showed only reduced MERS-CoV replication (two to four 
log reductions in lung virus titer) or complete protection only at higher 
doses used (1000 g per mouse) (6, 7, 13). The high level of neutraliz-
ing activity of HCAb-83 (PRNT50, 30 pM) could be due to the different 
antigen recognition pattern of camelid HCAbs. Recent studies also 
revealed the importance of long CDR3 sequences from bovine anti-
bodies raised against HIV in cross-neutralization against different viral 
serotypes (43). The therapeutic efficacy of HCAb-83 still needs further 
evaluation, but given the limited therapeutic efficacy of other mAbs 
against acute respiratory infections such as respiratory syncytial virus 
in humans (44), prophylactic administration of antibodies may also be 
preferred to contain outbreaks of MERS-CoV.

Apart from direct neutralization, antibodies may also play a role 
in mediating effector functions such as complement-dependent cy-
totoxicity and antibody-dependent cell-mediated cytotoxicity (16). 
HCAb-83 has an Fc domain of human IgG2, which has limited effector 
function in vivo (17), suggesting that the observed protection in mice 
could be mainly due to the neutralizing activity. Therefore, additional 
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studies need to evaluate whether the potency of HCAb-83 may be in-
creased further by replacing the IgG2 Fc with the IgG1 Fc or by com-
bination with other antibodies targeting different epitopes.

In summary, we identified and characterized potent HCAbs that 
neutralized MERS-CoV in vitro and in vivo. Because of their high 
affinity, in vivo stability, and efficacy, these HCAbs may be used as 
a prophylaxis for MERS-CoV.

MATERIALS AND METHODS
Immunization
One female (6-month-old) and one male (8-month-old) healthy 
dromedary camels (Camelus dromedarius), negative for antibodies 
against MERS-CoV and modified vaccinia virus Ankara (MVA), were 
obtained from the Canary Islands and housed in biosecurity level 3 
(BSL-3) facilities [Centre de Recerca en Sanitat Animal (CReSA)], 
as described previously (28). Experimental procedures were approved 
by the local Ethics Committee of the Autonomous University of 
Barcelona (number 8003). Both animals were immunized twice with 
a 4-week interval with 108 plaque-forming units of MVA-S via both 
nostrils and intramuscularly in the neck of the animals. After the second 
immunization, both animals were anesthetized with midazolam 
(5 mg/ml) and inoculated with 107 TCID50 MERS-CoV in 3 ml of 
phosphate-buffered saline (PBS) intranasally in both nostrils using 
a laryngo-tracheal mucosal atomization device (45). Blood samples 
were taken at different dpi. On day 14 after inoculation, both animals 
were anesthetized and femoral bone marrow samples (about 1 cm3) 
were collected next to the epiphysis and placed, each, in tubes con-
taining 3.6 ml of ice-cold fetal calf serum. Specimens were gently 
crushed with a 1-ml tip and homoge nized by slow up and down 
pipetting. After 10-min incubation on ice, 400 l of dimethyl sulf-
oxide was mixed into each tube, and the preparation was dispensed 
into 2-ml cryovials discarding debris and slurs and stored at −135°C.

Protein expression
The recombinant S1-Fc fusion proteins were produced as described 
previously (46). Briefly, plasmids encoding MERS-CoV S1-Fc or 
MERS-CoV RBD-Fc were generated by ligating a fragment encod-
ing the S1 subunit (GenBank accession number AFS88936; residues 
1 to 747) or RBD (residues 358 to 588) 3′ terminally to a fragment 
encoding the Fc domain of human IgG1 into the pCAGGS expression 
vector. Plasmids encoding S1-Fc variants with single amino acid sub-
stitutions were generated by site-directed mutagenesis. S1-Fc fusion 
proteins were expressed by transfection of the expression plasmids 
into human embryonic kidney (HEK)–293T (CRL-11268, American 
Type Culture Collection) cells and affinity-purified from the culture 
supernatant using Protein A-Sepharose beads (GE Healthcare).

Estimation of antibody/VHH titers
MERS-CoV–specific antibody titers were measured by ELISA. First, 
96-well plates were coated with MERS-CoV S1 or MERS-CoV RBD 
proteins at 1 g/ml in PBS (pH 7.4) and incubated overnight at 4°C. 
Wells were then washed three times with PBS, blocked with 10% 
normal goat serum in PBS, and incubated at 37°C for 30 min. Drom-
edary camel sera or VHHs were serially diluted in PBS, 100 l was 
added per well, and plates were incubated at 37°C for 1 hour. Next, 
plates were washed three times in PBS containing 0.05% Tween 20 
(PBST), after which they were incubated with biotin-conjugated goat 
anti-llama antibodies (1:2000, Abcore) or mouse anti-histidine anti-

bodies (1:2000, Thermo Fisher Scientific) at 37°C for 1 hour. After 
three washes with PBST, plates were incubated with streptavidin 
horseradish peroxidase (HRP; 1:10,000, Dako) or goat anti-mouse 
HRP (1:2000, Dako) at 37°C for 1 hour. After this incubation, plates 
were washed three times in PBST and incubated at room temperature 
for 10 min in the presence of 3,3′,5,5′-tetramethylbenzidine substrate 
(eBioscience). Reactions were stopped with 2N H2SO4 (Sigma). The 
absorbance of each sample was read at 450 nm with an ELISA reader 
(Tecan Infinite F200).

RNA isolation and cDNA synthesis
For RNA isolation, cryopreserved bone marrow cells were removed 
from the −135°C freezer and transferred to a 37°C water bath. The 
thawed cell suspension was quickly transferred to 40 ml of ice-cold 
RPMI 1640 (Lonza) medium. Cells were counted, and 107 cells were 
transferred to a new ribonuclease (RNase)–free falcon tube and cen-
trifuged at room temperature at 300g for 10 min. The supernatant 
was completely removed, and cells were subsequently lysed with 1 ml 
of TRIzol reagent (Life Technologies) and 0.2 ml of RNase-free 
chloroform (Life Technologies). The mixture was vortexed for 15 s 
and incubated for 3 min at room temperature, followed by centrifu-
gation at 13,000 rpm for 15 min at 4°C. The aqueous phase was 
transferred to a new tube. Subsequently, RNA was isolated using the 
RNeasy MinElute Cleanup Kit (Qiagen) according to the manufac-
turer’s protocol. Total RNA was quantified at 260 nm using the 
NanoDrop 2000, and the quality of the isolated RNA sample was deter-
mined by measuring the A260/A280 ratio. cDNA was synthesized from 
1.5 g of total RNA using a First-Strand cDNA Synthesis kit (Life 
Technologies). For a 20-l reaction mix, 10 l of RNA, 1 l of deoxy-
nucleoside triphosphate (dNTPs; 10 mM each), 1 l of random hex-
amers (10 mM; Promega), and 1.5 l of distilled water (dH2O) were 
added to a microvial. The mixture was incubated at 65°C for 10 min 
and then at 4°C for 2 min. Next, 6.5 l of reverse transcriptase mix 
containing 4 l of 5× SuperScript III reaction buffer, 1 l of dithio-
threitol (100 mM), 0.5 l of RNase inhibitor (20 U/l), and 1 l of 
SuperScript III reverse transcriptase (200 U/l; Life Technologies) 
were added to the microvial and incubated at 25°C for 5 min, 50°C 
for 45 min, and 70°C for 20 min. cDNA was stored at 4°C until PCR 
amplification.

PCR amplification and cloning of VHH
The amplification of VHH was performed using a nested PCR 
approach (29) that was adapted for use with a high-fidelity DNA 
polymerase (PfuUltra II Fusion HS DNA Polymerase, Stratagene). 
The first PCR mix (50 l of reaction volume) consisted of 5.0 l of 
10× PfuUltra II Fusion HS DNA polymerase buffer, 2.5 l of dNTPs 
(10 mM each), 1.5 l of gene-specific forward primer (CALL001, 
5′-GTCCTGGCTGCTCTTCTACAAGG-3′; 10 mM), 1.5 l of gene- 
specific reverse primer (CALL002, 5′-GGTACGTGCTGTTGAACT-
GTTCC-3′; 10 mM), 1.0 l of PfuUltra II Fusion HS DNA polymerase, 
36.5 l of dH2O, and 2.0 l of cDNA. PCR amplification was per-
formed in a thermocycler with the following protocol: initial dena-
turation at 94°C for 3 min, followed by 20 cycles at 94°C for 20 s, 
50°C for 30 s, and 72°C for 2 min, and a final extension at 72°C for 
10 min. The first PCR generated two amplified products: the heavy 
chain of conventional antibodies (~1000 bp) and the VHH heavy chain 
(~700 bp; fig. S1). The amplified VHH amplicon (~700 bp) was pu-
rified from the agarose gel using the QIAquick Gel Extraction Kit 
(Qiagen), according to the manufacturer’s instructions. The product 
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was then subjected to the second round of PCR amplification using 
VHH inner primers that contained restriction sites for cloning: for-
ward, 5′- CTAGTGCGGCCGCTGGAGACGGTGACCTGGGT-3′ 
(Eco 91I); reverse, 5′-GATGTGCAGCTGCAGGAGTCTGGRG-
GAGG-3′ (Pst I). PCR amplification continued for 12 to 14 cycles, 
after which the amplicons were purified with the QIAquick PCR 
Purification Kit (Qiagen) and digested using Eco 91I and Pst I. The 
vector pMES4 (GenBank accession number GQ907248) was digested 
with the same enzymes and dephosphorylated using alkaline phos-
phatase (New England Biolabs). VHH amplicons were ligated into 
pMES4 using a ratio of 100 ng of vector to 46 ng of VHH (~1:3 molar 
ratio). Next, we used E. coli strain WK6, prepared using the Mix & 
Go! E. coli Transformation Kit and Buffer Set (Zymo Research), for 
transformation according to the manufacturer’s instructions. After 
transformation, cells were directly plated onto an ampicillin (100 g/ml) 
nutrient agar plates. The following day, the insertion of VHH into 
the vector was confirmed by randomly picking 25 clones, screening 
by PCR for the insert, and Sanger sequencing, as described below.

Sequencing
To sequence the inserts, colony PCR was performed using PfuUltra 
II Fusion HS DNA Polymerase (Agilent Technologies) and primers 
(29) 5′-TTATGCTTCCGGCTCGTATG-3′ (MP57) and 5′-CCA-
CAGACAGCCCTCATAG-3′ (GIII) under the following conditions: 
initial denaturation at 95°C for 3 min, followed by 39 cycles of (95°C 
for 20 s, 55°C for 30 s, and 72°C for 40 s), and a final extension at 
72°C for 5 min. The amplicons were gel-purified and sequenced in 
both directions using the BigDye Terminator v3.1 Cycle Sequencing 
Kit and an ABI PRISM 3100 genetic analyzer (Applied Biosystems). 
The obtained sequences were assembled and aligned using CLC 
Genomics Workbench (CLC Bio 4.9).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/8/eaas9667/DC1
Supplementary Materials and Methods
Fig. S1. Direct cloning and expression of VHHs.
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V I R O L O G Y

Genetic and structural insights into broad 
neutralization of hepatitis C virus by human  
VH1-69 antibodies
Netanel Tzarum1, Erick Giang2, Leopold Kong1, Linling He2, Jannick Prentoe3,  
Elias Augestad3, Yuanzi Hua1, Shaun Castillo2, Georg M. Lauer4, Jens Bukh3, Jiang Zhu1,2*,  
Ian A. Wilson1,5*, Mansun Law2*

An effective vaccine to the antigenically diverse hepatitis C virus (HCV) must target conserved immune epitopes. 
Here, we investigate cross-neutralization of HCV genotypes by broadly neutralizing antibodies (bNAbs) encoded 
by the relatively abundant human gene family VH1-69. We have deciphered the molecular requirements for 
cross-neutralization by this unique class of human antibodies from crystal structures of HCV E2 in complex with 
bNAbs. An unusually high binding affinity is found for germ line–reverted versions of VH1-69 precursor antibodies, 
and neutralization breadth is acquired during affinity maturation. Deep sequencing analysis of an HCV-immune 
B cell repertoire further demonstrates the importance of the VH1-69 gene family in the generation of HCV bNAbs. 
This study therefore provides critical insights into immune recognition of HCV with important implications for 
rational vaccine design.

INTRODUCTION
A prophylactic vaccine will be crucial for controlling the worldwide 
hepatitis C virus (HCV) epidemic. HCV infects an estimated 1 to 
2% of the world population, leading to 400,000 deaths annually (1), 
and is a major cause of liver failure and hepatocellular carcinoma. 
Recent advances have been made in the treatment of patients with 
persistent HCV infection using direct-acting antiviral (DAA) ther-
apies (2, 3). However, an effective HCV vaccine is still much needed 
because of the increase in new infections and the poor awareness of 
carriers, especially in developing countries and among marginalized 
populations (4, 5). Despite successful DAA treatment, patients with 
advanced liver disease remain at risk of liver cancer (6–8).

A major roadblock for HCV vaccine development is the genetic 
diversity of HCV, as demonstrated by 7 major HCV genotypes and 
more than 80 subtypes (9, 10). Therefore, an effective vaccine must 
induce robust immune responses against a wide spectrum of HCV 
variants. The E2 envelope glycoprotein mediates viral entry by bind-
ing the CD81 receptor and other host factors (11–13). The receptor 
binding site on E2 is likely surface exposed and structurally con-
served, thereby presenting a highly desirable target for broadly neu-
tralizing antibodies (bNAbs) known as the neutralizing face of E2. 
Similar to the HIV-1 envelope glycoprotein, HCV E2 is extensively 
covered by N-linked glycans (14) and has several variable regions 
(VRs), particularly hypervariable region 1 (HVR1), which shield 
conserved epitopes and assist in viral escape from NAbs (Fig. 1A) 
(9, 15).

Previously, we isolated a panel of human monoclonal Abs (mAbs) 
that recognize five distinct antigenic regions (ARs; AR1–5) on 
the HCV E1E2 glycoprotein complex (16, 17). While mAbs target-
ing AR1 and AR2 showed limited neutralizing activity, mAbs rec-
ognizing AR3 (AR3A–D) exhibit cross-genotype neutralization 
and inhibition of CD81 receptor binding to E1E2 (16, 17). The 
heavy chains (HCs) of AR3A–D share a similar genetic background 
and are derived from Ab precursors of the VH1-69 gene family that 
have been reported to be associated with cross-neutralization of 
HCV (16–19), influenza virus (20–24), and HIV-1 (25). Recently, 
two independent studies reported bNAbs isolated from pa-
tients that spontaneously cleared HCV and are also derived from 
VH1-69 genes and target AR3 (26, 27). These findings underscore 
the role of human VH1-69 Abs in combatting HCV infections and 
highlight the potential benefits of eliciting VH1-69–derived bNAbs 
by vaccination.

RESULTS
Here, we investigate how VH1-69 bNAbs achieve cross-genotype 
recognition of the E2 neutralizing face and the genetic requirements 
for the immune system to generate such bNAbs. To overcome the 
inherent flexibility of E2 (28), we designed an E2 core domain con-
struct (29) of the prototypic genotype 1a isolate, H77, and deter-
mined its crystal structure with bNAb AR3C (Fig. 1B and fig. S1A) 
(29). In parallel, Khan et al. (30) reported the crystal structure of a 
different E2 core construct derived from a genotype 2a isolate, J6, 
with nonneutralizing mAb 2A12. Structural analysis of H77 E2c 
in complex with AR3C Fab and alanine scanning mutagenesis 
(16, 29, 31) mapped AR3 to the E2 front layer and part of the CD81 
binding loop (amino acids 426 to 443 and 529 to 531; Fig. 1A and 
fig. S1). Most residues in AR3 are highly conserved among HCV 
genotypes (fig. S1C and table S1). Negative-stain electron micros-
copy revealed that in soluble E2, AR3 is exposed on the surface and 
not masked by the glycan shield or by VRs 1 to 3 (VR1–3; Fig. 1B) 
(29). To examine the accessibility of the AR3 neutralizing epitopes 
in soluble E2, we investigated binding of four AR3-directed mAbs 
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Fig. 1. Crystal structures of HK6a E2c3 and AR3 Fab complexes. (A) Schematic representations of the E2 core domain (amino acids 412 to 645) colored by structural 
components, with VRs in gray, front layer in cyan,  sandwich in red, CD81 loop in blue, and back layer in green. The E2 HVR1, stalk, and transmembrane region (amino 
acids 384 to 410 and 646 to 746) are not shown. The E2 N-linked glycans are indicated (29). (B) Modeling of the HVR1, VR2, and the Man6GlcNac2 N-linked glycans in the 
complex structure of H77 E2c, indicating the accessibility of AR3. The Man6GlcNac2 N-linked glycans were modeled on the basis of the N430 glycan in the H77 E2c struc-
ture [Protein Data Bank (PDB) entry 4MWF]. The AR3 is marked by a dashed line. The glycans that surround the AR3 are colored in dark gray. (C) KD values of various AR3 
immunoglobulin G (IgG) binding to E2TM, E2c, and E2c3 from genotypes 1a and 6a. (D) Neutralization breadth of AR3A–D, U1, and AR2A mAbs tested by HCVcc assays. 
Dendrograms shown for each mAb are colored on the basis of their half maximal inhibitory concentration (IC50) values. (E) Superposition of the crystal structures of HK6a 
E2c3-AR3A (blue), -AR3B (green), or -AR3D (pink) complexes with H77 E2c-AR3C (orange) illustrating the differences in the angle of approach of the AR3A–D mAbs to E2c. 
The structures of the HK6a E2c3-AR3A, -AR3B, or -AR3D complexes were superimposed with H77 E2c-AR3C on the basis of E2, and for each complex, the angle between 
the C atoms of HC V111, HC F54, and light chain (LC) I106 was calculated. The angle of approach was determined as the relative change in the angle between AR3A, 
AR3B, and AR3D mAbs to AR3C. For clarity, only the Fab VRs and the HK6a E2c3 structure are shown. (F) AR3 epitopes. The E2c structures are shown in surface represen-
tation, and the interacting residues in the epitopes were colored and labeled. (G) Schematic overview of the interactions between E2 and the AR3 HCs. The CDR sequences 
are aligned, and E2 interacting residues are highlighted in blue (hydrogen bonds) and green (hydrophobic interactions).
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AR3A–D to genotype 1a H77 E2 ectodomain (E2TM), E2c, and 
E2c3 [E2c with VR3 deleted (28)] (fig. S2A). Nanomolar binding 
(KD) for all three E2 constructs indicates that mAb recognition of 
AR3 is not dependent on the VRs (Fig. 1C and fig. S2B), whereas a 
notable reduction was observed in AR1A binding to E2c and E2c3 
(Fig. 1C and fig. S2B) (16). Modeling of Man6GlcNac2 N-linked gly-
cans onto the E2 glycosylation sites reveals that AR3 itself is devoid 
of glycans, although encircled by three glycans (N423, N430, and N532; 
Fig. 1, A and B, and fig. S1B). Removal of the E2c glycans by Endo-
glycosidase H (EndoH) treatment had negligible effect on bNAb 
binding, confirming that the glycans are not essential for high bind-
ing affinity of the AR3 mAbs and, in soluble E2, the AR3 epitopes 
are not shielded by glycans (Fig. 1C and fig. S2B). In contrast, AR1A 
binding was reduced by EndoH treatment, suggesting that the gly-
cans are essential for AR1A binding (Fig. 1C and fig. S2B).

Having established AR3 as a key site for HCV neutralization, 
we extended our structural efforts here to E2c constructs derived 
from other genotypes (see fig. S3A). The AR3A–D mAbs have cross- 
genotype binding activity (fig. S3B) that can be used to study the 
neutralizing face of E2. In addition, AR3A–C mAbs exhibited neu-
tralization breadth among genotypes 1 to 6 strains, whereas AR3D 
had a more restricted breadth in virus neutralization assays (Fig. 1D 
and fig. S3C). Crystallization trials of E2c from different genotypes 
with AR3A–D Fabs resulted in diffraction-quality crystals for E2c3 
of the HK6a isolate as complexes with AR3A, AR3B, and AR3D 
(table S2 and see also Materials and methods). The HK6a E1E2 glyco-
protein complex has been shown to be fully functional in vitro 
[HCV pseudotype particle (HCVpp) and cell culture HCV (HCVcc) 
systems] and in vivo (chimpanzee and human liver chimeric mouse 
models). The HK6a E2c3 structures (fig. S4A) revealed that the 
overall fold is similar to genotypes 1a H77 E2c (29) and 2a J6 E2 
core (30), with C root mean square deviations of 1.09 and 0.86 Å, 
respectively (for amino acids 491 to 645, using E2c3 from the AR3A 
complex as representative of the HK6a E2 structures). However, 
substantial conformational differences were observed in the  sand-
wich loop connecting 6 and 7 (amino acids 540 to 552; fig. S4B) 
in the VR3 region (fig. S4C) and in the N-terminal part of the back 
layer (amino acids 564 to 610). Less pronounced differences were 
seen in the C-terminal part of the back layer (amino acids 629 to 
640) and AR3C epitope of H77 E2 (AR3 is absent in the J6 structure; 
fig. S4B). The 6-7 loop of HK6a shows a different conformation 
compared to H77 and J6, which could result from an N540E substi-
tution that eliminates the seventh N-glycosylation site (N540) that 
is present in genotypes 1, 2, 4, and 5 but not in genotypes 3 and 6 
(figs. S3A and S4, D and E).

Superposition of four E2-AR3 Fab complexes indicates that 
these Abs bind AR3 with different angles of approach (Fig. 1E) and 
with their footprints mapped to different but overlapping parts of 
the antigenic surface (Fig. 1F), consistent with our previous bio-
physical study indicating flexibility of the E2 front layer and CD81 
binding loop (28) (fig. S4F). Analysis of the interactions between 
the AR3 Fabs and HK6a E2c3, compared to AR3C and H77 E2c 
(Fig. 1G and fig. S4G), indicates that E2 recognition is mediated 
mainly by their HCs (29) with few interactions with the LCs. The 
interaction between HC complementarity-determining regions 
(CDRs) 1 and 2 with AR3 mainly involves hydrophobic and aro-
matic side chains, whereas CDRH3 also makes a large number (5 to 
8) of main chain—main chain hydrogen bonds with E2 (Fig. 1G 
and table S3).

It has been shown that VH1-69–derived bNAbs against influenza 
virus and HIV-1 interact with conserved hydrophobic residues in 
their antigens via hydrophobic residues at the tip of their CDRH2 
loops (20–25). Sequence alignment of the VH1-69–encoded AR3 mAb 
HCs indicates a relatively low identity (62 to 73%) for the VH region 
(amino acids 1 to 110; fig. S5A) and even less for the CDR loops (35 
to 57%), especially CDRH3 (Fig. 1G). Nevertheless, the CDRH2 tip 
of AR3A–D mAbs still retains a hydrophobic motif of I/V52-P52a-
X53-F54 (X = hydrophobic residue; Fig. 2A), which makes hydro-
phobic contacts with a highly conserved hydrophobic pocket between 
the front layer and CD81 binding loop, despite some variations in 
CDRH2 interactions. The AR3 mAbs have longer than average 
CDRH3 loops (18 to 22 residues) that interact with a flexible region 
of the front layer (amino acids 430 to 437; Fig. 1G). Their CDRH3 
adopts a  hairpin stabilized by intra-CDR hydrogen bonds and fur-
ther enhanced by a disulfide between the CDRH3  strands in 
AR3A and AR3C (fig. S5B). The  hairpin conformations vary de-
pending on CDRH3 length, but the two glycines at its apex contact 
L427 and W529 (for AR3A–C) of E2 (fig. S5B). Buried surface area 
(BSA) analysis confirms the indispensable role of the HC (Fig. 2B 
and fig. S5C). The HC BSA is similar for AR3A, AR3C, and AR3D 
(648 to 683 Å2), but slightly greater for AR3B (797 Å2). Structural 
analysis suggests that the optimal CDRH3 length for the AR3-like 
bNAbs is 18 to 22 residues, because a shorter loop will likely gen-
erate steric clashes with E2, especially with glycans surrounding AR3 
(fig. S5D); a longer loop would result in E2 being further away 
(Fig. 2C), causing a reduction in binding and neutralization breadth, 
as observed for AR3D mAb (Fig. 1, C and D).

Therefore, we further characterized Abs from an HCV-immune 
Ab library (16, 17). Within 22 E1E2 HC binding groups, 7 were en-
coded by the VH1-69 germline (GL) gene with CDRH3 loops rang-
ing from 12 to 22 residues (fig. S5E). Abs from groups B (including 
AR1A) and E have shorter CDRH3s (15 or 12 residues, respectively) 
and little neutralization activity (16). Notably, CDRH2 of AR1A 
no longer contains the I/V52-P52a-X53-F54 hydrophobic motif 
(Fig. 2A). Fabs from group U also target AR3 (17), with a similar 
CDRH2 hydrophobic motif but a 17-residue CDRH3 (Fig. 2A and 
fig. S5F); mAb U1 however had limited neutralization breadth 
(Fig. 1D). A similar reduction was observed when CDRH3 of AR3A 
was shortened by 1 residue to 17 residues (fig. S5G). Together, the 
results suggest that a hydrophobic CDRH2 tip and CDRH3 length 
of 18 to 22 residues capable of forming main-chain hydrogen bonds 
with the E2 front layer are optimal for broad neutralization by AR3 
mAbs (Fig. 2D).

In the HIV field, it is widely acknowledged that maturation of 
bNAbs from their GL Ab precursors is a long evolutionary process 
(>2 to 5 years) involving selection for mutations contributing to B 
cell survival and improved Ab functions. Therefore, an in-depth 
analysis of how GL precursors recognize their target antigen can 
provide critical insights into bNAb induction (32). The IMGT 
V-QUEST program (33) was used to predict GL genes for HC (VH, 
DH, and JH) and LC (VL and JL) of AR3A–D mAbs (fig. S6A). The 
inferred GL precursors (AR3A–DGL) and variants with only the VH 
gene reverted (AR3A–D1–69) were synthesized. In comparison with 
anti-HIV bNAbs, AR3 mAbs exhibit relatively low levels of somatic 
hypermutation (SHM), with identity to the VH GL of 84 to 91% and 
74 to 84% at the nucleotide and amino acid levels, respectively 
(Fig. 3A and fig. S6B), similar to that of VH1-69 anti-influenza 
bNAbs (23). Although CDRH2 contains a number of mutations 
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(amino acid identity of 64 to 76% with GL), the CDRH2 hydro-
phobic motif that presumably initiates the interaction with the E2 
hydrophobic pocket is conserved from the GL (Fig. 3A). Binding of 
AR3GL and AR31–69 IgGs by enzyme-linked immunosorbent assay 
(ELISA) reveals that AR3A1–69, AR3B1–69, and AR3CGL interact 
with both H77 E2c and HK6a E2c (fig. S6C). Further quantification 
using biolayer interferometry for these GL precursors indicated 
only a 2- to 8-fold decrease in KD for H77 and 22- to 120-fold for 
HK6a (Fig. 3B and fig. S6D). AR3A–DGL and AR3A–D1–69 (34) 
exhibited some neutralization above the 50% level for AR3A1–69, 
AR3AGL, and AR3B1–69, and more weakly for AR3C1–69 and AR3CGL, 
mainly against genotypes 5a and 6a (Fig. 3C), suggesting that neutral-
ization breadth was acquired during affinity maturation. Thus, 

HCV binding and neutralization can be readily detected in VH1-69 
precursors.

Our GL reversion analysis and other studies (17, 18, 26) high-
light the important role of the VH1-69 gene family in E2 recognition 
and in broad neutralizing responses against HCV. Since the AR3 
mAbs were isolated from an HCV-immune phage display Ab library, 
we used next-generation sequencing (NGS) to characterize enrich-
ment of AR3-like mAbs during panning. The original and three other 
libraries from panning against native and epitope-masked E1E2 were 
subjected to NGS, followed by antibodyomics analysis (table S4 and 
see also Materials and methods). Quantitative library profiles show 
distinct patterns indicative of rapid enrichment after three panning 
steps (Pan1 to Pan3) using E1E2 (Fig. 4A). VH1 is predominantly 

Fig. 2. Features that enable broad neutralization by AR3 mAbs. (A) Alignment of the CDRH2 sequences of AR3 bNAbs and mAbs U1 and AR1A. The hydrophobic 
motif in CDRH2 is highlighted in red. (B) Surface area buried by the CDRs of AR3 mAbs on E2s. CDRH3 length is indicated in brackets. (C) Correlation between CDRH3 
length and LC surface area buried. CDRH3 is colored in red. (D) Interactions between E2 and CDRH1-3 of AR3A–D.
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selected in the converged Fab library, with VH1-69 accounting for 87% 
of the total VH population. A notable shift was observed in SHM, 
with the peak value increasing from 7–9% to 15–16% in Pan3 (Fig. 4A), 
and CDRH3 length also increased from 10 to 14 residues to enrich-
ment of 15 to 17 residues (Fig. 4A). Two- dimensional (2D) identity/
divergence plots visualize enrichment of AR1–3 mAbs from this Fab 
library (Fig. 4B and fig. S7A) by showing sequences with CDRH3 
identity of 85% or higher (orange dots with number and library per-
centage labeled). Using AR3C as an example, the 2D plot shows a 
slow but steady increase of AR3C-like HCs from 0.01% in the pre-
panning library to 0.5% in the third panning cycle. Similar trends 
were observed for other AR3 mAbs with long CDRH3s (fig. S7A). 
By comparison, AR1A shows rapid convergence during antigen se-
lection with a 14,500-fold increase (0.004 to 58%), consistent with the 
dominant peak of 15- residue CDRH3s (Fig. 4, A and B). In our analy-
sis, HCs with similar CDRH3 loops and low levels of SHM (0 to 10%) 
that represent intermediate Abs in the library were also identified 
(Fig. 4B, marked by rectangles, and fig. S7). This provides useful clues 
as to how these Abs evolved to acquire E1E2 specificity and affinity.

To assess the prevalence of VH1-69 AR3 mAbs in comparison to 
those targeting other E1E2 antigenic sites, we also sequenced the Fab 
libraries panned with an E1E2 antigen that was masked with AR1 

and AR3 Abs (17). HCV-specific mAbs of other GL origins were 
selected, including the VH1-18, VH3-30, and VH5-51 families, some 
of which are cross-NAbs that recognize AR4 and AR5 on the quater-
nary E1E2 complex. Other mAb groups include mAbs that bind to 
epitopes that overlap with AR4 and AR5 (mAbs from groups R1 
and S1) and non–cross-NAbs that bind to epitopes overlapping 
with AR1–3 [groups F, I, K, M, and T; for more details, see (17)]. 
Quantitative library profiles displayed little change in VH gene 
usage, SHM, and CDRH3 length during this epitope-masked panning 
(fig. S7B), confirming that mAbs AR4A and AR5A, although present 
in the prepanning library, were only slightly enriched during selection 
(fig. S7C). Thus, NGS analysis of an HCV-immune Fab library fol-
lowing antigen challenge revealed the prevalence of VH1-69–derived 
Abs targeting AR1 and AR3 of E2, whereas Abs of other GL origins 
recognize different E1E2 antigenic sites (Fig. 4C).

To investigate whether this VH1-69 preference is indeed common 
to HCV-specific bNAbs, we sequenced Ab repertoires of five pa-
tients with chronic HCV and compared their repertoires with those 
from  high levels of anti-E1E2 Ab titers and cross-neutralizing activity 
and compared their repertoires with those from five healthy individuals 
as controls. Overall, both repertoires displayed similar VH gene dis-
tributions, with three subjects in each group showing relatively high 

Fig. 3. The inferred GL of AR3 mAbs. (A) Alignment of the HC CDRs of AR3, AR3GL (inferred GL), and AR31–69 (reversion of only the VH gene to the VH1-69 sequence). The 
interacting residues in the mature mAbs are colored in blue (hydrogen bonds) and green (hydrophobic interactions). (B) Biolayer interferometry analysis of AR31–69 and 
AR3GL IgGs binding to H77 and HK6a E2c. (C) Single-dose (50 g/ml) neutralization assay of AR31–69 and AR3GL IgGs against the eight HCVcc JFH1-based Core-NS2 recom-
binants of genotypes 1 to 6. Error bars represent SEM.
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frequencies of VH1-69 (fig. S8A). The HCV-infected donor repertoires 
exhibit a slightly broader range of CDRH3 lengths than the uninfected 
controls [normal distribution peaking around 11 to 14 residues (Fig. 4D)], 
yet with no significant difference for the average length of the HCDR3 
loop between the two groups (fig. S10). Further analysis of the three 
largest VH gene families suggests that the distribution of some gene 
families could be affected by HCV infection (Fig. 4E). In contrast, 
both HCV-infected and healthy donors exhibit normal CDRH3 length 
distributions for the VH3-23 gene family. Some differences are also 
observed for other GL gene families (fig. S8B). Comparing the SHM 

between the two groups indicates similar distribution of both the HC 
and LC (fig. S8C). Comparison of the average SHM for the VH1-69 
gene family and for the overall VH repertoire indicates no significant 
difference between the two groups (fig. S10), although the sample 
size here is too small for conclusive statistical analysis.

DISCUSSION
The Centers for Disease Control and Prevention recently reported 
an almost threefold increase in the number of new HCV infections 

Fig. 4. Analysis of B cell repertoires of HCV-infected donors. (A) Quantitative B cell repertoire distribution of HC GL V gene usage, degree of SHM, and CDRH3 length 
and (B) identity/divergence analysis (to AR mAb/VH GL) of the prepanned and panned phage display Ab libraries. #a.a., number of amino acids. The panning experiments 
were performed using E1E2. (C) Schematic representation of the epitopes and the HC variable genes encoding the AR1–5 mAbs. The AR1–3 epitopes are shown on the 
E2 structure (16, 17, 31). bNAbs that target the AR3 epitopes are listed. (D) The distribution of CDRH3 length in the total HC GL V genes and (E) the three largest HC GL gene 
families of five patients with chronic HCV with high anti-E1E2 Ab titers and cross-neutralizing activity (top) and five healthy donors (bottom) as controls.
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in the United States between 2010 and 2015 (35), a result of the in-
crease in injection drug users caused by the opioid crisis in America 
(36), underscoring the urgent need for an effective HCV vaccine. 
The extreme genetic diversity of HCV demands elicitation of cross- 
genotype immune responses from vaccination. Therefore, structural 
understanding of bNAb recognition, together with the knowledge 
on how bNAbs develop from their GL precursors, is essential for the 
rational design of HCV vaccine immunogens (32, 37). As a main 
target for bNAbs, AR3 is highly conserved and overlaps with the 
majority of the E2 neutralizing face (29, 38). It was previously shown 
that, on native virions, HCV neutralization epitopes are shielded by 
HVR1 (9, 15) and glycans (39). To overcome the HCV escape by 
shielding of neutralization epitopes, it is crucial to design an antigen 
that can elicit a high level of bNAbs to conserved epitopes. Our results 
indicate that AR3 bNAb recognition of soluble E2 is largely inde-
pendent of VRs (HVR1, VR2, and VR3) or glycans, highlighting 
that the AR3 and the neutralizing face are promising targets for in-
clusion in an HCV vaccine, although a better understanding of the 
entire E1E2 complex would likely serve to optimize this further.

The E2c structures with bNAbs AR3A–D suggest that flexibility 
of the front layer facilitates binding of bNAbs encoded by the VH1-69 
GL gene family. Other critical features for breadth of AR3-like 
bNAbs include a hydrophobic CDRH2 tip and CDRH3 of around 
18 to 22 residues. The absence of one or more of these features can 
result in reduced neutralization breadth (as suggested for mAb U1; 
Fig. 1D). In contrast to HIV-1 (32), some AR3 inferred GL mAbs 
bind E2 with high affinity, and low to medium SHM is sufficient to 
neutralize virus, although further somatic mutation can improve 
breadth. Our results are consistent with a recent study (27), in which 
AR3-like bNAbs of VH1-69 origin and with similar SHM were iso-
lated from patients with spontaneous viral clearance, suggesting that 
HCV bNAbs can achieve broad neutralization with rapid lineage 
development. A possible reason is that the hydrophobic CDRH2 
motif that interacts with critical E2 residues for CD81 binding is GL 
encoded. The tip of the CDRH2 encoded by the VH1-69 gene is the 
most hydrophobic among the human HC genes (25) and there-
fore has superiority for targeting the hydrophobic E2 neutralizing 
face and hydrophobic pockets in the flu hemagglutinin stem region 
(22, 23). Since most of the interactions of CDRH3 with E2 are main 
chain—main chain hydrogen bonds, they can tolerate variation in 
the sequence of the CDRH3 and, therefore, low levels of SHM can 
be sufficient to optimize the interaction with E2.

While HCV-directed bNAbs can stem from different GL genes, 
bNAbs encoded by VH1-69 have been reported in multiple studies 
(16, 18, 26, 27), suggesting an important role of this Ab family in the 
immune response to HCV. Our analysis revealed that VH1-69 Abs 
target AR1 and AR3 on E2 when HCV E1E2 was the panning anti-
gen, but significant enrichment of AR1 non-NAbs suggests that 
AR1 may be more accessible in this format. However, other GL 
gene families are also involved in host Ab response to HCV. For 
rational vaccine design, a preferable strategy would appear to be de-
veloping HCV antigens that present the conserved AR3 neutraliz-
ing epitopes to engage the VH1-69 gene family, which is one of the 
frequent Ab families in the human Ab repertoire. It was recently 
reported that naïve B cells with high-avidity GL-encoded B cell re-
ceptors produce mainly IgM+ memory B cells following immuni-
zation in mice (40). If this is also true in humans, then one may 
expect that a GL-targeting strategy and E2-based vaccine antigens 
will trigger the generation of mostly antiviral VH1-69 IgM+ memory 

B cells. Such a strategy should be taken into consideration in HCV 
vaccine studies. Furthermore, HCV appears to be an excellent model 
for studying host humoral immunity to viral infection.

MATERIALS AND METHODS
Expression and purification of the soluble E2 from 
genotypes 1 to 6
The DNA constructs of the prototypic isolate H77 (41) for E2c 
(truncation of N and C termini and VR2 and removal of N448 and 
N576 glycosylation sites) and E2c3 (additional removal of VR3) 
were engineered on the basis of the soluble E2 ectodomain (E2TM, 
amino acids 384 to 717) as previously described (28, 29). On the 
basis of sequence similarity to H77, E2c constructs of HCV1 (42), 
CON1 (43), UKN1b12.6 (44), J6 (45), UKN3A1.28c (44), S52 (46), 
ED43 (47), SA13 (48), and HK6a (34) isolates and the E2c3 con-
structs of H77, ED43, and HK6a isolates were engineered and syn-
thesized by GeneArt (Invitrogen, USA; fig. S3A). Notably, the E1E2 
envelope glycoprotein complex of the HK6a isolate was previously 
shown to be fully functional in vitro using the HCVpp and HCVcc 
systems and in vivo in chimpanzee and human liver chimeric mouse 
models (34, 49, 50). The E2 constructs were expressed and purified 
as previously described (29).

Expression and purification of the AR3 IgGs and Fabs
IgGs AR1A, AR3A, AR3B, AR3C, AR3D, and U1 were expressed 
and purified as previously described (16). The AR3A–DGL and 
AR3A–D1–69 variable domain genes were synthesized by GeneArt 
(Invitrogen, USA), cloned into the pIgG vector, and expressed as 
previously described (16). Fabs AR3C and AR3D were cloned into 
the phagemid vector pComb3H and transformed into the BL21 
(DE3) bacterial strain (Novagen) for expression in the presence of 
IPTG (isopropyl--d-thiogalactopyranoside) overnight at 16°C. The 
bacterial cells were treated with lysozyme, sonicated, and the Fabs 
were purified on a protein G affinity column. Fabs AR3A and AR3B 
were generated from the corresponding IgGs (16) by papain diges-
tion (Sigma-Aldrich). All Fabs were further purified by size exclu-
sion chromatography using a Superdex 200 column (Pharmacia) in 
50 mM NaCl, 20 mM tris-HCl (pH 7.2) buffer.

Crystallization and structural determination of E2c3  
HK6a-Fab complexes
From the 10 HCV isolates, only 4 isolates [H77 (1a), J6 (2a), ED43 
(4a), and HK6a (6a)] gave high yield and were therefore used for the 
structural studies. The E2-Fab AR3 complexes were formed by 
overnight incubation of purified E2 and each AR3 Fab in a molar 
ratio of 1:1.25 (E2:Fab) at room temperature, followed by size exclu-
sion chromatography (Superdex 200) to remove unbound Fab 
using 20 mM tris and 50 mM NaCl (pH 7.2) buffer. Crystallization 
experiments were performed using the vapor diffusion sitting drop 
method at 20°C. Crystallization experiments of the E2c from the 
H77, J6, ED43, and HK6a isolates in complex with AR3A–D yield-
ed no crystals. However, further engineering the E2c proteins (E2c3; 
fig. S2A) resulted in crystals of the HK6a isolate in complexes with 
AR3A–D (table S2) that diffracted to 2.80, 2.60, and 3.30 Å for the 
AR3A, AR3B, and AR3D complexes, respectively, and to low res-
olution (~10 Å) for AR3C complexes. Crystals of the E2c3 HK6a-
Fab AR3A complex were obtained using a reservoir solution of 20% 
(w/v) PEG 3500, 0.2 M sodium citrate (pH 8.2); crystals of E2c3 
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HK6a-Fab AR3B complex from a reservoir solution of 20% (w/v) 
PEG 3500, 0.2 M Li chloride (pH 6.7); and crystals of E2c3 HK6a-
Fab AR3D complex from a reservoir solution of 20% (w/v) PEG 
6000, 0.1 M Hepes (pH 7.0). Prior to data collection, all crystals were 
cryoprotected with 10% ethylene glycol and flash cooled in liquid 
nitrogen. Diffraction datasets were collected at the Advanced Photon 
Source (APS) and the Stanford Synchrotron Radiation Lightsource 
(SSRL) (table S2). Data were integrated and scaled using HKL2000 
(51). The E2c3 HK6a-Fab AR3A structure was solved by molecular 
replacement method using Phaser (52), with the E2c H77-Fab 
AR3C (PDB entry 4MWF) as a search model. The E2c3 HK6a-Fab 
AR3B and E2c3 HK6a-Fab AR3D structures were solved by mo-
lecular replacement method using the refined E2c3 HK6a-Fab 
AR3A structure as a search model. Structure refinement was car-
ried out in Phenix (53), and model building was performed with 
COOT (54). Final refinement statistics are summarized in table S2.

Enzyme-linked immunosorbent assay
Purified E2 isolates were coated onto microwells at 5 g/ml over-
night at 4°C. After blocking with 4% (w/v) nonfat dry milk in dilu-
tion buffer (PBS + 0.02% Tween 20) for 30 min, titrated AR3 Abs 
(purified Ab for fig. S3B and transfected supernatant of Abs from 
293T cells for fig. S6C) in dilution buffer with 1% nonfat dry milk 
were added to the microwells and incubated for 1 hour at room tem-
perature. Titrated Abs were detected with secondary Ab horseradish 
peroxidase–conjugated goat anti-human IgG Fc (Jackson Immuno-
Research) and developed with 3,3′,5,5′-tetramethylbenzidine sub-
strate (Thermo Fisher Pierce). The reaction was stopped with 2 N 
sulfuric acid, and developed plates were read at absorbance of 
450 nm.

KD determination
KD values were determined by biolayer interferometry using an Oc-
tet RED instrument (ForteBio Inc.). IgGs at ~10 g/ml in a kinetics 
buffer [1× PBS (pH 7.4), 0.01% BSA, and 0.002% Tween 20] were 
immobilized onto protein G–coated biosensors and incubated with 
varying concentrations of E2 protein. The kon and koff values of each 
E2 protein for each IgG were measured in real time to determine KD 
values. All binding data were collected at 30°C.

Neutralization assay
In vitro neutralization was carried on Huh7.5 cells using either a 
single high dose (50 g/ml) or a dilution series of the relevant Ab as 
previously described (55). Control Ab b6 at the highest dose did not 
inhibit the viruses. For the dilution series experiments, IC50 values 
were calculated in GraphPad Prism 6 using a three-parameter curve 
fitting.

Panning of the phage display library
The construction of the phage display Ab library was previously 
described (16, 17). In summary, RNA of mononuclear cells from 
the bone marrow of a patient with chronic HCV was extracted, and 
complementary DNA (cDNA) was synthesized. LC and HC frag-
ments were amplified using gene-specific primers and cloned into 
phagemid vector with randomized HC and LC pairing. For antigen 
panning, the Ab Fab fragments were expressed as a fusion protein 
to the phage coat protein III for surface display. The HCV-immune 
phage display Ab library was panned for three consecutive rounds 
with increasing washing stringency in two different panning exper-

iments (16, 17). In the first experiment, recombinant E1E2 proteins 
captured by Galanthus nivalis lectin were used as the panning anti-
gens. In the second experiment, E1E2 antigens captured by mAb 
AR3A and blocked with mAb AR1B were used (17). In each pan-
ning step, antigen was directly coated onto a microtiter plate, fol-
lowed by blocking with 4% (w/v) milk in PBS. The phage library 
was added to the wells and incubated for 1 to 2 hours at 37°C, 
and unbound phages were washed away with PBS/0.5% (v/v) Tween 
20. Bound phages were eluted and used to infect freshly grown 
Escherichia coli (XL1-Blue, Stratagene) for titration on LB agar 
plates with carbenicillin.

Clinical samples
Normal blood donor samples were procured from the Normal 
Blood Donor Service (NBDS) of The Scripps Research Institute 
(TSRI). All healthy donors tested negative for hepatitis B virus, 
HCV, and HIV (56). Blood samples from patients with HCV with 
long-term chronic HCV viremia (genotype 1 or genotype 3) were 
collected at Massachusetts General Hospital. Informed consent was 
given by all subjects under a protocol approved by the Partners 
Human Research Committee [Institutional Review Board (IRB) 
no. 1999P004983]. Peripheral blood mononuclear cells (PBMCs) 
were extracted by Ficoll-Paque (GE Healthcare Life Sciences) den-
sity gradient centrifugation. Plasma samples were evaluated for 
E1E2-specific Ab by ELISA and for virus neutralizing activity using 
HCVpp (17). Five HCV+ donor samples with high cross-neutralizing 
activity and five random normal blood donor samples were selected 
for sequencing analysis below.

NGS and bioinformatics analysis
NGS was performed on the Ion Torrent Personal Genome Machine 
(PGM) and S5 systems. The HC regions of the Fab phage libraries 
were amplified from the plasmid stock using PCR with vector- 
specific primers (tables S4 and S5 and fig. S9). Notably, the forward 
primer contained a PGM/S5 full-length P1 adaptor, whereas the 
reverse primer contained a PGM/S5 A adaptor and an Ion Xpress 
barcode (Life Technologies) to differentiate Fab phage libraries. A 
total of 25 PCR cycles were performed, and the PCR products with 
an expected length of 500 to 600 bp were gel purified (Qiagen). The 
resulting HC libraries were quantitated using the Qubit 2.0 Fluorom-
eter with the Qubit dsDNA HS Assay Kit. The dilution factor 
required for PGM template preparation was determined such that 
the final concentration was 50 pM. For the prepanning Fab library 
(Pan0), template preparation was performed with the Ion PGM 
Template IA 500 Kit, followed by NGS on the Ion PGM system using 
the Ion PGM Hi-Q Sequencing Kit and an Ion 316 v2 chip. For the 
postpanning libraries (Pan1 to Pan3) obtained from two E1E2 pan-
ning procedures, template preparation and (Ion 530) chip loading 
were performed on Ion Chef using the Ion 530 Ext Kit, followed by 
NGS on the Ion S5 System. For five normal donors and five 
HCV-infected donors studied here, a previously reported 5′-RACE 
(rapid amplification of cDNA ends)  PCR protocol was used to cap-
ture their B cell repertoires in an unbiased manner (table S4) (57). 
Briefly, total RNA was extracted from 5 to 10 million PBMCs into 
30 l of water with the RNeasy Mini Kit (Qiagen). 5′-RACE was 
performed with the SMARTer RACE cDNA Amplification Kit 
(Clontech). The Ig PCRs were set up with the Platinum Taq High- 
Fidelity DNA Polymerase (Life Technologies) in a total volume of 
50 l, with 5 l of cDNA as template, 1 l of 5′-RACE primer, and 1 l 
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of 10 M reverse primer. The 5′-RACE primer contained a PGM/S5 P1 
adaptor, whereas the reverse primer contained a PGM/S5 A adaptor and 
an Ion Xpress barcode (Life Technologies) to differentiate donor librar-
ies. A similar PCR protocol (25 cycles) was used, and the PCR products 
with an expected length of 600 bp were gel purified (Qiagen). The Ab HC 
and LC ( and ) libraries were quantitated using the Qubit 2.0 Fluorom-
eter with the Qubit dsDNA HS Assay Kit and mixed at a ratio of 1:1:1 
for each donor. The five donor libraries were further mixed at an equal 
ratio for template preparation and (Ion 530) chip loading on Ion Chef 
using the Ion 530 Ext Kit. NGS was performed on the Ion S5 System 
with default settings. The human antibodyomics pipeline (57–63) 
was used to process and annotate the NGS data of Fab libraries and 
Ab repertoires. Notably, a number of methodological modifications 
have been made to the pipeline to improve data quality (64).
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T U B E R C U L O S I S

Tuberculosis and impaired IL-23–dependent IFN- 
immunity in humans homozygous for a common TYK2 
missense variant
Stéphanie Boisson-Dupuis1,2,3*†, Noe Ramirez-Alejo1†, Zhi Li4,5‡, Etienne Patin6,7,8‡, Geetha Rao9‡, 
Gaspard Kerner2,3‡, Che Kang Lim10,11‡, Dimitry N. Krementsov12‡, Nicholas Hernandez1, Cindy S. Ma9,13, 
Qian Zhang1,14, Janet Markle1, Ruben Martinez-Barricarte1, Kathryn Payne9, Robert Fisch1, 
Caroline Deswarte2,3, Joshua Halpern1, Matthieu Bouaziz2,3, Jeanette Mulwa1, Durga Sivanesan15,16, 
Tomi Lazarov17, Rodrigo Naves18, Patricia Garcia19, Yuval Itan1,20,21, Bertrand Boisson1,2,3, Alix Checchi2,3, 
Fabienne Jabot-Hanin2,3, Aurélie Cobat2,3, Andrea Guennoun14, Carolyn C. Jackson1,22, 
Sevgi Pekcan23, Zafer Caliskaner24, Jaime Inostroza25, Beatriz Tavares Costa-Carvalho26,  
Jose Antonio Tavares de Albuquerque27, Humberto Garcia-Ortiz28, Lorena Orozco28, 
Tayfun Ozcelik29, Ahmed Abid30, Ismail Abderahmani Rhorfi30,31, Hicham Souhi30,  
Hicham Naji Amrani30, Adil Zegmout30, Frédéric Geissmann17, Stephen W. Michnick15, 
Ingrid Muller-Fleckenstein31, Bernhard Fleckenstein31, Anne Puel1,2,3, Michael J. Ciancanelli1, 
Nico Marr14, Hassan Abolhassani10,32, María Elvira Balcells33, Antonio Condino-Neto27, 
Alexis Strickler34, Katia Abarca35, Cory Teuscher36, Hans D. Ochs37, Ismail Reisli38, Esra H. Sayar38, 
Jamila El-Baghdadi39, Jacinta Bustamante1,2,3,40§, Lennart Hammarström10,11,41§, Stuart G. Tangye9,13§, 
Sandra Pellegrini4,5§, Lluis Quintana-Murci6,7,8§, Laurent Abel1,2,3||, Jean-Laurent Casanova1,2,3,42,43*||

Inherited IL-12R1 and TYK2 deficiencies impair both IL-12– and IL-23–dependent IFN- immunity and are rare 
monogenic causes of tuberculosis, each found in less than 1/600,000 individuals. We show that homozygosity for 
the common TYK2 P1104A allele, which is found in about 1/600 Europeans and between 1/1000 and 1/10,000 indi-
viduals in regions other than East Asia, is more frequent in a cohort of patients with tuberculosis from endemic 
areas than in ethnicity-adjusted controls (P = 8.37 × 10−8; odds ratio, 89.31; 95% CI, 14.7 to 1725). Moreover, the 
frequency of P1104A in Europeans has decreased, from about 9% to 4.2%, over the past 4000 years, consistent 
with purging of this variant by endemic tuberculosis. Surprisingly, we also show that TYK2 P1104A impairs cellular 
responses to IL-23, but not to IFN-, IL-10, or even IL-12, which, like IL-23, induces IFN- via activation of TYK2 and 
JAK2. Moreover, TYK2 P1104A is properly docked on cytokine receptors and can be phosphorylated by the proximal 
JAK, but lacks catalytic activity. Last, we show that the catalytic activity of TYK2 is essential for IL-23, but not IL-12, 
responses in cells expressing wild-type JAK2. In contrast, the catalytic activity of JAK2 is redundant for both IL-12 
and IL-23 responses, because the catalytically inactive P1057A JAK2, which is also docked and phosphorylated, 
rescues signaling in cells expressing wild-type TYK2. In conclusion, homozygosity for the catalytically inactive 
P1104A missense variant of TYK2 selectively disrupts the induction of IFN- by IL-23 and is a common monogenic 
etiology of tuberculosis.

INTRODUCTION
About a quarter of the world’s population is infected with Mycobacterium 
tuberculosis, but this bacterium causes tuberculosis in less than 10% of 
infected individuals, generally within 2 years of infection (a situa-
tion referred to here as primary tuberculosis) (1–3). In the countries 
in which tuberculosis is highly endemic, primary tuberculosis is 
particularly common in children, who often develop life-threatening 
disease (4–6). Clinical and epidemiological studies have long suggested 
that tuberculosis in humans has a strong genetic basis (7–9). Auto-
somal recessive (AR) complete interleukin-12 receptor 1 (IL-12R1) 
and tyrosine kinase 2 (TYK2) deficiencies are the only two inborn 
errors of immunity reported to date to underlie primary tuberculosis 
in otherwise healthy patients in two or more kindreds (10–17). Cells 
from patients with IL-12R1 deficiency do not respond to IL-12 or 
IL-23 (12, 18–24). These patients are susceptible to weakly virulent 
mycobacteria, such as the Bacille Calmette-Guérin (BCG) vaccine and 
environmental species [Mendelian susceptibility to mycobacterial 
disease (MSMD)], to the more virulent species M. tuberculosis, and 

more rarely to Candida albicans (20, 25). They are prone to MSMD 
and tuberculosis because they produce too little interferon-  (IFN-) 
(7, 12, 26, 27) and, in some cases, to chronic mucocutaneous candi-
diasis (CMC) because they produce too little IL-17A/F (28–32).

In patients with TYK2 deficiency, cellular responses to IL-12 and 
IL-23 are severely impaired, but not abolished (10, 33–35). These 
patients are, thus, also prone to MSMD and tuberculosis, although 
probably with a lower penetrance than for IL-12R1 deficiency, be-
cause they display residual responses to IL-12 and IL-23. They do 
not seem to be susceptible to C. albicans, which may merely reflect 
the lower penetrance of candidiasis and smaller number of patients, 
when compared with IL-12R1 deficiency. However, unlike patients 
with IL-12R1 deficiency, they are susceptible to viral diseases due 
to the impairment of their responses to IFN-/ (10, 36). In vitro, 
their cells respond poorly to IL-10, but this defect, which is not 
observed in patients with IL-12R1 deficiency, is clinically silent 
(10, 37, 38). Both IL-12R1 and TYK2 deficiencies are caused by 
rare or private alleles, accounting for each deficiency being found in 
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no more than 1/600,000 individuals worldwide. Here, we tested the 
hypothesis that two common and catalytically inactive missense 
TYK2 variants, P1104A and I684S (39), might underlie MSMD, 
tuberculosis, or both.

RESULTS
Ten homozygotes for TYK2 P1104A suffered from 
mycobacterial diseases
The common TYK2 variants P1104A (rs34536443) and I684S 
(rs12720356) are both catalytically impaired, as shown by in vitro 
kinase assays in reconstituted TYK2-deficient fibrosarcoma cells 
(U1A cells) (39). Other studies with selective small-molecule kinase 
inhibitors suggested that the catalytic activity of TYK2 was required 
for T cell responses to IL-12 and IL-23, but not IFN- and IL-10 
(40). Consistently, the P1104A variant has been reported to im-
pair cellular responses to both IL-12 and IL-23 in human memory 
T cells, whereas discordant results were obtained for IFN- (39, 41). 
The response to IL-10 was normal in human leukocytes (41). On 
the basis of the gnomAD database (42) (gnomAD: http://gnomad.
broadinstitute.org), these two missense variants are rare (<0.02%) 
in East Asian populations, but otherwise common (>0.8%) in the 
other four main gnomAD populations, reaching their highest fre-
quencies in Europeans (4.2% for P1104A and 9% for I684S) (fig. S1, 
A and B) (43, 44). On the basis of the 1000 Genomes Project data-
base (45), these two variants are not in linkage disequilibrium. 
We investigated the possibility that these variants might confer a 
predisposition to MSMD, tuberculosis, or both. We screened our 
whole- exome sequencing (WES) data for 463 patients with MSMD 
and 291 children with tuberculosis, from different geographic loca-
tions and ancestries, and for 163 adults of North African ancestry 
with early-onset pulmonary tuberculosis (table S1). None of these 
patients carried pathogenic mutations in known MSMD- and 
tuberculosis- causing genes (12, 46). Our WES data for 2835 other 

patients, from various ethnic origins (fig. S1C) and with various 
genetically unexplained non-mycobacterial infections, were used as 
a control. Among the 3752 exomes available in total, we identified 
366 I684S heterozygotes, 168 P1104A heterozygotes, 18 I684S 
homozygotes, and 6 I684S/P1104A compound heterozygotes, with 
no clustering of any of these genotypes within any of the patient 
cohorts (table S1). By contrast, we identified 11 unrelated P1104A 
homozygotes, which were confirmed by Sanger sequencing: 7 with 
tuberculosis (3 children under the age of 15 years and 4 adults 
under the age of 40 years), 3 with MSMD (all under 3 years of age), 
and 1 with CMC (aged 1 year) (Fig. 1, A to C; fig. S1D; and Supple-
mentary Materials and Methods). We further Sanger sequenced 
TYK2 in parents and siblings of these 11 patients. We found that, in 
kindred K with the CMC patient, homozygosity for P1104A did 
not segregate with CMC, because one sibling with CMC was het-
erozygous for P1104A, implying that there is another genetic cause 
for CMC in this kindred (fig. S1D). We also found only one as-
ymptomatic P1104A homozygote among the relatives of the other 
10 patients (kindred G, I.1). In total, we identified 10 unrelated P1104A 
TYK2 homozygotes with MSMD (3 patients) or primary tuberculosis 
(7 patients).

P1104A homozygosity is strongly enriched in patients  
with tuberculosis
Principal components analysis (PCA) based on the WES data 
(fig. S1C) (47) confirmed the diverse ancestries of the 10 patients. 
Eight were living in their countries of origin (Fig. 1C and fig. S1B). 
The Mexican patient was living in the United States, and the 10th 
patient, who was living in Brazil, had mixed European and African 
ancestry. We compared the proportions of individuals with P1104A 
in each cohort and estimated odds ratios (ORs) by logistic regres-
sion, with adjustment for the first three principal components of the 
PCA to account for ethnic heterogeneity (48). In addition to the 
2835 exomes already used as controls, we used all 2504 available 
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Fig. 1. Familial segregation and 
clinical information for patients 
homozygous for TYK2 P1104A. 
(A) Schematic diagram of the TYK2 
protein with its various domains 
(FERM, SH2, pseudokinase, and 
tyrosine kinase). The positions of 
the previously reported TYK2 mu-
tations resulting in premature STOP 
codons are indicated in red. The 
positions of the I684S and P1104A 
polymorphisms are indicated in blue 
and green, respectively. (B) Pedi-
grees of the 10 TYK2-deficient 
families. Each generation is desig-
nated by a Roman numeral (I–II), 
and each individual by an Arabic 
numeral. The double lines connect-
ing the parents indicate consan-
guinity based on interview and/
or a homozygosity rate of >4% 
estimated from the exome data. 
Solid shapes indicate disease status. 
Individuals whose genetic status 
could not be determined are in-
dicated by “E?”, and “m” indicates 
a TYK2 P1104A allele. (C) Sum-
mary table of clinical details and 
origin of the patients associated 
with the MAF in the country of ori-
gin. The incidence of tuberculosis 
(TB) in the country of residence is 
also mentioned. MAC indicates 
Mycobacterium avium complex. 
(D) Summary of WES, indicating 
the numbers of individuals with 
tuberculosis or MSMD and of con-
trols carrying the I684S or P1104A 
variant of TYK2 in the homozygous 
state, and the associated P value 
and OR. (E) Distributions of the cur-
rent allele frequencies of variants 
that segregated 4000 years ago at 
frequencies similar to those of the 
P1104A and I684S TYK2, M694V 
MEFV, and C282Y HFE variants. 
The red vertical lines indicate the 
current frequency of the four 
variants of interest. Colored bars 
indicate the distribution of cur-
rent allele frequency, in the 1000 
Genomes Project, for variants with 
frequencies in ancient European 
human DNA similar to those of 
the four candidate variants (52). 
Black lines indicate the distribu-
tion of simulated frequencies, in 
the present generation, for alleles 
with a past frequency similar to 
that of the four candidate variants, 
with propagation over 160 gen-
erations (corresponding to a pe-

riod of ~4000 years) under the Wright-Fisher neutral model. For instance, for the P1104A allele, which had a frequency of ~9% in ancient Europeans, colored bars 
indicate the observed distribution of current frequencies for the 31,276 variants with a frequency of 8 to 10% 4000 years ago. The black lines indicate the distribution 
of frequencies for 100,000 simulated alleles obtained after 160 generations under the Wright-Fisher neutral model.
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individuals from the 1000 Genomes Project (45), giving a total of 
5339 controls for whom we have complete WES data (Fig. 1D). 
P1104A homozygosity was more enriched among patients with 
MSMD than among controls [P = 3.27 × 10−3; OR, 23.53; 95% 
confidence interval (CI), 2.9 to 483], and an even higher level of 
enrichment was observed among patients with tuberculosis (P = 
8.37 × 10−8; OR, 89.31; 95% CI, 14.7 to 1725). The level of enrich-
ment in homozygosity for this variant was intermediate but more 
significant when both groups were analyzed together (OR, 53.72; 
95% CI, 10.1 to 993; P = 4.87 × 10−8). By contrast, no enrichment 
in homozygosity for this variant was observed among the patients 
with other infections studied in the laboratory (table S1) (49, 50). 
Aside from the 10 MSMD and tuberculosis patients, we identi-
fied only one other P1104A homozygote by WES: a CMC patient 
whose P1104A homozygosity was not CMC-causing, living in the 
United States, where infants are not inoculated with BCG and 
M. tuberculosis is not endemic (fig. S1D). No homozygotes were 
observed among the 2504 individuals of the 1000 Genomes Project. 
No significant enrichment in P1104A heterozygosity was observed 
in any of the cohorts studied, including patients with MSMD (P = 
0.57) or tuberculosis (P = 0.49), demonstrating the recessive na-
ture of P1104A inheritance for both mycobacterial conditions. 
Moreover, no significant enrichment in I684S heterozygotes or 
homozygotes or in P1104A/I684S compound heterozygotes was 
observed in any of the cohorts studied (table S1). Last, the TYK2 
P1104A allele yielded the highest OR at genome-wide level in an 
independent enrichment analysis performed under the assump-
tion of a recessive mode of inheritance and considering all com-
mon missense or potential loss-of-function (LOF) alleles in our 
entire cohort of 3752 patients (fig. S1E). These results strongly sug-
gest that homozygosity for P1104A is a genetic etiology of primary 
tuberculosis and MSMD.

TYK2 P1104A allele frequency has decreased in Europe over 
the past 4000 years
The higher risk of life-threatening tuberculosis in P1104A homo-
zygotes suggests that this variant has been subject to negative 
selection in areas in which this disease has long been endemic, such 
as Europe (51). We analyzed changes in the frequencies of the 
P1104A and I684S TYK2 variants in the European population, 
from ancient to modern times (52). Only three nonsynonymous 
TYK2 variants—P1104A, I684S, and V362F—were found in an 
available sample of central European individuals who lived during 
the late Neolithic age ~4000 years ago (52). Over this period, the 
frequency of TYK2 P1104A has significantly decreased in Europeans, 
from about 9% to 4.2% (Fig. 1E). Of the 31,276 variants with fre-
quencies in the 8 to 10% range 4000 years ago, P1104A is among 
the 5% displaying the largest decrease in frequency (empirical P = 
0.048; Fig. 1E). Furthermore, the neutral model of evolution was 
significantly rejected for P1104A in Wright-Fisher simulations 
(simulation P = 0.050; Fig. 1E and Supplementary Materials and 
Methods), suggesting an absence of bias in the empirical analyses. 
As a negative control, the frequency of V362F remained stable 
(from 25% to 26.2%) and that of I684S did not decrease signifi-
cantly over this period (empirical P = 0.181). The frequency of 
I684S was about 14% 4000 years ago and is now 9%, placing this 
variant among the 80% of the 36,469 polymorphisms considered 
with a frequency that was in the 13 to 15% range 4000 years ago and 
has remained relatively stable.

TYK2 P1104A allele was possibly purged in Europe  
by tuberculosis
We subsequently analyzed, as positive controls, two relatively com-
mon mutations known to cause life-threatening AR disorders and 
present in ancient Europeans: the MEFV M694V variant underly-
ing Mediterranean fever (MF) (53) and the HFE C282Y underlying 
hemochromatosis (which also decreases male fertility) (54). Both 
these variants decreased significantly in frequency over the same 
period, from about 11% to 0.4% for MEFV M694V and from 16% to 
5.7% for HFE C282Y (empirical P = 0.016 for both variants; Fig. 1E). 
Therefore, our preliminary assessments suggest that TYK2 P1104A, 
MEFV M694V, and HFE C282Y have been subject to negative 
selection in Europeans, whereas TYK2 I684S has not. The stronger 
selection operating on MEFV M694V, and to a lesser extent HFE 
C282Y, than on TYK2 P1104A is consistent with the inevitability of 
MF and hemochromatosis in patients with these mutations, whereas 
tuberculosis development also requires exposure to M. tuberculosis. 
These results suggest that, unlike I684S, P1104A has been undergoing 
a purge in Europe since the Neolithic period due to the continued 
endemic nature of life-threatening tuberculosis (51). No other in-
tramacrophagic infection, whose control depends on IFN-, has 
been endemic for so long in Europe (55, 56). The purging of delete-
rious mutations is expected to be much less effective in the absence 
of continued exposure (57, 58), which has been the case for other 
infections that killed a sizeable proportion of Europeans, albeit for 
no more than several decades or a few centuries, such as plague 
(59). The observed decline in P1104A allele frequency is consistent 
with the purging of a recessive trait that kills in childhood or when 
the individual is of reproductive age. This decrease would be much 
steeper for a dominant trait with a similar fitness effect. These re-
sults suggest that homozygosity for P1104A, which is still present in 
about 1/600 Europeans and between 1/10,000 and 1/1000 individuals 
in other regions of the world, with the exception of East Asia, where the 
allele is almost absent, has been a major human genetic determinant 
of primary tuberculosis during the course of human history.

TYK2 P1104A impairs IL-23 but not IFN-, IL-12,  
and IL-10 signaling
We performed a functional characterization of the I684S and 
P1104A TYK2 alleles, focusing on the four known human TYK2- 
dependent signaling pathways (10). In reconstituted U1A cells 
stimulated with IFN- in vitro, both mutant proteins were previ-
ously shown to be catalytically inactive, i.e., unable to autophos-
phorylate or phosphorylate a substrate such as signal transducer 
and activator of transcription 3 (STAT3) (39). However, both could 
be phosphorylated by Janus kinase 1 (JAK1), unlike the prototypical 
kinase-dead adenosine 5′ triphosphate (ATP)–binding mutant K930R 
(39). Epstein-Barr virus (EBV)–transformed B (EBV-B) cells and her-
pesvirus saimiri (HVS)–transformed T (HVS-T) cells derived from 
a TYK2-deficient patient without TYK2 protein expression (10) were 
stably transduced with a retrovirus generated with an empty vector 
or a vector containing the wild-type (WT), P1104A, I684S, or 
K930R TYK2 complementary DNA (cDNA) (60). Transduction 
with the WT or any mutant TYK2 restored both TYK2 expres-
sion, as shown by Western blotting, and the corresponding TYK2 
scaffolding-dependent surface expression of IFN-R1, IL-10R2, 
and IL-12R1, as shown by flow cytometry (Fig. 2, A and B, and 
fig. S2, A and B). In P1104A-expressing cells, the IFN-– and IL-12– 
dependent signaling pathways were normal, as shown by the levels 
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Fig. 2. Cellular responses to IFN-, IL-12 and IL-23 in transduced EBV-B and HVS-T cells. TYK2-deficient EBV-B and HVS-T cells were transduced with a retrovirus gener-
ated with an empty vector (EV), or vectors encoding WT TYK2, or the P1104A, I684S, or K930R TYK2 alleles. (A) Levels of TYK2 in transduced EBV-B (left) and HVS-T (right) 
cells, as determined by Western blotting. (B) Levels of IL-12R1 and IFN-R1 in transduced EBV-B (left) and HVS-T (right) cells, as determined by flow cytometry. ***P < 
0.001, two-tailed Student’s t test. Error bars indicate SEM. (C, D, and F) Phosphorylation of JAKs and STATs in unstimulated (−) transduced EBV-B or HVS-T cells or in these cells 
after stimulation (+) with IFN- (C) (pTYK2, pJAK1, and pSTAT1), IL-12 (D) (pTYK2, pJAK2, pSTAT1, and pSTAT4), and IL-23 (F) (pTYK2, pJAK2, pSTAT3, and pSTAT1), as assessed 
by Western blotting with specific antibodies recognizing phospho-TYK2, phospho-JAK1, phospho-JAK2, phospho-STAT1, phospho-STAT4, and phospho-STAT3. MW, 
molecular weight. (E) Phosphorylation of STAT4 in response to IFN- and IL-12, as determined by flow cytometry in HVS-transduced T cells and expression as mean fluorescence 
intensity (MFI). **P < 0.01, ***P < 0.001, two-tailed Student’s t test. ns, not significant. (G) IFN- response of U1A (left) and MEF (right) cells, both lacking TYK2, after transduc-
tion with the indicated human and mouse TYK2 alleles, respectively, or with empty vector control, as measured in an IFN-–induced antiviral activity assay (see Materials 
and Methods). A unique dose is shown: an IFN- dose of 0.01 ng/ml for human cells and 1 IU/ml for mouse cells.
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of induced phosphorylation of the key components [TYK2, JAK1, 
STAT1, and STAT3 for IFN-; TYK2, JAK2, STAT1, and STAT4 
for IL-12] (Fig. 2, C to E, and fig. S2, C, D, and H). All Western 
blots were quantified, as shown in the supplementary figures. No 
phosphorylation of TYK2 or JAK1 was detected after stimulation 
with IL-10, despite only very slight decreases in the phosphoryla-
tion of STAT3 and STAT1, as shown by Western blotting and flow 
cytometry (fig. S2, E to H). In response to IL-23, the phosphor-
ylation of TYK2, JAK2, and STAT3 was as severely impaired as 
observed in TYK2-deficient and K930R-transduced recipient cells 
(Fig. 2F and fig. S2, H and I). Stimulation with higher concentra-
tions of IL-23 did not reverse this phenotype, but a residual response 
was observed in P1104A cells after longer periods of stimulation 
(fig. S2J). I684S cells responded normally to the four cytokines, 
whereas K930R cells did not respond at all. Because Pro1104 and 
Ile684 are located in two different domains of TYK2, their substitu-
tions may differently affect cytokine-induced JAK activation. Our 
findings indicate that the expression of TYK2 I684S in TYK2- 
deficient EBV-B and HVS-T cells rescues JAK-STAT activation in 
response to IFN-, IL-10, IL-12, and IL-23, whereas TYK2 P1104A 
expression selectively fails to rescue responses to IL-23.

Human TYK2 P1104A, unlike mouse P1101A, rescues 
antiviral activity
The impact of TYK2 variants on cellular responses to IL-12 and IL-23 
is irrelevant in nonhematopoietic cells, because the receptors for 
these cytokines are expressed only on leukocytes. Yet, TYK2 vari-
ants may affect IFN-/ and IL-10 responses in multiple cell types. 
To study the IFN-/ response pathway, we measured the antiviral 
response to IFN- of U1A cells (61–63) stably transduced with a ret-
roviral particle generated with an empty vector or a vector encoding 
the WT, P1104A, or I684S TYK2 cDNA. Cells were treated with 
increasing concentrations of IFN- and were then challenged with 
vesicular stomatitis virus (VSV), which is cytopathic. U1A cells 
transduced with an empty vector displayed almost no response to 
IFN-, with high proportions of dead cells, whereas cells transduced 
with WT, P1104A, or I684S TYK2 responded robustly, with dimin-
ished proportions of dead cells (Fig. 2G, left, and fig. S2K, left). Both 
the I684S and P1104A mutant proteins are, therefore, functional for 
antiviral immunity mediated by IFN- in human fibrosarcoma cells, 
consistent with the results shown above for lymphocytes. We then 
expressed the orthologous mouse missense alleles (P1101A and 
I681S) and a known mouse LOF missense allele (E779K, which im-
pairs TYK2 expression and abolishes its function) in TYK2-deficient 
mouse embryonic fibroblasts (MEFs) (64). Protection against VSV 
infection was measured by assessing the response to increasing con-
centrations of IFN-. P1101A and E779K did not protect, unlike WT 
and I681S TYK2 (Fig. 2G, right, and fig. S2K, right). Consistently, 
the P1101A variant did not restore the IFN-–dependent inhibition 
of IFN-–induced major histocompatibility complex class II up- 
regulation in mouse peritoneal macrophages (41). These over-
expression data show that mouse TYK2 P1101A does not rescue 
IFN-/ signaling in mouse fibroblasts, consistent with a previous 
study on lymphocytes (41), whereas human P1104A can rescue 
IFN-/ signaling in human cells. The mouse P1101A variant has 
also been reported to impair cellular responses to IL-12 and IL-23 in 
lymphocytes (41). Thus, both the two human missense proteins 
(P1104A versus I684S, for IL-23) and the two orthologs (P1104A 
versus P1101A, for IFN-/ and IL-12) have qualitatively different 

impacts on some TYK2-dependent pathways, at least when over-
expressed. The other two orthologs (I684S versus I681S) behaved in 
a similar manner. Overall, the human P1104A allele did not disrupt 
responses to IFN-/ in either lymphocytes or fibroblasts.

IL-23 signaling is impaired in patients’ cells homozygous  
for TYK2 P1104A
The study of overexpressed mutant allele cDNAs captures different 
information than the study of cells carrying a biallelic genotype in 
the context of the patients’ entire genome. Hence, we analyzed 
EBV-B and HVS-T cells from controls and patients homozygous 
for P1104A or I684S, compound heterozygous for P1104A and 
I684S, or with complete TYK2 deficiency, in the same experimental 
conditions. TYK2 levels were similar in cells with any of the three 
mutant genotypes other than complete TYK2 deficiency (Fig. 3A 
and fig. S3A). Cell surface expression of IFN-R1 and IL-10R2 in 
EBV-B cells and of IL-12R1 in EBV-B and HVS-T cells was also 
normal, attesting to the intact scaffolding function of constitutively 
expressed P1104A and I684S (Fig. 3B and fig. S3B) (10). In P1104A 
homozygous cells, the response to IFN- was modestly reduced in 
terms of JAK1, TYK2, STAT3, and STAT1 phosphorylation (Fig. 3C 
and fig. S3, C to F), whereas the response to IL-12 was normal, 
as shown by levels of JAK2, TYK2, and STAT4 phosphorylation 
(Fig. 3D and fig. S4, A to D). In the same experimental condi-
tions, TYK2-deficient cells had severe phenotypes, in terms of 
phosphorylation of JAK1, TYK2, STAT1, STAT3 in response to 
IFN-, and JAK2, TYK2, and STAT4 in response to IL-12. In contrast, 
cells homozygous for I684S or compound heterozygous for I684S 
and P1104A had no detectable phenotype. As in TYK2-deficient 
cells, the phosphorylation of JAK1 and TYK2 in response to IL-10 
was impaired in P1104A homozygous cells, as tested by Western 
blotting, whereas that of STAT3 was barely affected, as tested by flow 
cytometry (fig. S4, E to H). The phosphorylation of JAK2, TYK2, 
and STAT3 in response to IL-23, as assessed by Western blotting, 
was normal in I684S homozygous and I684S/P1104A compound 
heterozygous EBV-B cells, but equally and severely impaired in 
P1104A and TYK2-deficient EBV-B cells, despite the normal levels 
of IL-23R in these cells, as assessed by flow cytometry (Fig. 4A and 
fig. S5, A and B). Higher concentrations of IL-23 and longer periods 
of stimulation with this cytokine did not reverse this phenotype 
(fig. S5, C and D). Moreover, STAT3 phosphorylation was also 
impaired in P1104A HVS-T cells stimulated with IL-23, as assessed 
by flow cytometry (Fig. 4B). Thus, consistent with the results of 
previous overexpression studies, the constitutive expression of 
P1104A did not impair JAK-STAT responses to IL-12 and had only 
a modest effect on responses to IFN-/ and IL-10, whereas it 
disrupted JAK-STAT responses to IL-23 as severely as complete 
TYK2 deficiency, in both EBV-B and HVS-T cells.

The induction of target genes by IL-23 is impaired in 
patients’ EBV-B cells
We then assessed the more distal induction of target genes in control 
and patient EBV-B cells after stimulation with IL-10, IFN-, and 
IL-23. The induction of SOCS3 mRNA after stimulation with IL-10 
was not significantly weaker in P1104A cells than in control cells, as 
shown by quantitative reverse transcription polymerase chain reac-
tion (RT-qPCR) (fig. S6A). We also performed RNA-sequencing 
(RNA-seq) on EBV-B cells stimulated with IFN- or IL-23. STAT1- 
and TYK2-deficient cells displayed abnormally low levels of induction 
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for a number of IFN-–stimulated genes (ISGs), but no major dif-
ferences were detected between controls and P1104A cells (Fig. 4C). 
We confirmed these results by RT-qPCR to assess the induction of 
two ISGs (MX1 and ISG15) in EBV-B cells and HVS-T cells stimu-
lated with IFN- (fig. S6B). RNA-seq analysis of IL-23–stimulated 
control EBV-B cells detected the induction of fewer target genes, 
SOCS3 being one of the genes most strongly induced in these condi-
tions. IL-12R1−/−, TYK2−/−, and TYK2 P1104A cells displayed no 
response whatsoever to IL-23 (fig. S6C). Cells from a patient suffering 
from hyper–immunoglobulin E (IgE) syndrome and carrying a het-
erozygous dominant-negative (DN) mutation of STAT3 (STAT3-DN) 
had a normal pattern of target gene induction, presumably due to re-
sidual STAT3 activity, and consistent with the absence of mycobacte-
rial infections in these patients (fig. S6C). We confirmed, by RT-qPCR, 
that SOCS3 mRNA was induced in control cells, but not in cells from 

two P1104A patients, or in TYK2- or IL-12R1–deficient cells, in re-
sponse to IL-23 (Fig. 4D). Last, we assessed IFN-–mediated protection 
against VSV infection in primary fibroblasts from two patients ho-
mozygous for P1104A. The response of fibroblasts to IFN- was in-
distinguishable between these patients and healthy controls, in terms 
of proportions of dead cells (Fig. 4E). Thus, in the cells homozygous 
for TYK2 P1104A tested, IFN- did induce ISGs and antiviral immu-
nity, whereas IL-23 did not induce the expression of its target genes, 
resulting in a phenotype as severe as that of TYK2-deficient cells.

TYK2 P1104A is catalytically inactive but can  
be phosphorylated
We then analyzed the intriguing mechanism by which TYK2 P1104A 
selectively disrupts the IL-23–responsive pathway. As shown above, 
this mutant protein is well expressed and has intact scaffolding 
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activity via its docking to cytokine receptors (Figs. 2, A and B, 
and 3, A and B) (65). We analyzed the capacity of TYK2 P1104A to 
phosphorylate itself and STATs both in cells and by in vitro kinase 
assay. TYK2 WT, P1104A, I684S, and K930R were transiently 
transfected in human embryonic kidney (HEK) 293T cells, and in 
the absence of cytokine stimulation, baseline phosphorylation of 
TYK2, STAT1, STAT2, and STAT3 was assessed by Western blot-
ting. Overexpression of TYK2 WT and I684S, unlike that of P1104A, 
led to phosphorylation of TYK2, STAT1, and STAT3 (fig. S7A). 
These data confirmed the catalytic impairment of TYK2 P1104A, in 
terms of both auto- and transphosphorylation (39). We then com-
pared the abilities of TYK2 WT and P1104A to autophosphorylate 
and transphosphorylate recombinant STAT1 and STAT3 in an in 
vitro kinase assay. U1A cells were transfected with TYK2 WT or 
P1104A and left unstimulated or stimulated with IFN-. TYK2 was 
immunoprecipitated and assayed in vitro for autophosphorylation 
and transphosphorylation of recombinant STAT1 and STAT3 in 
the presence of ATP. When purified from IFN-–treated cells, 
TYK2 WT, but not P1104A, had detectable in vitro kinase activity, 
phosphorylating itself and recombinant STAT substrates (Fig. 5A). 
Notably, TYK2 P1104A immunoprecipitated from cells stimulated 
with IFN- was phosphorylated (Fig. 5A, lane 7). Thus, TYK2 
P1104A cannot phosphorylate itself and STAT proteins in vitro, yet 
it can be phosphorylated in cells most likely by the proximal JAK1. 
These results render the selective impairment of the IL-23–responsive 
pathway even more intriguing.

TYK2 P1104A and JAK2 are in proximity after  
IL-23 stimulation
Our studies of lymphoid cell lines overexpressing the P1104A allele 
or derived from patients homozygous for P1104A revealed a normal 
response to IL-12 and an impaired response to IL-23. We therefore 
decided to study the proximal molecular events occurring in these 
two pathways, which have a number of components in common. 
The IL-12 and IL-23 pathways share a receptor chain (IL-12R1) 
and two kinases (TYK2 and JAK2) (66). Little is known about the 
mode of TYK2 and JAK2 activation after the binding of IL-12 and 
IL-23 to their heterodimeric receptors (66). The IL-23R/JAK com-
plex has been shown to assemble in a noncanonical manner, with 
JAK2 binding to IL-23R much farther away from the juxtamembrane 
region than observed for JAK2 and IL-12R2 in the IL-12R/JAK 
complex (67). The impact of the Pro to Ala substitution on the struc-
ture of the tyrosine kinase domain of TYK2 is not known (68). We 
hypothesized that this substitution may perturb TYK2 folding, dis-
rupting its proximity to JAK2 docked on IL-23R, but not IL-12R2. 
We used the Renilla luciferase protein fragment complementation 
assay (Rluc PCA) (69, 70) to test this hypothesis (Fig. 5B). Briefly, 
we used reporter vectors encoding TYK2 fused to the N-terminal 
fragment of the Rluc protein or JAK2 fused to the C-terminal frag-
ment of Rluc. We transiently cotransfected U1A cells previously 
engineered to express either IL-12 or IL-23 receptor complexes with 
vectors encoding both TYK2 (WT or P1104A) and JAK2 fusion 
proteins. We monitored bioluminescence after stimulation with IL-12 
or IL-23 and the addition of benzyl-coelenterazine. JAK2 interacted 
with both TYK2 WT and P1104A, as shown by measurements of 
luciferase induction, invalidating our working hypothesis (Fig. 5B). 
Hence, we conclude that, in this context, the Pro to Ala substitution 
in TYK2 does not alter the proximity of the two enzymes docked on 
the IL-23 receptor complex.

TYK2 catalytic activity is required for IL-23 signaling
We then tested the specific requirement of TYK2 versus JAK2 cata-
lytic activities for cellular responses to IL-12 and IL-23. We engi-
neered JAK2 P1057A carrying the same Pro to Ala mutation as 
TYK2 P1104A (41) and JAK2 K882E as a kinase-dead negative con-
trol (71). HEK293T cells were first transfected with the different 
alleles. Like TYK2 P1104A, JAK2 P1057A displayed impaired auto-
phosphorylation (fig. S7, A and B). We then used TYK2-deficient 
U1A cells expressing IL-12R1, IL-12R2, and IL-23R and engi-
neered JAK2-deficient fibrosarcoma 2A cells to express IL-12R1, 
IL-12R2, and IL-23R. These 2A cells were transfected with JAK2 
alleles, whereas U1A cells were transfected with TYK2 alleles. All 
cell lines were stimulated with IL-12 or IL-23. The expression of 
TYK2 and JAK2 and the phosphorylation of TYK2, JAK2, STAT1, 
and STAT3 were analyzed by Western blotting. TYK2 P1104A did 
not rescue phosphorylation of TYK2, JAK2, STAT3, and STAT1 in 
response to IL-23, but rescued response to IL-12 (Fig. 5C and fig. 
S7C). The phosphorylation of TYK2 P1104A by WT JAK2 in re-
sponse to IL-12 was consistent with that previously seen by WT 
JAK1 in response to IFN- (Fig. 5A). These data indicated that 
TYK2 P1104A, unlike K930R, was impaired as an enzyme but not as 
a substrate. In contrast, JAK2 P1057A was phosphorylated by WT 
TYK2 in response to both IL-12 and IL-23 (Fig. 5C and fig. S7C), 
unlike JAK2 K882E, thereby leading to STAT1 phosphorylation. 
Together, these results suggest that IL-12 signaling can occur in the 
presence of only one active kinase, either JAK2 or TYK2, as long as 
the juxtaposed JAK can be phosphorylated. In contrast, IL-23 
signaling specifically requires a catalytically active TYK2, because in 
this context TYK2 P1104A cannot be phosphorylated by JAK2. This 
may result from the different positioning of JAK2 and TYK2 within 
the IL-12 and IL-23 receptor complexes, which, in turn, determines 
the mode of activation and the specific role of each enzyme.

IL-23–mediated production of IFN- is impaired in TYK2 
P1104A cells
We then analyzed the cellular basis of mycobacterial diseases in the 
patients. Human antimycobacterial immunity is controlled by IFN- 
(12). We analyzed the ex vivo responses of leukocytes to IL-12 and 
IL-23, the two TYK2-dependent cytokines that can induce IFN- 
(66, 72–74). We first performed a global analysis of leukocytes, in 
the form of whole blood or peripheral blood mononuclear cells 
(PBMCs). Whole blood from healthy travel controls (control samples 
transported with the patients’ blood), and from individuals homo-
zygous for P1104A or I684S, or with complete TYK2 or IL-12R1 
deficiency, were either left nonstimulated or stimulated with BCG 
alone or with BCG plus IL-12. IFN- levels in the supernatant 
were determined by enzyme-linked immunosorbent assay (ELISA) 
48 hours later (Fig. 6A). As a control, the blood was stimulated with 
BCG alone or with BCG plus IFN-, and the production of IL-12p40 
was evaluated (fig. S8A). Blood from all five P1104A homozygous 
patients tested responded normally to IL-12, as reported for I684S 
homozygotes, but not TYK2-deficient patients (Fig. 6A). All of these 
patients also produced normal amounts of IL-12p40 (fig. S8A). Stimu-
lation was also performed with BCG plus IL-23 for three P1104A 
patients, and IFN- production was measured. No induction of 
IFN- was detected after the addition of IL-23 to whole blood from 
patients homozygous for P1104A (fig. S8B). The same assay was 
performed with PBMCs from five P1104A patients. Five patients with 
DN-STAT3 deficiency, a patient with complete TYK2 deficiency 
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(tested twice), and two patients with complete IL-12R1 deficiency 
were used as controls (Fig. 6B). Like patients with complete TYK2 
and IL-12R1 deficiencies, P1104A homozygotes did not respond 
to IL-23, in terms of IFN- production, as shown by comparison 

with healthy controls. Cells from DN-STAT3 patients responded 
normally, consistent with the absence of susceptibility to myco-
bacterial disease in these patients (75). This lack of susceptibility 
may result from residual STAT3 activity, the involvement of another 
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STAT, or both. TYK2 P1104A patients thus displayed impaired 
IL-23–mediated IFN- immunity.

The production of IFN- is impaired in TH cells homozygous 
for P1104A
We analyzed individual T cell subsets. Consistent with the results 
obtained for IL-12R1– and IL-23R–deficient patients reported in 
a companion paper (76), in both of whom the IL-23 response was 
completely abolished, P1104A homozygotes had higher percentages 
of naïve T cells than of effector memory T cells. This difference was 
particularly marked for the CD8+ T cell compartment (fig. S8C). 
Given the known role of human IL-23 in the development of IL-17+ 
CD4+ T cells (77), we assessed the ex vivo production of IL-17 cytokines 
by PBMCs upon stimulation with phorbol 12-myristate 13-acetate 
(PMA) plus ionomycin by intracellular flow cytometry (Fig. 6C). 
Patients homozygous for P1104A, like patients with complete TYK2 
deficiency (10), had normal proportions of IL-17A+ and IL-17F+ 
CD4+ T cells, probably because of residual TYK2- independent re-
sponses to IL-23 (10, 28), and consistent with the absence of CMC 
in these patients. In these conditions, the percentages of IFN-+ 
CD4+ T cells in P1104A patients were also normal (Fig. 6C). We also 
analyzed the frequencies of the four different CD4+ memory T helper 
(TH) cell subsets (TH1, TH2, TH17, and TH1*), as determined by the dif-
ferential expression of CCR6, CCR4, and CXCR3, in only one patient. 
The frequencies of TH1 (CXCR3+ CCR6−) and TH1* (CXCR3+CCR6+) 
cells, the main memory subsets involved in antimycobacterial immu-
nity (76, 78), were found to be low (fig. S8E).

The response to IL-23 is impaired in T cells  
homozygous for P1104A
We then studied the capacity of naïve CD4+ T cells from P1104A 
homozygotes to differentiate into TH17 cells in an IL-23–dependent 
manner, using T cell activation and expansion (TAE) beads (anti-
bodies directed against CD2, CD3, and CD28) in addition to TGF- 
(transforming growth factor–), IL-1, IL-6, IL-21, IL-23, anti–IL-4, 
and anti–IFN- (79). These cells were unable to produce IL-17A/
IL-17F, consistent with the impairment of IL-23 signaling, as ob-
served in IL-12R1– and TYK2–deficient patients (Fig. 6D). Con-
versely, naïve CD4+ T cells from P1104A homozygotes were able 
to differentiate into IFN-–producing TH1 cells in an IL-12–
dependent manner (TAE beads and IL-12), like control cells and 
cells from IL-23R–deficient patients, but unlike cells from TYK2-, 
IL-12R1–, and IL-12R2–deficient patients (Fig. 6D and com-
panion paper). We also analyzed the memory CD4+ T cell com-
partment of five P1104A patients by stimulating these cells with 
TAE beads. As expected, incubation with these beads resulted in 
lower levels of TH17 cytokines (IL-17A, IL-17F, and IL-22) being 
produced by TYK2 P1104A memory CD4+ T cells than memory 
CD4+ T cells from healthy donors (Fig. 6E and fig. S8D). Moreover, 
P1104A cells had a reduced capacity to produce IFN-, similar to 
that of IL-23R– and IL-12R1–deficient cells. Overall, these data 
reveal that P1104A homozygosity impairs IL-23, but not IL-12, 
responses in peripheral CD4+ T cells, as previously shown in B 
and T cell lines. They also show that CD4+ T cells of P1104A homo-
zygotes have impaired IFN- production, due to their very weak 
response to IL-23, accounting for the susceptibility to MSMD or 
primary tuberculosis. Paradoxically, the TYK2-dependent response 
to IL-23 that is disrupted by P1104A is essential for antimyco-
bacterial IFN- immunity, but seems to be redundant for anti-

fungal IL-17 immunity, given the absence of Candida infection in 
the patients described here.

The frequencies of MSMD and tuberculosis differ in  
P1104A homozygotes
The clinical infectious presentation of the 10 P1104A homozygotes 
was restricted to mycobacterial disease. The penetrance for infec-
tions due to weakly virulent mycobacteria (MSMD) is probably 
lower than that for primary tuberculosis after exposure to these 
microbial species, as inferred from (i) the lower ethnicity-adjusted 
ORs estimated for MSMD (~23) than for primary tuberculosis 
(~89); (ii) the respective frequencies of MSMD (about 1/50,000 
BCG-vaccinated individuals, as inferred from the equal propor-
tions of idiopathic BCG-osis, and severe combined immunode-
ficiency, the frequency of which has been determined in several 
human populations) (80) and primary tuberculosis in human 
populations (about 5 to 7% of infected individuals) (9, 81), reflect-
ing the difference in virulence between the causal mycobacteria; 
(iii) the higher level of exposure worldwide to BCG and environ-
mental mycobacteria than to M. tuberculosis; and (iv) the biological 
impact of P1104A homozygosity (severely impaired but not abol-
ished response to IL-23 and normal response to IL-12) relative to 
that of IL-12R1 deficiency (abolished responses to both IL-12 and 
IL-23) (20, 25). The vast majority of P1104A homozygotes world-
wide would be predicted to be asymptomatic, particularly if living 
in areas of low endemicity for tuberculosis. Most of the patients 
with symptoms would be predicted to suffer from tuberculosis, with 
only a minority presenting MSMD. Our own observation of three 
patients with MSMD and seven patients with tuberculosis reflects 
an ascertainment bias, because the proportion of all patients world-
wide included in our database is much higher for MSMD than for 
tuberculosis. The proportions of P1104A homozygotes with these 
two diseases were similar in our study: MSMD (3/464 = 0.6%) and 
tuberculosis (7/453 = 1.5%). Because tuberculosis is much more 
common than MSMD by at least two orders of magnitude (and 
probably around three orders of magnitude in highly endemic 
areas), it would be expected to be, by far, the most frequent disease 
in symptomatic P1104A homozygotes.

The penetrance of P1104A homozygosity is  
high for tuberculosis
A more formal estimation of the penetrance of P1104A homozygosity 
for tuberculosis (or MSMD), denoted FTYK2TB (or FTYK2MSMD for 
MSMD), can be calculated from the observed ORs, and the proba-
bility of developing tuberculosis (or MSMD) for those infected 
who are not P1104A homozygotes, denoted FTB (or FMSMD), is 
detailed in Supplementary Materials and Methods. Because P1104A 
homozygotes account for only a small proportion of tuberculosis 
(or MSMD) cases (see below), FTB (or FMSMD) can reasonably be 
inferred from the general risk of primary tuberculosis (or MSMD) 
for an infected individual indicated above [see (ii)]. For P1104A, we 
used the frequency observed in North Africa (1.8%), which is ap-
proximately the same as the mean frequency in the regions in which 
our tuberculosis and MSMD patients were living. For an FTB value 
of 5% and an OR of 89.31 (14.7 to 1725), the estimated FTYK2TB is 
82% (44 to 99%) and the proportion of tuberculosis cases due to 
P1104A homozygotes is 0.5% (0.3 to 0.6%) for a P1104A minor 
allele frequency (MAF) of 1.8%. For an FMSMD value of 0.002% (cor-
responding to a prevalence of MSMD of 1/50,000) and an OR of 
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23.53 (2 to 483), the estimated FTYK2MSMD is 0.05% (0.004 to 1%) 
and the proportion of MSMD cases due to P1104A homozygosity is 
0.7% (0.06 to 15%) for the same MAF (1.8%). This proportion is close 
to that estimated for tuberculosis here (0.5%). The CIs associated 
with these estimates are large, but these findings clearly indicate that 
the penetrance of P1104A homozygosity is high for tuberculosis 
in endemic areas (about 80%), certainly much higher than that for 
MSMD in areas in which BCG vaccination is mandatory (about 0.05%). 
Conversely, the penetrance of IL-12R1 deficiency for MSMD is 
higher, estimated at about 80% in adults (20), consist ent with the ob-
servation that most of these patients present with MSMD, whereas 
most patients homozygous for P1104A present with tuberculosis. 
Consistently, homozygosity for TYK2 P1104 is predicted to account 
for about 0.5% of cases of primary tuberculosis in areas of endemic 
disease, such as Morocco, whereas AR TYK2 and IL-12R1 com-
plete deficiency are much less common genetic etiologies.

DISCUSSION
In conclusion, homozygosity for TYK2 P1104A confers a pre-
disposition to severe mycobacterial diseases, including MSMD 
and, more frequently, primary tuberculosis. Several genome-wide 
association studies have shown that homozygosity for TYK2 
P1104A has a strong protective effect (ORs ranging from 0.1 to 0.3) 
against various autoinflammatory or autoimmune conditions (41). 
Our findings suggest a mechanism based on selective or preferential 
impairment of the IL-23 responsive pathway (Fig. 7). In other ex-
perimental conditions, TYK2 P1104A also impaired IL-12 and IFN-
/ responses (41). These findings are unlikely to be physiologically 
relevant, as illustrated by the viral infections seen in TYK2-deficient 

but not P1104A-homozygous patients (10). The higher incidence of 
inflammatory conditions in modern adults than in earlier human 
populations may result partly from the negative selection of alleles, 
such as P1104A, that impair protective immunity to primary infec-
tion by dampening inflammatory responses (82–84). In this respect, 
this study should also help to delimit the potential beneficial and 
adverse effects of pharmaceutical TYK2 inhibitors (85–87).

The P1104A TYK2 variant selectively disrupts IL-23–dependent 
antimycobacterial IFN- immunity, accounting for the susceptibility 
of homozygotes to mycobacteria. The gradual decline of the P1104A 
allele in the European continent, which requires further investiga-
tion using more ancient DNA samples from different geographic 
locations and epochs, suggests that tuberculosis has been continu-
ously endemic from the Neolithic until the middle of the 20th cen-
tury (56). Given the current MAF for P1104A of 4.2% in European 
populations, there are about 1/600 (1.7/1000) homozygotes in 
Europe and populations of European descent, making P1104A TYK2 
homozygosity an AR condition almost as frequent in Europeans as 
hemochromatosis (3/1000) and more common than cystic fibrosis 
(0.4/1000) and 1 anti-trypsin deficiency (0.4/1000). Our findings 
are thus important and support a revision of the genetic architec-
ture of human diseases, because tuberculosis is much more common 
than these three other AR disorders. They suggest that common in-
fections, and more generally common human diseases, may be caused 
by relatively common AR disorders in a small but not negligible 
proportion of patients.

The clinical penetrance of P1104A homozygosity for myco-
bacterial disease in Europe is now particularly low, because few 
Europeans are exposed to BCG, and even fewer to M. tuberculosis. The 
vast majority of present-day European homozygotes are apparently 
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healthy (41, 42). Genetic testing before travels into endemic areas 
may, however, be warranted. Homozygosity for P1104A is more 
likely to be symptomatic elsewhere, as illustrated by the fact that 
9 of our 10 patients are from geographic regions outside Europe, 
in continents on which BCG vaccination is mandatory and tuber-
culosis is endemic. Between 1/10,000 and 1/1000 individuals are 
homozygous in endemic regions of the world (other than East 
Asia), where P1104A TYK2 is likely to define a strictly recessive but 
relatively common etiology of severe primary tuberculosis (about 
0.5% of cases). This observation has important clinical implications, 
because injections of recombinant IFN- would probably be benefi-
cial in these patients, as it is in patients with IL-12R1 deficiency 
(12, 19, 88).

MATERIALS AND METHODS
Study design
We studied the contributions of two common TYK2 missense 
variants, I684S and P1104A, to predisposition to mycobacterial 
diseases. We screened our WES database including 463 patients 
with MSMD, 454 with tuberculosis, and 2835 with non-mycobacterial 
infections used as controls, as well as the WES data of the 2504 
from the 1000 Genomes Project (a total of 5339 controls). We 
tested the association of the two TYK2 variants with MSMD and 
tuberculosis using a logistic regression model including the first 
three principal components of the PCA to account for the ethnic 
heterogeneity of the cohorts. After adjusting for ethnicity, we found 
a strong enrichment of P1104A homozygotes in the tuberculosis 
cohort (P = 8.37 × 10−8; OR, 89.31; 95% CI, 14.7 to 1725) and, to a 
lesser extent, in the MSMD cohort (P = 3.27 × 10−3; OR, 23.53; 95% 
CI, 2.9 to 483). We analyzed the occurrence of negative selection 
acting on the two TYK2 variants by testing whether their frequency 
in Europeans has decreased more than other variants that were 
in the same frequency range 4000 years ago. We tested the impact 
of both TYK2 variant in both transduced cell lines and homo-
zygous patients’ cell lines in terms of cellular responses to IL-10, 
IL-12, IL-23, and IFN-/. We also tested the patient’s primary 
leukocytes.

Ethics statement
This study was conducted in accordance with the Helsinki Declara-
tion, with written informed consent obtained from the patients’ 
families. Approval for this study was obtained from the French 
Ethics Committee “Comité de Protection des Personnes,” The French 
National Agency for Medicine and Health Product Safety (ANSM) 
and the Institut National de la Santé et de la Recherche Médicale in 
France, and the Rockefeller University Institutional Review Board 
(IRB), New York, USA.

Whole-blood activation experiments
Venous blood samples from controls and patients were collected into 
heparin-containing tubes and processed according to a modified 
version of the protocol described by Feinberg et al. (89). Briefly, 
they were diluted 1:2 in RPMI 1640 (Gibco BRL) and supplemented 
with penicillin (100 U/ml) and streptomycin (100 g/ml) (Gibco BRL). 
We then dispensed 5 ml of each diluted blood sample into each of 
five wells (1 ml per well) of a 48-well plate (Nunc). These samples 
were incubated for 48 hours at 37°C under an atmosphere containing 
5% CO2/95% air, under three different sets of activation conditions: 

with medium alone, with live BCG (Mycobacterium bovis BCG, Pasteur 
substrain) at a multiplicity of infection (MOI) of 20 BCG cells per leuko-
cyte, with BCG plus recombinant human (rh) IL-23 (100 ng/ml; R&D 
Systems), with BCG plus rhIL-12 (20 ng/ml; R&D Systems), and with 
PMA (40 ng/ml; Sigma-Aldrich) plus ionomycin (10−5 M; Sigma-Aldrich). 
ELISA was then performed on the collected supernatants, with the hu-
man IFN- ELISA Kit (Ready-SET-Go! from eBioscience or PeliPair 
from Sanquin), in accordance with the manufacturer’s instructions. 
All venous blood samples were collected in accordance with the IRB 
protocols of The Rockefeller University, New York.

Plasmids and retroviral transduction of T and B cell lines
T cell lines (HVS-T) and EBV-transformed lymphoblastoid cell 
lines (EBV-B cells) were generated by infecting PBMCs from healthy 
controls or patients with HVS or EBV, as previously described (10). 
A retroviral vector expressing WT TYK2 was generated by inserting 
the TYK2 sequence from pMSCVpuro retrovirus (Takara Bio Inc.) 
into the pLZRS-IRES-NGFR vector, which contains a puromycin 
resistance cassette (60). The WT TYK2 allele used here contains a 
mutation at position 1016, P1016S. Various alleles of TYK2 (P1104A, 
I684S, and K930R) were then generated by site-directed mutagenesis, 
with specific primers and the PfuUltra II Hotstart PCR Master Mix 
(Agilent Technologies), according to the manufacturer’s instructions. 
The plasmids were used to transfect Phoenix-A packing cells to 
generate retroviral particles carrying each allelic variant. Briefly, 
10 g of vector was used to transfect Phoenix-A packaging cells in 
the presence of Opti-MEM + GlutaMAX (Gibco) and X-tremeGENE 
9 (Roche), according to the manufacturer’s instructions. Positively 
transfected cells were selected with puromycin (Gibco) at a concen-
tration of 2 g/ml until all the cells were positive for the surface 
expression of NGFR, as assessed by fluorescence-activated cell 
sorting with Alexa Fluor 647 anti-NGFR staining (BD Pharmingen). 
The Phoenix-A cell culture was then split in two flasks, to which 
puromycin-free medium was added. After 24 hours, the superna-
tant was collected and retroviral particles were concentrated with 
Retro-X Concentrator (Clontech) according to the manufacturer’s 
instructions. One million HVS-T cells were mixed with retrovirus- 
containing supernatant in a total volume of 2 ml. After incubation 
for 24 hours, 200 l of fetal calf serum was added and the cells 
were allowed to grow for a further 4 days. Transduced cells were 
positively purified by magnetic-activated cell sorting with an anti–
NGFR-biotin antibody and an anti-biotin antibody conjugated 
with magnetic beads (Miltenyi Biotec) according to the manu-
facturer’s protocol.

Cell culture and stimulation
EBV-B cells were cultured in RPMI (Gibco) supplemented with 
10% fetal bovine serum (FBS) (Invitrogen). HVS-T cells were cul-
tured in a 1:1 mixture (by volume) of RPMI and Panserin 401 (PAN 
Biotech) supplemented with 10% FBS, GlutaMAX (350 g/ml; Gibco), 
gentamicin (0.1 mg/ml; Gibco), and rhIL-2 (20 IU/ml; Roche). The 
cells were then starved for 2 hours by incubation in serum-free RPMI. 
The cells were then left unstimulated or were stimulated with 
rhIFN- 2b (3.2 × 104 IU/ml; Schering), rhIL-23 (100 ng/ml; R&D 
Systems), rhIL-12 (20 ng/ml; R&D Systems), or rhIL-10 (50 ng/ml; 
PeproTech) for 5 min to assess the phosphorylation of TYK2, JAK1, 
or JAK2 and for 30 min to assess the phosphorylation of STAT1, 
STAT3, or STAT4. A dose-response experiment was performed on 
EBV-B cells, with different concentrations of rhIL-23 ranging from 
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50 to 200 ng/ml and a stimulation time of 30 min. A kinetic analysis 
of the response to IL-23 was also performed, in which EBV-B cells 
were stimulated with rhIL-23 (100 g/ml) for 0, 1, 3, and 5 hours. 
For RT-qPCR, cells were stimulated for 6 hours with IL-10 (50 ng/ml), 
IL-23 (100 ng/ml), or IFN- (105 IU/ml). For the RNA-seq experi-
ment, cells were stimulated for 8 hours with IL-23 (100 ng/ml) or 
IFN- (105 IU/ml).

Western blotting
Total protein was extracted from EBV-B or HVS-T cells in a lysis 
buffer containing 1% NP-40, 20 mM tris-HCl (pH 7.4), 140 mM 
NaCl, 2 mM EDTA, and 50 nM NaF supplemented with 100 mM 
orthovanadate, 200 mM phenylmethylsulfonyl fluoride, 1% 
aprotinin, pepstatin (1 mg/ml), leupeptin (1 mg/ml), and antipain 
(1 mg/ml). Protein extracts were separated by SDS–polyacrylamide 
gel electrophoresis, and the resulting bands were electroblotted 
onto polyvinylidene difluoride membranes. The blots were incu-
bated for 1 hour with a blocking solution consisting of tris-buffered 
saline (TBS), 0.01% Tween 20 (Sigma-Aldrich), and 5% nonfat 
milk powder (Bio-Rad). The following primary antibodies were 
diluted 1:1000 with the blocking solution and incubated over-
night with the blots: rabbit anti–phospho-Y1054/1055 TYK2 
(Cell Signaling Technology), rabbit anti–phospho-1022/1023 JAK1 
(Cell Signaling Technology), rabbit anti–phospho-1007/1008 
JAK2 (Cell Signaling Technology), mouse anti–phospho-Y701 
STAT1 (BD), rabbit anti–phospho-Y705 STAT3 (Cell Signaling 
Technology), rabbit anti–phospho-693 STAT4 (Cell Signaling 
Technology), mouse anti-STAT1 (BD), mouse anti-STAT3 (Cell 
Signaling Technology), rabbit anti- STAT4 (Cell Signaling Technol-
ogy), mouse anti-tubulin (Santa Cruz Biotechnology Inc.), and 
rabbit anti-GAPDH (glyceraldehyde- 3-phosphate dehydrogenase) 
(Santa Cruz Biotechnology Inc.) antibodies. The blots were washed 
three times, for 10 min per wash, with washing buffer consisting of 
TBS plus 0.01% Tween 20. An anti-rabbit horseradish peroxidase 
(HRP) or anti-mouse HRP antibody (GE Healthcare) was then 
added at a dilution of 1:10,000 or 1:5000, respectively, and the blots 
were incubated for 1 hour. Last, the blots were washed with washing 
buffer, and antibody binding was detected with the SuperSignal 
West Femto System (Thermo Fisher Scientific). The membranes 
were analyzed with an Amersham Imager 600 instrument (GE 
Healthcare Life Sciences).

For fig. S3D, immunoblots were revealed using enhanced chemi-
luminescence detection reagent (Western Lightning, PerkinElmer) 
and signals were acquired with Fuji ImageQuant LAS 4000. The 
intensity of bands was quantified with MultiGauge software. In IFN- 
stimulated samples, for each protein, the intensity of the phospho-
ryl ated band was normalized by the corresponding total protein 
content. The level of phosphorylated band in control cells was 
set as 100. All the other Western blots were analyzed and quanti-
fied using the ImageJ software [National Institutes of Health (NIH)] 
following the manufacturer’s instructions. The phosphoryla-
tion of TYK2, JAK2, JAK1, STAT1, STAT3, and STAT4 for each 
treatment was normalized with the density of total TYK2, JAK2, 
JAK1, STAT1, STAT3, and STAT4, respectively, and the quanti-
fication was expressed in arbitrary units (relative density). Statis-
tical analysis was performed considering technical replicates for the 
transduced cells with the TYK2 alleles, and technical and biological 
replicates for EBV-B and HVS-T cell lines derived from controls and 
patients.

Population genetic analysis
We investigated the occurrence of strong negative selection act-
ing on the candidate TYK2 missense variants over the last few 
hundreds of generations, by comparing the current allele fre-
quency of these variants in Europeans with that estimated from 
the low-coverage sequenced genomes of 22 individuals from Late 
Stone Age (LSA) Central Europe (52). For a candidate variant at 
frequency pt in the current generation and p0 during the LSA, we 
retrieved all variants with a frequency of p0 ± 1% during this 
time period and considered the candidate variant to have been 
under strong and recent negative selection if its frequency pt was 
among the lowest 5% of values for all the variants retrieved. Only 
variants that were still segregating in the current European popula-
tion (CEU, TSI, or FIN from the 1000 Genomes Project) were con-
sidered in this analysis.

We checked that these empirical observations were not biased 
due to sampling or sequencing errors, by performing 100,000 
forward simulations under the Wright-Fisher neutral model (R code 
available upon request). We simulated the fate of a neutral allele at 
frequency p0 160 generations ago, in a population of size Ne = 4000, 
and retrieved the distribution of its current frequency pt (160 
generations later) across all simulations. The lower quantiles of the 
simulated and observed distributions were largely similar (Fig. 1E), 
suggesting that our analyses were unbiased.

WES and RNA-seq analyses
WES was performed as previously described (47). For RNA-seq, 
reads were mapped with STAR v2.5.3a (90). A genome index 
specific to our data was first created, and single-end reads were 
then aligned, in a two-pass mode in which novel splicing junc-
tions are first detected, before final mapping. Read counts were 
obtained for each gene with HTSeq v0.9.1 (91). Homozygosity 
rates from exome data were estimated as described previously 
(47). Gene expression levels were estimated with TPM (tran-
scripts per kilobase million). TPM takes into account the size 
of each sample library and gene lengths to assess expression 
levels (92).

Statistical analysis was performed with R v3.2.3 (93) (www. 
R-project.org/). Gene expression profiles are expressed as the 
fold change in expression between the values obtained before 
and after stimulation. These profiles were compared between the 
different groups of individuals: controls (n = 2), TYK2 P1104A (n = 2), 
IL12RB1−/− (n = 1), TYK2−/− (n = 1), and STAT1−/− (n = 1).

Variant enrichment analysis
We performed an enrichment analysis of TYK2 variants in our 
two cohorts of 463 MSMD patients and 454 tuberculosis patients. 
We used as controls 2835 individuals of diverse ethnic origin (as 
shown in PCA of fig. S1C) from our in-house database who were 
patients with various genetically unexplained non-mycobacterial 
infections, as well as the 2504 individuals of the 1000 Genomes 
Project, leading to a total of 5339 controls. The proportion of indi-
viduals with specific TYK2 variants in each cohort were compared 
by means of logistic regression using the likelihood ratio test. To 
account for the ethnic heterogeneity of the cohorts, the first three 
principal components of the PCA were systematically included in 
the logistic regression model, as previously described (48). ORs 
were also estimated by logistic regression and adjusted for ethnic 
heterogeneity.
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Generation and persistence of human tissue-resident
memory T cells in lung transplantation
Mark E. Snyder1,2*, Michael O. Finlayson3, Thomas J. Connors2,4, Pranay Dogra2,5,
Takashi Senda2,6, Erin Bush3, Dustin Carpenter2,6, Charles Marboe7, Luke Benvenuto1, Lori Shah1,
Hilary Robbins1, Jaime L. Hook1, Megan Sykes1,2,5, Frank D’Ovidio6, Matthew Bacchetta6,
Joshua R. Sonett6, David J. Lederer1,8, Selim Arcasoy1,4, Peter A. Sims3, Donna L. Farber2,5,6†

Tissue-resident memory T cells (TRM) maintain immunity in diverse sites as determined in mouse models, whereas
their establishment and role in human tissues have been difficult to assess. Here, we investigated human lung TRM
generation, maintenance, and function in airway samples obtained longitudinally from human leukocyte antigen
(HLA)–disparate lung transplant recipients, where donor and recipient T cells could be localized and tracked over
time. Donor T cells persist specifically in the lungs (and not blood) of transplant recipients and express high levels of
TRM signature markers including CD69, CD103, and CD49a, whereas lung-infiltrating recipient T cells gradually
acquire TRM phenotypes over months in vivo. Single-cell transcriptome profiling of airway T cells reveals that donor
T cells comprise two TRM-like subsets with varying levels of expression of TRM-associated genes, whereas recipient
T cells comprised non-TRM and similar TRM-like subpopulations, suggesting de novo TRM generation. Transplant
recipients exhibiting higher frequencies of persisting donor TRM experienced fewer adverse clinical events such as
primary graft dysfunction and acute cellular rejection compared with recipients with low donor TRM persistence,
suggesting thatmonitoring TRM dynamics could be clinically informative. Together, our results provide spatial and
temporal insights into how human TRM develop, function, persist, and affect tissue integrity within the complex-
ities of lung transplantation.

INTRODUCTION
Tissue-resident memory T cells (TRM) are generated in diverse tissues
after site-specific infection or antigen exposure, where they remain as
noncirculating subsets with the potential to mediate rapid, in situ im-
mune responses (1–6). Studies in mouse models have revealed impor-
tant roles for TRM in tissue-localized immunity. In mucosal and
barrier sites such as the lung, skin, and female reproductive tract, pro-
tective TRM can be generated after viral or bacterial infection or to lo-
cally administered vaccines (2, 4, 7–15). Conversely, lungTRM can also
be generated after inhaled allergen exposure and mediate hyperre-
sponsiveness in mouse asthma models (16, 17). These findings in
mouse models indicate a key role for TRM in maintaining protection
and promoting immunopathology. The generation and persistence of
TRM in human tissues and their role in tissue-localized immune re-
sponses remain unclear.

In humans, subsets of memory T cells with phenotypes and tran-
scriptional profiles homologous tomouse TRM have been identified in
multiple tissues, including mucosal and barrier sites (lungs, intestines,
and skin) and primary and secondary lymphoid tissues (bonemarrow,
spleen, and lymph nodes) (18–20). In healthy human lungs, TRM ex-
pressmarkers for retention, adhesion, andmigration to tissues (CD69,

CD103, CD49a, and CXCR6); produce proinflammatory cytokines
[interferon-g (IFN-g) and interleukin-17 (IL-17)]; and also exhibit
up-regulation of inhibitory molecules (PD-1 and CD101) (18, 20, 21),
indicating proinflammatory and immunomodulatory properties. The
functional role of human TRM in vivo has been inferred by correlative
studies: The presence of TRM in tumors of the lung and breast is as-
sociated with a better prognosis (22, 23), whereas in skin TRM are
associated with disease pathology in psoriasis (21, 24). However, it
is difficult to follow human immune responses in situ, particularly in
internal tissues such as lung, and consequently, little is known about the
generation, maintenance, and role of human TRM in health and disease.

Lung transplantation, in which donor lungs are transplanted into
human leukocyte antigen (HLA)–mismatched recipients, represents
a unique opportunity to study the development and maintenance of
human TRM in vivo. Bronchoalveolar lavage (BAL) sampling of the
airway (and blood) is obtained for clinical monitoring at regular in-
tervals during the first year after transplant and at specific intervals
thereafter, enabling prospective tracking of donor- and recipient-
derived T cells as they persist or develop into TRM, respectively. It
is also possible to correlate findings in patient BAL to critical clinical
events such as primary graft dysfunction (PGD) (25), indicative of early
lung injury that affects graft survival, and acute cellular rejection (ACR),
which can occur at all times after transplantation (26).

Through a longitudinal analysis of blood and BAL samples from
>20 lung transplant recipients, we demonstrate here that donor-
derived T cells persist for more than 1 year after transplantation spe-
cifically in the lung allograft as TRM that are not detected in blood. In
the BAL, donor lung T cells exhibit enhanced expression of multiple
TRM signature markers, whereas recipient-derived T cells gradually ex-
press TRMmarkers in themonths after transplantation. Single-cell tran-
scriptome profiling of BAL T cells reveals three distinct subpopulations
—a mature TRM subset composed of donor T cells, a second TRM-like
subset containing donor and recipient cells, and a third non-TRM subset
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comprising recipient T cells—that suggest in situ differentiation of
TRM from tissue-infiltrating T cells. We found that long-term per-
sistence of donor lung TRM is associated with reduced incidence of
clinical events that precipitate lung injury, including PGD and ACR.
Our findings demonstrate human TRMmaturation and perpetuation
in the lung and suggest that TRM dynamics may be informative for
monitoring clinical outcomes after transplantation.

RESULTS
Prospective analysis of T cell responses in lung
transplant recipients
In this study, we investigated the dynamics of human lung TRM per-
sistence, migration, and generation in BAL and blood samples ob-
tained longitudinally from 20 HLA-disparate lung transplant
recipients (Fig. 1A and table S1). The majority of participants were
male (70%) and ranged in age from 27 to 73 years old (median, 63)
with a median lung allocation score of 49 (range, 33 to 91) (27); more
than one-half of patients (55%) underwent single lung transplanta-
tion. The most common indication for transplantation was interstitial
lung disease (hypersensitivity pneumonitis, sarcoidosis, and idiopathic
pulmonary fibrosis), followed by cystic fibrosis and chronic obstructive
pulmonary disease (table S1). All patients received induction therapy
with anti-CD25 antibody (basiliximab) and high-dose steroids, and
maintenance immunosuppression with tacrolimus and mycophenolate
mofetil (see Materials and Methods).

Donor-derived T cells persist specifically within the
lung allograft
We initially assessed the extent of lung allograft and peripheral blood
donor T cell chimerism after transplantation in BAL and blood sam-
ples collected longitudinally from the transplant recipients. The origin
of lymphocytes as donor- or recipient-derived was determined by stain-
ing forHLAdiscrepancies and analyzed by flow cytometry (Fig. 1, B and
C, and figs. S1 and S2). Peripheral blood macrochimerism, defined as
the presence of≥4% of donor T cells (28), was observed postoperatively
in 3 of 20 patients (15%) (Fig. 1D, left); however, the number of donor
T cells in the blood based on cell counts was negligible in all transplant
recipients by 2 months after transplantation (<0.01 donor cell/ml; Fig.
1D, right). Compared with blood, BAL samples contained high fre-
quencies of donor-derived CD4+ and CD8+ T cells in all recipients
(20 of 20), with levels as high as 93% for donor CD8+ T cells and 81%
for donorCD4+T cells (Fig. 1E). Of the 17 patients followed for >1 year,
the majority of patients (13 of 17) retained substantial donor T cell
chimerism in the BAL at 12months for both CD4+ T cells (range, 0.5 to
55%) and CD8+ T cells (0.7 to 85%) (Fig. 1E). Absolute numbers of
T cells in BAL samples ranged from 688 to 34,678 cells (average,
8991) due to heterogeneous volume recovery from the procedure
and the fact that a portion was used for clinical monitoring. Over
time after transplantation, the CD4:CD8 subset composition was
stably maintained for recipient T cells but decreased significantly
for donor T cells (Fig. 1F), suggesting biased persistence of donor
CD8+ T cells. Together, these results establish that donor T cells persist
specifically in the lung tissue allograft.

T cells in healthy BAL exhibit predominant tissue-resident
memory phenotypes similar to lung parenchyma and airways
The biased persistence of donor T cells within the BAL suggested the
presence of TRM, which have been shown in mice and humans to pre-

dominate in mucosal and barrier tissue sites (1, 4, 29, 30). However, it
was first important to determine the subset composition and anatomic
origin of BAL T cells derived from healthy lungs to establish a baseline
control from which to interpret transplant patient BAL. We therefore
characterized T cells derived in parallel from the BAL, lung parenchyma,
and airways from healthy lungs (Fig. 2A) obtained through an organ
donor tissue resource we have extensively validated for immune cell
studies (18, 30, 31). BALT cells contained aCD4:CD8 content similar to
that in the lung parenchyma but higher to that derived from the airways
(Fig. 2B) and consisted of predominantly effectormemory T cells (TEM;
CCR7−CD45RA−) similar to lung airways and parenchyma (Fig. 2C).
Lung-derived CD8+ T cells also contained a substantial frequency of
terminal effector cells (TEMRA; CD45RA

+CCR7−) (Fig. 2C). These find-
ings establish that BAL T cells are predominantly memory phenotype,
similar to T cells in the lung parenchyma and airways.

We examined whether BAL memory T cells exhibited the canon-
ical phenotypic TRM markers, including the activation/retention
marker CD69 (for CD4+ and CD8+ TRM) and the integrin CD103
(for CD8+ TRM) (3, 18, 20). The majority (60 to >90%) of CD4+ and
CD8+ TEM in BAL express CD69 similar to frequencies in the lung and
airways (Fig. 2D), suggesting that BAL T cells are predominantly TRM.
CD103 is coexpressed by CD69+CD8+ T cells in BAL, airway, and
lung, with the highest frequency of CD103-expressing CD8+ TRM in the
airways followed by BAL and lung (Fig. 2D). CD103 was also expressed
by a low frequency of CD69+CD4+ TRM in the airways and at lower
frequencies in the lung and BAL (Fig. 2D). Together, these findings in-
dicate that the overwhelming majority of both CD4+ and CD8+ T cells
obtained from human BAL exhibit TRM phenotypes.

Donor and recipient BAL T cells exhibit features of resting
memory T cells with effector potential
Examination of the subset composition of donor and recipient BAL
T cells over time after transplantation revealed that, similar to control
BAL, the TEM subset predominated for donor and recipient popula-
tions, with some variations particularly among recipient CD8+ T cells
(Fig. 3, A and B). Donor CD4+ and CD8+ T cells were predominantly
TEM at all times after transplantation, with significant frequencies
(10 to 30%) of TEMRA present among donor CD8+ T cells (Fig. 3B,
left). Recipient T cells similarly contained majority populations of
TEM; however, CD8

+ TEMRA were present in substantial frequencies
(20 to 50%) in the first 6 months after transplantation, and this fre-
quency was reduced to the level found in donor T cells at later times
(>6 months) after transplantation (Fig. 3B, right). Given these dy-
namic changes in the recipient T cell subset composition, we inves-
tigated whether donor and/or recipient T cells exhibited markers
of activation in vivo, such as HLA-DR, which is up-regulated on
human T cells after T cell receptor/CD3 stimulation. At early times
(<1 month) after transplantation, HLA-DR was expressed by both
donor and recipient T cells; however, after 1 month in vivo, T cells
of both donor and host origin were uniformly HLA-DR negative
(Fig. 3C), suggesting that T cells persisting in transplanted lungs
were not overtly activated.

Functionally, both donor and recipient BAL T cells exhibited rapid
production ofmultiple cytokines after stimulation that is a hallmark of
memory T cells and similar to the functional profiles of memory
T cells isolated from healthy human lungs and lymphoid tissues
(32–34).High frequencies of donor and recipientCD4+ andCD8+Tcells
produced IFN-g with higher frequencies produced by donor com-
pared with recipient T cells in many patients (Fig. 3D). IL-17 was
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Fig. 1. Donor-derived memory T cells persist specifically within the lung allo-
graft. Donor- and recipient-derived T cells were evaluated in blood and BAL samples
of lung transplant recipients by flow cytometry based on HLA class I disparities (see
Materials and Methods). (A) Schematic of experimental design to follow how donor-
and recipient-derived T cells would interact in lung transplant recipients. (B) Representa-
tive flow cytometry plots of donor versus recipient CD4+ (left) and CD8+ (right) T cells
derived from peripheral blood. (C) Representative flow cytometry plots show CD4+ (mid-
dle) and CD8+ (right) T cell frequency and donor/recipient origin from a representative
BAL sample. (D) Left: Graphs show percent CD4+ (top) and CD8+ (bottom) T cells of donor
origin (relative to total CD4+ or CD8+ T cells) in peripheral blood over time after trans-
plantation in individual patients (n = 14 patients with more than three samples over
time). Right: Absolute cell counts of donor CD4+ (top) and CD8+ T cells (bottom) in
peripheral blood in the same patients, with dotted lines representing average recipient
T cell count over time. (E) Graphs show percent CD4+ (top) and CD8+ (bottom) T cells of
donor origin (relative to total CD4+ or CD8+ T cells) in BAL samples after transplantation,
showing individual curves for each of 20 patients. Symbols for each individual patient are

designated in the legend at the right. (F) CD4:CD8 T cell content in the BAL of transplant recipients (total T cell content from donor and recipient) at indicated times after
transplantation. Results are shown for 19 patients; ***P < 0.01; all other comparisons are nonsignificant.
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produced at higher frequencies by donor compared with recipient
BAL CD4+ T cells (Fig. 3E), whereas both donor- and recipient-
derived T cells produced comparable levels of IL-2 after stimulation

(Fig. 3F). Granzyme B production was higher among recipient-
derived compared with donor-derived CD8+ T cells (Fig. 3G). These
results indicate that persisting donor- and recipient-derived T cells in
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Fig. 2. BAL of human lungs samples T cells from both the lung parenchyma and airways. (A) Schematic diagram (left) highlighting the lateral basilar segment of
the lower lobe, which is where the BAL was performed and where control lung and airway segments were procured, and photograph (right) of one study lung included
in the analysis. (B) Representative flow cytometry plots showing CD4 and CD8 ratio across locations. ***P = 0.0008. (C) T cell subset composition in the BAL, airway, and
lung parenchyma showing effector memory (TEM; CCR7

−CD45RA−), terminal effector (TEMRA; CCR7
−CD45RA+), central memory (TCM; CCR7

+CD45RA−), and naïve T cells
(CCR7+CD45RA+) in representative flow cytometry plots (left) and compiled frequencies (means ± SEM) from 15 control lungs. **P = 0.006. (D) Cell surface expression of
tissue residency markers CD69 and CD103 by CD4+ and CD8+ T cells across locations shown as representative flow cytometry plots (left) and compiled frequencies
(right) from 15 donors. **P = 0.0013, ***P = 0.0002, and ****P < 0.0001. ns, not significant.
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the lung maintain multifunctional profiles associated with mucosal
memory T cells.

Regulatory T cells (Tregs) have been shown to play key roles in al-
lograft acceptance in murine models (35, 36). We therefore assessed

Treg frequency at early and late times after transplantation in blood
and BAL from the patients in Fig. 1 and additional patients with
long-term transplants (table S2) based on gating for CD4+CD25+

CD127loFoxp3+ T cells (fig. S3) (37). In the blood, Treg frequency in

Fig. 3. Donor and recipient BAL
T cells are phenotypically and
functionally memory T cells.
(A) Subset composition of donor
and recipient CD4+ and CD8+ T cells
in representative patient BAL based
on CD45RA and CCR7 expression as
in Fig. 2. (B) Compiled data (means
± SEM) of donor (left) and recipient
(right) T cell subset composition
(TEM, blue; TEMRA, red; näive, green;
TCM, black) over time after trans-
plantation for CD4+ (top) and CD8+

T cell (bottom) lineages. Results
compiled from 20 patients with
one sample per patient per time
point. (C) HLA-DR expression by do-
nor and recipient T cells in patient
BAL at indicated times after trans-
plantation shown as representative
flow cytometry plots (left) and com-
piled frequencies from 23 samples
derived from 11 patients (right). (D to
F) T cells from patient BAL sam-
ples were stimulated with PMA/
ionomycin, and cytokine produc-
tion was determined by intracellular
staining after 5 hours. (D) IFN-g pro-
duction by donor (black) and recipi-
ent (red) CD4+ TEM (left) and CD8+

TEM (right) in representative flow
cytometry plots and graphs show-
ing paired frequencies (based on
percent cytokine+ of donor or re-
cipient T cells) in patient BAL sam-
ples (n = 8) 1 to 9 months after
transplantation (right). *P = 0.04
for CD4+ TEM and *P = 0.01 for
CD8+ TEM. (E) IL-17 production by
donor (black) and recipient (red)
CD4+ TEM in representative flow
cytometry plot (left) and graph
(right) showing paired frequencies
in patient BAL samples (n = 7) 1 to
9 months after transplantation. *P =
0.05. (F) IL-2 production by donor
(black) and recipient (red) CD4+ TEM
in representative flow cytometry plot
(left) and graph showing paired fre-
quencies in patient BAL samples
(right; n = 8). (G) Granzyme B (GzB)
expression by CD4+ TEM (left) and
CD8+ TEM (right) from BAL samples
obtained >2 months after transplan-
tation in representative flow cytome-
try plots (left) and cumulative paired
data (right) from six transplant recipi-
ents of donor (black) and recipient
(red). *P = 0.04.
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transplant recipients was lower than in control blood (fig. S3, A and
B), consistent with all patients having received basiliximab (anti-
CD25 antibody) induction, known to cause peripheral Treg depletion
(38). In the BAL, Tregs were present in much lower frequencies than
found in control BAL, and largely derived from recipient T cells with
negligible donor-derived Tregs, even in samples with significant T cell
chimerism (fig. S3, C and D). These findings establish that TEM are
the predominant functional T cell subset in transplant patient BAL,
with donor T cells being exclusively memory.

Differential expression of TRM markers by donor- and
recipient-derived T cells with time
We examined whether the predominant memory T cell population
within patient BAL exhibited features of TRM. In BAL samples from
transplant recipients, expression of TRM markers CD69 and CD103
differed for donor- and recipient-derived T cells, and as a function
of time after transplantation as indicated in representative and com-
piled patient data (Fig. 4, A and B). For donor T cells, the majority of
CD4+ andCD8+ T cells were CD69+, whereas CD103was coexpressed
by 30 to 40% of donor CD4+ T cells and >80% of donor CD8+ T cells at
>3 months after transplantation (Fig. 4, A and B). The frequency of
CD69+/CD103+ donor T cells was greater than or at the upper limit
comparedwith that of control BAL T cells (Fig. 4B, compare blue lines
with gray shaded rectangles). These results indicate that donor T cells
in patient BAL exhibit canonical features of TRM, consistent with their
biased maintenance in the lung but not peripheral blood.

Compared with donor BAL T cells, recipient T cell populations in
the BAL expressed much lower frequencies of TRM markers at early
times (2 to 4 weeks) after transplantation (20 to 40% CD69+CD4+

and CD8+ T cells); however, by 6 months after transplantation,
>50% of recipient BAL T cells were CD69+, with substantial frequen-
cies of recipient CD8+T cells coexpressingCD103 (Fig. 4, A and B). By
3 to 6 months after transplantation, recipient BAL T cells expressed
CD69 and CD103 at frequencies similar to those observed in control
BAL T cells (Fig. 4B). This gradual acquisition of TRM markers by
recipient-derived T cells that infiltrate the lung allograft suggests
de novo TRM generation.

In addition to CD69 and CD103, we and others have identified ad-
ditional signature markers expressed by human TRM (18, 21), includ-
ing the collagen-binding integrin CD49a and negative regulators
PD-1 and CD101 (39, 40). We confirmed that these three markers
were expressed in high frequencies by T cells obtained from control
BAL, airways, and lung parenchyma (Fig. 4, C to E). In the BAL of
lung transplant recipients, CD49a was expressed by a significant
(>50%) frequency of donor and recipient T cells in all patients, with
higher frequencies expressed by donor compared with recipient T cells
(Fig. 4F). Expression of PD-1 and CD101 by donor and recipient BAL
T cells was more variable between donors, with 20 to 80% of T cells
expressing these markers and donor CD4+ T cells expressing signifi-
cantly higher levels compared with recipient-derived CD4+ T cells
(Fig. 4, G and H). Together, these results show that transplant BAL
T cells express additional TRM signature markers, with increased ex-
pression by donor- compared with recipient-derived T cells.

Single-cell transcriptome analysis of transplant BAL T cells
reveals two TRM-like subsets
To investigate the differentiation state of donor and recipient BAL
T cells, we performed single-cell transcriptome profiling from two lung
transplant recipients (P19 andP29) at >9months after transplantation—

a time point in which we could dissect the heterogeneity of recipient
T cells in the context of persisting donor TRM populations.We sorted
single CD3+ T cells from patient BAL into 96-well plates (Fig. 5A and
fig. S4A), followed by library preparation, barcoding, and RNA se-
quencing using PLATE-seq (pooled library amplification for tran-
scriptome expression sequencing) as described (41). The results
obtained were referenced to individual cell surface protein expression
including donor and recipient HLA and TRM markers CD69 and
CD103 (Fig. 5B). The analysis yielded 492 unique cells from P29 and
185 unique cells from P19; each patient’s transcriptome was analyzed
separately to minimize batch effects (table S3).

The scRNA-seq (single-cell RNA sequencing) results revealed
three distinct clusters of T cells from the BAL of P29, which correlated
with phenotypic and cell origin differences determined by the index
sorting: Cluster 1 comprised predominantly donor CD8+ T cells
expressing CD69 and CD103 (putative TRM); cluster 2 was mainly
recipient-derived T cells lacking CD69 and CD103 expression (putative
circulating TEM); and cluster 3 was a mix of donor and recipient CD4+

and CD8+ T cells expressing CD69+/−CD103 (TRM-like) (Fig. 5C). The
clustering of gene expression based on expression of TRM markers and
donor and recipient origin suggests that distinct differentiation states
could be attributed to these populations.

The heat map of gene expression from individual cells in Fig. 5D
shows the top differentially expressed genes in each cluster and their
level of expression in individual cells from each cluster. Cluster 1 is
enriched for cells expressing genes associated with T cell effector
function (GZMA, NKG7, CCL5, KLRD1, PFN1, CD27, and IL32) and
TRM differentiation including TRM markers (ITGA1 and CXCR6), and
the transcription factors ZNF683 (Hobit) and RUNX3 shown to medi-
ate CD8+ TRM formation in mice (42, 43). Gene expression in cluster 2
differs from that in cluster 1, with greatly reduced expression of TRM,
and effector-associated genes and increased expression of genes
involved in regulation of transcription/translation (RPL13, PABPC1,
and MLLT3), cell cycle (BTG1), and cytokine signaling (IL7R and
JAK3) (Fig. 5D). Cells within cluster 3 expressed TRM genes (ITGA1,
CXCR6, and RUNX3), but these were fewer in number compared with
cluster 1 (Fig. 5D), andmany cluster 3 cells up-regulated a unique set of
genes associatedwith cell differentiation and fate determination (SOX11
and CDH6), cellular transport (PDZD3 and TTPAL), cell cycle regula-
tion (DOCK7), and cytokine signaling (TNFSF13B).

To determine significant differential gene expression in the
clusters, we plotted the average gene expression between clusters onto
a new heat map (Fig. 6A). This analysis reveals three distinct T cell
subsets, including two subsets with transcriptional features of TRM

and one non-TRM subset: cluster 1, which we designate as “mature
TRM” based on the high expression of multiple TRM signature mole-
cules and transcription factors; cluster 3 as “TRM-like” based on differ-
ential expression of TRM-associated molecules; and cluster 2 as “TEM”
based on the lack of expression of TRM signature molecules and biased
recipient origin. To assess heterogeneity within each cluster, we fur-
ther compared gene expression between donor- and recipient-derived
T cells within each cluster (Fig. 6B). Volcano plots show a greater con-
cordance of gene expression between donor and recipient T cells with-
in cluster 1 (mature TRM) with a low magnitude of differential gene
expression compared with higher magnitude of gene expression dif-
ferences between donor and recipient T cells within clusters 2 and 3
(Fig. 6B). Donor T cells within cluster 3 express significantly higher
levels of TRM-associated genes ITGA1, ZNF683, and CXCR6 com-
pared with recipient T cells, whereas recipient cells expressed higher
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levels of RUNX3 and KLRD1. These findings suggest that clusters 2
and 3 contain cells with more heterogeneous differentiation states
compared with cluster 1 (mature TRM) cells, which may represent
the most differentiated population.

We also obtained scRNA-seq results from the BAL of P19, which
contained predominantly donor-derived cells. The data resolved into
two clusters by t-distributed stochastic neighbor embedding (tSNE)
analysis (Fig. 6C) similar to the TRM-like clusters we identified for

P29. Cluster 1 in P19 with high CD69/CD103 expression strongly
correlated with P29 cluster 1 (Fig. 6, C and D, and fig. S4B). Similarly,
cluster 2 for P19 correlatedwith cluster 3 for P29, representing a distinct
TRM population (Fig. 6D). Cluster 2 from P29 representing the tissue-
infiltrating TEM population was not identified in P19 (Fig. 6D), likely
due to the low number of recipient T cells. Together, these results con-
firm the presence of two TRM-like subsets in patient BAL from lung
transplantation that are consistent between disparate individuals.
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Fig. 4. Differential expression of TRM markers by donor- and recipient-derived T cells with time. (A) Expression of CD69 and CD103 by CD4+ (top two rows) and
CD8+ T cells (third and fourth rows) of donor or recipient origin as indicated over time after transplantation for one representative patient, P5. (B) Graphs show mean
frequency (±SEM) of CD69 expression (left) or CD69/CD103 coexpression (right) by CD4+ TEM (top) or CD8+ TEM (bottom) cells in patient BAL at indicated times after
transplantation, compiled from 20 patients. T cell origin designated as donor (blue) and recipient (red) based on HLA disparities (see Fig. 1); gray shaded rectangles
denote 1 SD around the average frequency of CD69+ (left) and CD69+CD103+ (right) expression by control BAL T cells compiled from Fig. 2D. Expression of (C) CD49a, (D) PD-1,
and (E) CD101 by BAL, airways, and parenchyma obtained from control lungs shown as representative flow cytometry plots and mean frequencies (±SEM), compiled from
14 lungs. *P = 0.02 (CD101); *P < 0.05 and **P = 0.004 (CD49a); ns (PD-1). (F) CD49a expression by donor (black) and recipient (red) CD4+ TEM (top) and CD8+ TEM (bottom)
cells in patient BAL samples shown as representative flow cytometry plots (left) and in graphs showing paired frequencies from individual patient BAL samples (n = 6) at
>1 month after transplantation. ***P = 0.0003 and *P = 0.007. (G) PD-1 expression by donor (black) and recipient (red) CD4+ TEM (top) and CD8+ TEM (bottom) cells in
patient BAL shown as representative flow cytometry plots (left) and graphs showing paired frequencies in patient BAL samples (n = 14) >6 months after transplant. ***P =
0.0001. (H) CD101 expression by donor (black) and recipient (red) CD4+ TEM (top) and CD8+ TEM (bottom) cells in representative flow cytometry plots (left) and paired
frequencies in patient BAL samples (n = 15) at >1 month after transplantation. *P = 0.02.
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Persisting donor TRM localize around airways and are
associated with decreased PGD and ACR
To gain insight into potential in vivo functional roles of donor TRM

in the transplanted lung, we assessed their localization and association
with clinical outcome. Immunofluorescence imaging of transbron-
chial biopsies showed large clusters of both donor- and recipient-
derived T cells around the small airways of the allograft, described
as bronchus-associated lymphoid tissue (Fig. 7). Donor- and recipient-
derived T cells were found to colocalize within the peribronchiolar
region of the airway of these tissues (Fig. 7, A to I). Whereas donor-
derived CD4+ and CD8+ T cells were found exclusively within the peri-

bronchiolar region of the airway, recipient-derived T cells were also
found in the peribronchiolar, subepithelial, and intraepithelial regions.
These findings indicate broader localization of recipient compared with
donor T cells.

We investigated whether persistence of donor T cells in the BAL
was associated with specific clinical events after transplantation.
PGD, characterized by allograft opacification (on chest x-ray) with-
in 72 hours of transplantation not secondary to infection or cardiac
dysfunction, has been significantly correlated with increased chronic
lung allograft dysfunction and reduced lung allograft survival (25, 44).
Among the recipients, patients who did not experience PGD (13 of 20)
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all exhibited higher levels of donor CD4+ and CD8+ T cell chimerism in
the BAL compared with patients experiencing PGD (7 of 20); this
difference persisted throughout the 15-month study (Fig. 8A). These
results show a clear association between increased retention of donor
lung TRM and reduced incidence and severity of PGD.

ACR is anothermajor clinical complication in lung transplantation
(26), diagnosed as perivascular infiltrate of T cells found on transbron-
chial biopsies. Analysis of ACR diagnoses at each time point, where
BAL samples were obtained from the 20 patients we followed over
the 15-month study period (95 BAL samples in total), showed
rejection episodes in 7 of 20 patients with 10 episodes of biopsy-proven
ACR, grade A1 or higher, whereas the remaining 13 patients did not
show evidence of ACR. At all time points, samples from patients with
ACR had significantly lower levels of donor T cell chimerism compared
with levels in samples frompatientswithoutACR,whichweremarkedly
higher (P < 0.01, Fig. 8B). Immunofluorescence imaging from a trans-
plant recipient with ACR showed a perivascular infiltration composed
of recipient-derived CD4+ and CD8+ T cells and a few donor-derived
HLA-A2+ CD4+ and CD8+ T cells sparsely distributed in the parenchy-
mal regions (Fig. 8, C to E). These results are consistent with ACR being
mediated by recipient-derived T cells infiltrating the perivascular space.
We also found a correlation between samples with a positive bacterial
culture and low CD4+ T cell chimerism (Fig. 8F), but no association
between BALT cell chimerism and viral infection (fig. S5). These results
show that maintenance of donor TRM is associated with improved clin-

ical outcome, with reduced PGD and ACR, and some protective effects
to infection.

DISCUSSION
The identification of TRM and their functional roles in vivo have been
elucidated in mouse models based, in part, on the ability to monitor
T cell tissue infiltration and retention in vivo (19, 42, 43). Two exper-
imentalmodels have been used inmice to verify T cell tissue residency:
parabiosis, in which primed mice are surgically conjoined to naïve
mice and TRM can be identified by specific retention in the hostmouse
tissues, and in vivo fluorescent antibody labeling to distinguish circu-
lating T cells, which become labeled, fromTRM that are protected from
labeling (4, 29, 45, 46). The dynamics of human TRM tissue retention
and development, by contrast, have been more challenging to assess.

Here, we studied human lung TRM generation, persistence, and
function in airway samples obtained prospectively from patients un-
dergoing HLA-disparate lung transplantation. Using in-depth pheno-
typic, functional, and transcriptome profiling on the single-cell level,
we demonstrate that donor T cells persist specifically in the lung of
transplant recipients for >1 year after transplant, express multiple
TRM signature markers, and persist as two transcriptionally distinct
TRM subpopulations. Recipient T cells infiltrating the lung, by con-
trast, are heterogeneous consisting of TRM and non-TRM populations
and exhibit increased TRM phenotypes over months in vivo. Increased
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donor TRM persistence is correlated with improved clinical outcome.
Together, our results provide insights into human TRM biology in the
paradigm of lung transplantation.

TRM constitute a subset ofmemory CD4+ andCD8+ T cells defined
by their tissue retention, distinct phenotypes, transcriptional profile,
and requirements for generation. Mouse studies have demonstrated
a requirement for the transcription factorsHobit (encoded by the gene
ZNF683) and Runx3 for CD8+ TRM generation (42, 43). Human lung
TRM express phenotypes and transcriptional profiles similar to mouse
TRM, including up-regulated expression of CD69, CD103, CD49a, and
CXCR6 (18, 20, 47); expression of ZNF683 was increased in lung CD8+

but not CD4+ TRM (18). Here, we show by phenotypic, functional, and
transcriptional analysis with single-cell resolution that donor TRM

persisting in the lung allograft express elevated levels of the major hu-
man TRM signature markers on the cell surface (CD103, CD49a, and
PD-1), produce IFN-g and IL-17 when stimulated, and exhibit elevated
levels of TRM-associated genes including ZNF683 and RUNX3 and
genes related to T cell differentiation and effector function including
NKG7, the chemokine CCL5, and cytotoxic mediators GRMA (gran-
zyme A) and PFN1 (perforin). These findings establish that persisting
donor T cells aremature TRM and suggest thatHobit andRunx3may be
involved in human CD8+ TRM generation and/or maintenance, as do-
nor T cells were mostly CD8+ T cells. The ability of TRM to persist at
least 15 months in the donor lung and retain high functional capacity
suggests long-term tissuemaintenance in situ. The increased expression
of TRM-associated molecules by donor T cell over time, such as CD49a
and CD103, which mediate interactions with collagen and epithelial
cells, respectively, suggests that sustained expression of these molecules
is required for TRM maintenance.

Our findings from both flow cytometry and single-cell RNA se-
quencing provide evidence that recipient T cells infiltrating the al-
lograft from circulation developed TRM-like profiles in a stepwise
fashion in the lung. Recipient TRM development occurred over months
after transplantation, as assessed by a gradual increase in surface CD69
and CD103 expression reaching a steady state after 6 months. The
scRNA-seq results reveal two TRM populations: one with high level
expression of TRMmarkers that was largely donor derived and desig-
nated as mature TRM, and a second donor- and recipient-derived
TRM-like subset, expressing lower levels of TRM markers and higher
levels of genes controlling cell fate, including the transcription factor
Sox11 involved in fate determination in retinal ganglial cells (48, 49)
and osteoclasts (50). A third non-TRM subset (cluster 2) comprising
recipient cells may represent tissue-infiltrating TEM not yet activated.
The functional role of recipient-generated TRM as presented here is
not clear; they have the capacity for cytokine production when stimu-
lated but do not exhibit markers of activation in situ, and few recipient
cells are represented among mature TRM with high expression of ef-
fector genes.

Persisting, donor-derived, allograft T cells, often referred to as
passenger lymphocytes, have been linked to clinical outcomes in
liver, heart, and intestinal transplantation (28, 51, 52), although the
role of circulating populations versus resident populations in these
transplant scenarios is not clear. In heart and liver transplantation, do-
nor T cells have been implicated in vascular pathologies and graft versus
host disease, respectively (52, 53). By contrast, in intestinal transplant
recipients, donor T cell chimerism in peripheral blood and intestines
was linked to reduced rejection rates (28, 54). Here, we show in a cohort
of 20 patients that increased persistence of donor lung TRM specifically
within the allograft is associated with reduced lung injury from PGD,

bacterial infections, and ACR. Whether the donor lung TRM are acting
directly to promote reduced lung injury and inflammation or serve as an
indicator of a suppressed recipient immune system is not clear and re-
quires further study in larger cohorts. Because donor lung TRM have
presumably adapted to maintain protection and homeostasis in the
presence of respiratory insults, they could serve similar protective
functions in the transplanted lung. Localization of donor TRM near air-
ways may facilitate their protective role to inhaled antigens, whereas re-
cipient T cells disseminate throughout the lung with the potential to
trigger tissue inflammation.

In summary, our results provide spatial and temporal insights into
how human TRM develop, function, persist, and affect clinical out-
come within the complexities of lung transplantation. Monitoring
and targeting TRM persistence and localization can serve as a new
strategy for promoting long-term allograft survival in the setting of
lung transplantation and beyond.

MATERIALS AND METHODS
Study design and subject recruitment
All human studies and procedures were approved by the Columbia
University Medical Center Institutional Review Board, and informed
consent was obtained from all patients. Hospitalized patients who
were actively listed for lung transplantation or had previously under-
gone lung transplantation were approached for enrollment. A total of
23 patients were recruited, of whom 1 died before transplantation,
1 died after transplantation but before procurement of samples, and
1 participant had HLA similarities to their donor preventing accurate
determination of cell origin. BAL and blood samples were obtained
from the remaining 20 lung transplant recipients included in this
study (table S1). Additional blood and BAL samples from lung trans-
plant recipients with longer follow-up time were used for assessment
of Treg frequencies (table S2). All participants underwent induction
immunosuppression with an IL-2 receptor antagonist (basiliximab),
high-dose glucocorticoids (methylprednisolone), mycophenolate mo-
fetil (MMF), and tacrolimus. Maintenance immunosuppression con-
sisted of MMF, tacrolimus, and prednisone. Seven patients experienced
PGD, grade 1 or higher, defined as allograft opacificationwithin 72 hours
of transplantation not due to heart failure or infection. Seven patients
experienced 10 discrete episodes of ACR; the diagnosis and grading of
ACR are based on the pathologic finding of perivascular lymphocytic
infiltration in transbronchial biopsy specimens.

Acquisition of control human lungs
Human lungswere obtained frombrain-dead, organ donors through a
collaboration with our local organ procurement organization for New
York City (LiveOnNY), as previously described (30, 31). Donors ranged
in age from 20 to 73 years old, and the majority died of a cerebral vas-
cular accident (table S4). BAL was obtained by placing a 25-ml pipette
into the lateral basilar segment of the lower lobe of the lung, injecting
60 ml of RPMI followed by suctioning. After obtaining BAL, the
same segment of lung was dissected, and cells were isolated after
mechanical and enzymatic digestion of the lung and airway as de-
scribed (18, 30, 31, 55).

Lymphocyte isolation from BAL and peripheral blood
BAL samples were filtered through a 100-mm filter, followed by a
40-mm filter, and centrifuged at 1500 rpm for 5 min; the cell pellet
was resuspended in flow cytometry staining buffer or in medium
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for functional analysis and sorting. Human TruStain FcX receptor
blocker (BioLegend) was then applied at room temperature for 10 min
before application of antibodies. Lymphocytes were isolated from
peripheral blood using lymphocyte separation medium (Cellgro) and
ACK lysis buffer.

Flow cytometry analysis
Total mononuclear cells isolated from BAL and blood were surface
and intracellularly stained with fluorochrome-conjugated antibodies
(see table S5 for a full list of antibodies). Intracellular staining was per-
formed after fixation and permeabilization with Invitrogen fixation/
permeabilization buffer. For cytokine determination, lymphocytes
were isolated from BAL and cultured for 5 hours with phorbol 12-
myristate 13-acetate (PMA)/ionomycin in the presence of monensin
(0.4 ml/200 ml of medium; GolgiStop BD Biosciences), followed by
treatment with fixation/permeabilization buffer and intracellular
staining with anti-cytokine antibodies. Stained samples were acquired
on an LSRII flow cytometer or sorted with an Influx cell sorter (BD
Biosciences), and data were analyzed using FCS Express v6 (De Novo
Software, Glendale, CA).

Immunofluorescence imaging
Transbronchial biopsy specimens were received from pathology in
5-mm sections from paraffin. Slides were deparaffinized using Histo-
clear and rehydrated with serial dilutions of ethanol. Antigen retrieval
was performed at 95°C for 20 min in the presence of Dako Target Re-
trieval Solution (Agilent) (pH 9). Slides were preincubated with
Blocking One buffer (Nacalai Tesque Inc.), followed by staining with
primary antibody, washing, and staining with secondary antibody and
4′,6-diamidino-2-phenylindole (DAPI; table S5). Slides were imaged
using an EVOS FL Auto 2 imaging system (Thermo Fisher Scientific)
and analyzed using Imaris image analysis software (Bitplane).

Single-cell transcriptome profiling by RNA sequencing
Single CD3+ T cells frompatient BALwere sorted directly intowells of
96-well plates; eachwell contained 7.5 ml of lysis buffer [0.2%TritonX-
100 (Sigma), SUPERaseIN (1 U/ml) (Thermo Fisher Scientific), 2 mM
deoxyribonucleotides (dNTPs) (Thermo Fisher Scientific), and 2 mM
reverse transcriptase (RT) primer (Integrated DNA Technologies)].
Primer annealingwas performed at 72°C for 3min. Reverse transcription
was performed by adding 7.5 ml of RT mix to each well [2 M betaine
(Affymetrix), 2× Protoscript Buffer (New England Biolabs), 12 mM
MgCl2 (Thermo Fisher Scientific), 10 mM dithiothreitol (Thermo
Fisher Scientific), 5.3 U of Protoscript II Reverse Transcriptase (New
England Biolabs), 0.53 U of SUPERaseIN (Thermo Fisher Scientific),
and 2 mM Template Switching Oligo (Integrated DNA Technologies;
table S6)]. Reverse transcription was performed at 42°C for 90 min,
followed by 10 cycles of 50°C for 2 min, 42°C for 2 min, 70°C for
10 min, followed by a 4°C hold. Excess primers were removed by
adding 2 ml of Exonuclease I (Thermo Fisher Scientific) mix to each
well (1.875Uof ExoI inwater) and incubating at 37°C for 30min, 85°C
for 15 min, 75°C for 30 s, and 4°C hold.

All wells were pooled into a single 15-ml falcon tubes, and com-
plementary DNA (cDNA) was purified and concentrated using
DynabeadsMyOne Silane beads (Thermo Fisher Scientific) according
to the manufacturer’s instructions. The cDNAwas split into duplicate
reactions containing 25 ml of cDNA, 25 ml of 2× HIFI HotStart Ready
Mix (KapaBiosystems), and 0.2MSMARTPCRPrimer (table S6) and
polymerase chain reaction (PCR)–amplified as above, and duplicate

reactions were combined and purified using 0.7 volume of AMPure
XP beads (Beckman Coulter). The amplified cDNA was visualized
on anAgilent TapeStation and quantified using aQubit II fluorometer
(Thermo Fisher Scientific).

Sequencing librarieswere constructed usingNextera XT (Illumina)
with modifications. A custom i5 primer was used (Nextera PCR; table
S6) with 0.6 ng of input cDNA, and 10 cycles of amplification were per-
formed. Unique i7 indexes were used for each plate. After amplification,
the library was purified with two rounds of AMPure XP beads, visua-
lized on the TapeStation, and quantified using the Qubit II fluorometer.
Librarieswere sequenced on an IlluminaNextSeq 500using the 75-cycle
High Output Kit [read lengths 26(R1) × 8(i) × 58(R2)]. Custom se-
quencing primers were used for Read 1 (SMART_R1seq and ILMN_
R1seq; see table S6). With each plate, we targeted ~70 million reads.
Library pools were loaded at 1.8 pM with 30% PhiX (Illumina).

Analysis of scRNA-seq data
Read processing
Reads were aligned to the human genome reference GRCh38 using
STAR (version 2.5) (56). During alignment, reads with more than
one mapping were recorded as unmapped using the arguments
‘–outFilterMultimapNmax 1’ and ‘–outSAMunmapped Within’.
Alignment counts were generated using Subread’s featureCounts
(version 1.6) (57) with default parameters. Reads were assigned to cell
and unique molecular indicator (UMI) barcodes using UMI-tools (58).
Data preparation
Analysis of single-cell RNA-seq data was performed in R (version
3.4.4) (59). Countmatrices for both patients P29 and P19 were limited
to protein coding genes, based on the datasets. Cells for each patient
were filtered by excluding those with extreme values of cell summary
metrics: total UMI count (nUMI), number of genes detected (nGene),
and proportion of expression from mitochondrial genes (PMT). This
was done by modeling the distribution of each metric within each
library as a normal distribution, generating probabilities for each cell
using the normal distribution function, and applying cutoffs to elim-
inate outlier cells.

For libraries from P29, the same cutoffs were applied to each library.
For nUMI, 0.1 and 0.98 were the low and high cutoffs, respectively. For
nGene, 0.1 and 0.98 were the low and high cutoffs, respectively. For
PMT, 0.94was the high cutoff used, and therewas no low cutoff applied.
Each library from P19 was filtered separately due to the high degree of
dissimilarity between the distributions of their cell summary metrics.
The cutoffs used for each library are shown in table S7.

Gene selection and clustering
Genes used as the basis for clustering were selected in a two-step
process described in detail in SupplementaryMethods. Principal com-
ponents (PCs) for clustering and visualization were selected by com-
putationally drawing a cutoff at the inflection point in a plot of SD
versus PC number. The tSNE projection used in the visualizations was
produced by running the t-SNE algorithm (60) as implemented in the R
package tsne (61) on a Euclidean distance matrix created from a cell-by-
cell Spearman correlation matrix computed with the selected PCs.

Clustering and differential expression analysis were performed
using Seurat (62). For both patients, the clustering resolution used
was 0.8. Differential expression analysis was performed with Wilcoxon
rank sum tests. For each cluster, differential expression analysis was per-
formed between the cells of the cluster and all other cells. Differential
expression comparisons were also made between each pair of clusters.
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To analyze differences across experimental factors determined during
the cell sort, differential expression comparisons were made between
factor values within clusters. Also, enrichment of clusters for factor
values was assessed by testing the equality of proportions of a cluster
for a given factor value versus all cells outside the cluster.

Comparison of clusters between patients
The clusters identified for P19 and P29 were compared by assessing the
similarity of the cells in each cluster from P19 to those in each cluster
derived from P29. This was done by first developing a transformation
matrix to score each cell’s similarity to each cluster of each patient

Ai ¼ XT
i Ci

where Xi is a matrix of normalized expression value (NEV) scaled and
centered across genes for patient i; Ci is the cell-by-cluster matrix with
dummy variables for each cluster, scaled and centered columnwise. After
matrices A19 and A29 were created, the columns of each were combined
into one matrix, A. Then, each cell’s similarity to each cluster was scored
as follows:

S ¼ ATX

whereX is a gene-by-cell matrix of NEV scaled and centered across rows.
The matrix S is then a cluster-by-cell matrix containing cluster scores.
Pearson correlation coefficients were then computed between all the cells
of P19 and all the cells of P29 from the values of S. The distributions of
these correlation coefficients, separated by cluster, were then used to vi-
sually determine the relative similarity of clusters across patients. Heat
maps illustrating the single-cell analysis were generated in R using heat-
map3 (63). Other plots were created with ggplot2 (64) and cowplot (65).

Statistical analysis and data visualization
All statistics were calculated using GraphPad Prism (GraphPad
Software Inc., La Jolla, CA) and R (R Foundation for Statistical
Computing, Vienna, Austria). Statistical significance between donor
and recipient cell expression of cell surface and intracellular markers
was calculated using a paired t test when occurring at a single time
point. Analysis of variance (ANOVA) was used to test for statistically
significant differences across T cell populations obtained from differ-
ent anatomic locations among the control lung population.Unpaired t
test was used to investigate statistical significance of donor CD4+ and
CD8+ T cells at 12 months between participants who experienced
PGD and those who did not. The impact of PGD on T cell chimerism
after transplantation for all time points was investigated using repeated-
measures ANOVA. Repeated-measures ANOVA was used to test
statistical significance between CD4+ and CD8+ T cell chimerism and
the presence of ACR over time. Adobe Illustrator CC 2017 (Ventura,
CA) was used to compile all graphics.

SUPPLEMENTARY MATERIALS
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Methods
Fig. S1. Gating strategy for donor and recipient T cells from BAL samples.
Fig. S2. Gating strategy for donor and recipient T cells from blood.
Fig. S3. Lung transplant recipients have low frequencies of CD4+ Tregs in blood and BAL samples.
Fig. S4. Single-cell RNA sequencing schematic and comparison between patients.
Fig. S5. Lack of association of donor T cell chimerism in BAL with viral infection.
Table S1. Patient demographics and transplant characteristics.

Table S2. Patient demographics for transplant recipients used for CD4+ Treg data.
Table S3. Summary of scRNA-seq results by a 96-well plate.
Table S4. Characteristics of the organ donors for control lung samples.
Table S5. List of antibodies used for flow cytometry and immunofluorescence imaging.
Table S6. Details of reverse transcriptase primers.
Table S7. Cell filtration cutoffs for P19.
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I M M U N O L O G Y

Desynchronization of the molecular clock contributes 
to the heterogeneity of the inflammatory response
Nancy C. Allen1*, Naomi H. Philip1, Lucy Hui1, Xu Zhou1, Ruth A. Franklin1,  
Yong Kong1,2, Ruslan Medzhitov3†

Heterogeneity in the behavior of genetically and developmentally equivalent cells is becoming increasingly ap-
preciated. There are several sources of cellular heterogeneity, including both intrinsic and extrinsic noise. We 
found that some aspects of heterogeneity in the response of macrophages to bacterial lipopolysaccharide (LPS) 
were due to intercellular desynchronization of the molecular clock, a cell-intrinsic oscillator. We found that the 
ratio of the relative expression of two clock genes, Nfil3 and Dbp, expressed in opposite phases of the clock, deter-
mined the fraction of cells that produced the cytokine IL-12p40 in response to LPS. The clock can be entrained by 
various environmental stimuli, making it a mechanism by which population-level heterogeneity and the inflam-
matory response can be regulated.

INTRODUCTION
From prokaryotes to complex multicellular organisms, cells from 
seemingly homogeneous or even clonal populations have diverse 
responses to the same stimulus (1, 2). This functional heterogeneity 
plays critical roles in processes as different as the generation of popu-
lation fitness in cyanobacteria, developmental patterning in Drosophila 
melanogaster, and even differentiation of the vertebrate hematopoietic 
system (1–4). Given the multitude and diversity of scenarios in which 
such heterogeneity has been observed, it is not unexpected that cells 
of the innate immune system, which includes macrophages and den-
dritic cells (DCs), also demonstrate highly heterogeneous behavior 
(5–7). Much of the described heterogeneity among innate immune 
cells is fixed through differentiation or influenced by environmental 
signals (8–10), leading to phenotypically distinct cellular populations. 
Here, we sought to identify heterogeneity in the innate immune re-
sponse among a phenotypically homogeneous population.

Heterogeneity among developmentally and phenotypically equiv-
alent cells is often attributable to noise. Noise can be characterized 
as either “intrinsic” or “extrinsic” (11). Intrinsic noise refers to the 
noise inherent in gene transcription and can be demonstrated as dif-
ferential expression from two identical alleles within a genome. Ex-
trinsic noise encompasses all other cell-intrinsic variables that lead 
to intercellular variability in behavior. Some examples of extrinsic 
noise include heterogeneity in ribosome number or the abundance 
of a pathway-specific transcription factor (11, 12). One specific type 
of extrinsic noise is heterogeneity due to the desynchronization of 
cell-intrinsic oscillators (12, 13). This type of noise is unique, because 
cell-to-cell variability can be modulated by the degree of oscillator 
synchronization between cells.

One well-recognized cell-intrinsic oscillator is the circadian clock, 
which is present in organisms from cyanobacteria to humans and reg-
ulates various aspects of physiology and behavior, from sleep-wake 

cycles to nutrient and xenobiotic metabolism (14–16). In mammals, 
the clock is controlled by transcriptional-translational feedback 
loops. The core components of the circadian clock include the tran-
scriptional activators brain and muscle ARNT-like (BMAL) and cir-
cadian locomotor output cycles protein kaput (CLOCK), which form 
a heterodimeric complex and drive the expression of genes encod-
ing the transcriptional repressors period circadian protein homolog 
(PER) and cryptochrome (CRY). PER and CRY, in return, negatively 
regulate CLOCK-BMAL complexes by associating with them and pre-
venting the histone acetylation that is required for gene transcription 
(15). In addition to the core loop, there are additional loops that 
interact with the core loop. One of these secondary loops involves 
transcriptional activators of the proline and acidic amino acid–rich 
basic leucine zipper (PAR-bZIP) family, including albumin D box–
binding protein (DBP), thyrotroph embryonic factor (TEF), and 
hepatic leukemia factor (HLF), all of which function in opposition to 
the transcriptional repressor NFIL3 (nuclear factor, interleukin-3–
regulated) (16, 17).

We found that cells of a phenotypically homogeneous popula-
tion of mouse bone marrow (BM)–derived macrophages (BMDMs) 
exhibited a heterogeneous cytokine response to bacterial lipopoly-
saccharide (LPS). The response to LPS was not a fixed property of the 
cells. Instead, the response of an individual cell depended on the phase 
of the circadian oscillation. The phase of the circadian clock can be 
modulated by various environmental stimuli (18, 19); therefore, it is 
likely that both the phase of the clock and the degree to which pop-
ulations are synchronized with respect to the phase of the clock are 
important mechanisms by which responses are controlled at the pop-
ulation level.

RESULTS
The macrophage response to LPS is heterogeneous  
and unstable
To initially characterize heterogeneity in the response of mouse 
BMDMs to LPS stimulation in vitro, we analyzed cytokine produc-
tion by flow cytometry. Both of the cytokines tumor necrosis factor 
(TNF) and interleukin-12 p40 (IL-12p40) were produced in a bimodal 
manner, meaning that within the cell population, there were distinct 
groups of cells with respect to the amount of cytokine produced 
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(Fig. 1, A and B). This was in contrast to inducible nitric oxide syn-
thase (iNOS), which was produced in an analog fashion, referring to 
a continuous spectrum of iNOS production among the population 
(Fig. 1C). Whereas all BMDMs produced TNF when exposed to a 
large enough concentration of LPS, there always remained a fraction 
of BMDMs that did not produce IL-12p40 regardless of the concen-
tration of LPS or the length of stimulation (Fig. 1B). To determine 
whether heterogeneity in the IL-12p40 response was due to macro-
phage preprogramming during differentiation, we tested the stabil-
ity of IL-12p40 production. To do this, we stimulated BMDMs from 
mice carrying a fluorescent IL-12p40 reporter (yet40) (20) with LPS 
and sorted them by flow cytometry based on the abundance of yellow 

fluorescent protein (YFP). These sorted populations were then rested 
in culture for 4 days to enable the reversal of LPS tolerance and sub-
sequently restimulated with LPS. LPS tolerance describes a macro-
phage state that develops after initial macrophage activation in the 
presence of persistent LPS. It is characterized by a dampened inflam-
matory response to LPS, preventing excessive inflammation, whereas 
other less destructive antimicrobial processes are continuously ex-
pressed (21). Upon restimulation, bimodal IL-12p40 production was 
reproduced in both the previously IL-12p40–negative and IL-12p40–
positive populations, suggesting that heterogeneity in IL-12p40 pro-
duction is largely controlled by nonstable cellular variables rather 
than differences in cell differentiation or identity (Fig. 1D).
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Fig. 1. Heterogeneity in BMDM cytokine production is bimodal and unstable. (A) BMDMs were stimulated with the indicated concentrations of LPS for 7 hours (top) 
or 3 hours (bottom) in the presence of brefeldin A (BFA) and then analyzed by intracellular flow cytometry for IL-12p40 (top) or TNF (bottom). Numbers within flow 
cytometry plots indicate the percentages of cytokine-positive cells. Count (y axis) refers to the number of cells with a given amount of cytokine measured by fluorescence 
(x axis). (B) Concentration-time response curves for BMDMs stimulated with LPS for the indicated times and then analyzed by intracellular flow cytometry for IL-12p40 or 
TNF. Graphs indicate the percentage of the total population of cells that were positive for the indicated cytokine at each time point. Data in (A) and (B) are representative 
of two independent experiments. (C) BMDMs were stimulated with 10-ng LPS/ml for 10 hours. BFA was added after 4 hours of stimulation. Cells were then analyzed by 
flow cytometry for iNOS and IL-12p40. Data are representative of three independent experiments. (D) Day 6 BMDMs from IL-12p40 (yet40) YFP reporter mice were stim-
ulated with 10-ng LPS/ml for 6 hours and subsequently sorted by flow cytometry into YFP+ and YFP− populations. Cells were returned to culture for 4 days and on day 10 
were left unstimulated or were restimulated with 10-ng LPS/ml for 6 hours in the presence of BFA before being subjected to intracellular staining for IL-12p40. Data are 
representative of two independent experiments.
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Molecular clock components control the macrophage 
response to LPS
Desynchronization of cell-intrinsic oscillators is one mechanism by 
which unstable heterogeneity can be generated within a population 
of cells (Fig. 2A) (13). This was an appealing model for control of the 
inflammatory response, because modulation of heterogeneity through 
cell-intrinsic oscillators would enable increased control relative to other 
noise-mediated mechanisms. The molecular clock is a cell-intrinsic 
oscillator present nearly ubiquitously in mammalian cells, and it is 
composed of a transcription-translation feedback loop with an about 
24-hour period (Fig. 2B) (16). The clock protein NFIL3 inhibits Il12b 
transcription (22), and we therefore suspected that desynchroniza-
tion of the clock could contribute to the observed heterogeneity in 
IL-12p40 production.

Consistent with NFIL3 being a negative regulator of Il12b expres-
sion, we observed that with the loss of Nfil3 through genetic deletion 
in Nfil3+/− and Nfil3−/− mice, the fraction of BMDMs producing IL-
12p40 in response to LPS increased (Fig. 2C). This finding was also 
observed in BM-derived DCs (BMDCs), demonstrating a more gener-
alizable contribution of NFIL3 to Il12b gene regulation (fig. S1). NFIL3 
inhibition of Il12b transcription is thought to be mediated through 
binding to a D-box within the Il12b enhancer (22, 23). PAR- bZIP pro-
teins share the ability to bind D-boxes and function as transcriptional 
activators. DBP is a member of the PAR-bZIP family and is produced 
in the opposite phase of the clock as NFIL3 (24). To test whether DBP 
functions in the opposite manner as NFIL3, we overexpressed either 
Nfil3 or Dbp in BMDMs using retroviral transduction of overexpres-
sion vectors (fig. S2, A to C). Whereas Nfil3 overexpression decreased 
the fraction of BMDMs that were IL-12p40+, Dbp overexpression in-
creased this fraction. Additionally, within transduced BMDMs, the 
degree to which Dbp or Nfil3 was overexpressed correlated with the 
extent to which the IL-12p40+ fraction was increased or decreased, 
respectively (Fig. 2, D and E). Because NFIL3 and DBP are both capa-
ble of binding to D-boxes, we predicted that NFIL3 and DBP compet-
itively bind at the Il12b enhancer. Consistent with this hypothesis, 
chromatin immunoprecipitation (ChIP) of Flag in BMDMs transduced 
with a retrovirus overexpressing Flag-tagged Dbp revealed enrichment 
of DBP at the Il12b enhancer at the time of peak Il12b transcription, 
whereas enrichment of NFIL3 was observed later at times of Il12b 
repression (Fig. 2, F to H, and fig. S3, A and B). This late enrichment 
of NFIL3 at the IL12b enhancer also correlated with LPS-induced Nfil3 
expression and Dbp repression (fig. S3, C and D).

Given the opposing roles of DBP and NFIL3 in the regulation of 
Il12b, we suspected that there might be other genes that can be sim-
ilarly regulated by these two factors. To investigate this, we performed 
RNA sequencing (RNA-seq) on BMDMs from wild-type and Nfil3−/− 
mice that were either unstimulated or stimulated with LPS for 4 or 
24 hours. We noted that even before LPS stimulation Nfil3−/−, BMDMs 
had statistically significantly higher expression of the gene encoding 
the chemokine receptor CCR2, which is found predominately on in-
flammatory monocytes (25). After LPS stimulation, Nfil3−/− BMDMs 
had enrichment for a subset of genes involved in the proinflamma-
tory antibacterial response and decreased expression of a subset 
of genes involved in inhibition of the LPS inflammatory response 
(26–28) (Fig. 3A). Consistent with our hypothesis that DBP and 
NFIL3 can play opposing roles in the LPS inflammatory response, 
gene expression analysis of Dbp-overexpressing BMDMs revealed 
that for several genes, Dbp overexpression phenocopied the loss of 
Nfil3 (Fig. 3, B and C).

Our data suggest that CCR2 might serve as an indicator of the 
clock phase given that expression of Ccr2 is affected by the abun-
dances of DBP and NFIL3. If that was the case, macrophages with 
greater CCR2 abundance should have a higher LPS-induced IL-12+ 
fraction than those with low CCR2 abundance. To test this hypothesis, 
macrophages were sorted on CCR2 abundance and immediately stim-
ulated with LPS. As expected, CCR2-high macrophages had larger 
fraction of IL-12+ cells than did CCR2-low macrophages (Fig. 3, 
D and E). Of note, in all the CCR2 sorting experiments, the total frac-
tion of IL-12+ BMDMs was low, which we suspect is due to the im-
mediate stimulation of the cells after sorting without allowing time 
for the cells to rest.

The molecular clock controls heterogeneity in the 
macrophage response to LPS in vivo
We sought to determine whether the phase of the clock controls 
fractional heterogeneity in vivo. Consistent with a previous report 
(29), we confirmed that peritoneal macrophages exhibited circadian 
oscillation of clock gene expression (Fig. 4A and fig. S4, A to C). 
Given that the Nfil3/Dbp ratio was highest in macrophages harvested 
at zeitgeber time (ZT) 0, the time at which the lights came on in the 
animal facility, and lowest in macrophages harvested at ZT 12, the 
time at which the lights switched off, we predicted that the fraction 
of macrophages producing IL-12p40 in response to LPS would be 
smaller at ZT 0 relative to that at ZT 12. As predicted, peritoneal 
macrophages isolated and stimulated in vitro at ZT 0 or ZT 1 had a 
significantly smaller IL-12p40+ fraction than those isolated at ZT 12 
(Fig. 4, B and C). We then examined the response to LPS in peritoneal 
macrophages from Bmalfl/flLysM-cre mice, in which the core clock 
gene Bmal is deleted specifically in macrophages. Expression analy-
sis of peritoneal macrophages from ZT 1 and ZT 12 in these mice 
revealed that they had lost their circadian regulation of Nfil3 and 
Dbp. Additionally, loss of Bmal led to persistently high Nfil3 and 
low Dbp expression, mimicking ZT 0, throughout the ZT 0 to ZT 
12 light phase of the circadian cycle (Fig. 4, D and E). When peri-
toneal macrophages from Bmal fl/fl-LysM-cre+ mice were stimulated 
with LPS, they demonstrated a loss of circadian variation in IL-12+ 
fraction. As predicted by the high Nfil3/Dbp ratio in these cells, they 
behaved as if they were at ZT 0 regardless of the time of stimulation 
(Fig. 4C).

DISCUSSION
We showed that the heterogeneity in IL-12p40 production by macro-
phages in response to LPS was not stable and that this instability was, 
at least in part, attributable to the phase of the molecular clock. We 
focused on the heterogeneity in IL-12 production because it is a key 
cytokine in the T helper 1 inflammatory response. Although NFIL3 
was previously identified as a negative regulator of Il12b expression 
(22), our studies demonstrate the importance of NFIL3 as a clock 
protein in the regulation of IL-12 production. Additionally, we showed 
that in combination with NFIL3, the clock protein DBP modulated the 
inflammatory response. The molecular clock as a functional regulator 
of heterogeneity in the inflammatory response is logical for several 
reasons. First, other noise-mediated mechanisms of heterogeneity are 
inherently difficult to control. Oscillator-driven mechanisms have the 
benefit of being able to regulate a response through both the phase of 
oscillation and the degree to which populations are synchronized. Be-
cause the molecular clock can be entrained to various environmental 
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Fig. 2. Clock genes Nfil3 and Dbp oppositely control the fraction of LPS-induced BMDMs that are IL-12p40+. (A) Intercellular heterogeneity can be generated 
through desynchronization of cell-intrinsic oscillators. (B) Schematic representation of the primary and secondary loops of the molecular clock. (C) Flow cytometry plots 
of IL-12p40 in BMDMs of the indicated genotype unstimulated or stimulated with 10-ng LPS/ml for 6 hours. Data are representative of two independent experiments. The 
numbers within the flow cytometry plots indicate fraction of cells positive for IL-12p40. (D) BMDMs retrovirally transduced with Nfil3, Dbp, or empty expression vectors 
containing an IRES-hCD2 to allow for identification of successfully transduced cells. BMDMs were either unstimulated or stimulated with 10-ng LPS/ml for 6 hours. Flow 
cytometry plots for IL-12p40 in transduced BMDMs are shown. Data are representative of three independent experiments. (E) Relationship between the amount of gene 
overexpression and the fraction of LPS-induced cells that were IL-12p40+. Data are representative of two independent experiments. (F) Reverse transcription–quantitative 
polymerase chain reaction (RT-qPCR) for Il12b primary transcripts in BMDMs stimulated with 10-ng LPS/ml for the indicated times. Error bars represent mean with 
SD. Graph is representative of two independent experiments. (G) ChIP for NFIL3 at the Il12b enhancer at time 0 (no stim), 2 hours, and 6 hours after BMDM stimulation 
with 10-ng LPS/ml. (H) ChIP for FLAG at the Il12b enhancer at the indicated times in Dbp-Flag retrovirally transduced BMDMs after stimulation with 10-ng LPS/ml. For (G) 
and (H), the percent input represents enrichment of Il12b enhancer DNA relative to DNA immunoprecipitated from an unrelated region of the genome (negative control). 
Data are representative of three independent experiments (fig. S3, A and B).
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stimuli (18, 19, 30), the population-level response can be tuned to en-
vironmental demands. This is an intuitively effective way to control 
the inflammatory response because it enables an adequate strength of 
response for pathogen clearance while minimizing immunopathology.

A remaining question is the degree to which the molecular clock 
is synchronized in vivo. It is generally considered that our cellular 
(peripheral) clocks in vivo are synchronized by daily entrainment 
signals from the central (master) clock in the hypothalamus. This 

viewpoint is, at least in part, supported by our data demonstrating 
the time-of-day difference in macrophage IL-12 production in addi-
tion to the circadian oscillation of clock gene expression at the pop-
ulation level. If macrophages are synchronized in vivo, there needs 
to be an explanation as to why we did not see 100% of peritoneal 
macrophages responding at ZT 12. One explanation for this would 
be that because of other noncircadian factors, individual cells have 
different activation barriers that need to be overcome to sustain 
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Fig. 3. Nfil3 and Dbp regulate BMDM inflammatory response to LPS. (A) RNA-seq of wild-type (WT) and Nfil3 knockout (KO) BMDMs stimulated with 10-ng LPS/ml for 
0 (no stim), 4, or 24 hours. Two independent samples for each condition were sequenced. Genes differentially expressed greater than twofold (Padj < 0.01) in WT or Nfil3 KO 
BMDMs during at least one of the assayed times are shown. Differential expression is plotted in log2. Blue indicates enriched in WT BMDMs; red indicates enriched in Nfil3 KO 
BMDMs. Il12b is shown but was only 1.8× enriched in Nfil3 KO at 4-hour LPS. IFN, interferon. (B) RT-qPCR for selected transcripts in WT and Nfil3 KO BMDMs under the in-
dicated conditions (expressed as relative to WT for the indicated conditions). Error bars represent mean with SD from three technical replicates. Data are representative 
of three independent experiments. (C) RT-qPCR for selected transcripts in BMDMs either transduced with a Dbp-overexpressing or empty vector (EV) under the indicated 
conditions. Expressed as relative to empty vector for the indicated conditions. Error bars represent mean with SD from three technical replicates. Data are representative 
of two independent experiments. (D) Ccr2 expression in BMDMs sorted by CCR2 abundance (normalized to Ccr2 expression in CCR2-low cells). Data are representative of 
three independent experiments. (E) IL-12p40 production in BMDMs sorted by CCR2 abundance and immediately stimulated with LPS (10 ng/ml) with BFA for 6 hours. 
Data are representative of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by Student’s t test.
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Il12b transcription and that only cells fluctuating near the activa-
tion threshold will show circadian variation in response (Fig. 4F). 
However, it is also possible that not all macrophages are synchronized 
in vivo, as was shown to be the case among epidermal stem cells within 

individual hair follicles. This desynchronization is biologically impor-
tant and ensures that not all stem cells have the same responsiveness 
to activating signals (31). With currently available tools, we were un-
fortunately unable to answer this question in our system.
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Fig. 4. Resident peritoneal macrophage response to LPS is time of day dependent and 
controlled by the molecular clock. (A) RT-qPCR analysis of clock genes Nfil3 and Dbp from 
peritoneal cells isolated from C57BL/6 mice (n = 3 per time point) at ZT 0, ZT 6, and ZT 12. ZT 0 
indicates the time at which the lights turn on, and ZT 12 indicates the time at which lights 
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cycle. Error bars represent mean with SD from three technical replicates. (B) IL-12p40 produc-
tion in peritoneal macrophages (CD11b+ F4/80+) isolated from C57BL/6 mice at ZT 0 or ZT 12 
and stimulated in vitro under the indicated conditions for 4 hours in the presence of BFA. 
Numbers within boxes indicate fraction of macrophages that are IL-12+ as measured by flow 
cytometry. (C) Fraction of peritoneal macrophages from Bmal fl/fl;LysMcre− (Bmal WT) and 
Bmal fl/fl;LysMcre+ (Bmal MKO) mice that were IL-12p40+ after stimulation with LPS at either 
ZT 1 or ZT 12. Cells were stimulated as described in (B). Each circle represents one mouse. 
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0.001, **P < 0.01. n.s., not significant by Student’s t test.
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An additional finding from this study is that the LPS-induced 
cytokines IL-12 and TNF exhibited bimodal production, as compared 
to iNOS, which was produced in an analog manner. This raises the 
interesting question of why some genes are expressed digitally, whereas 
others are analog. One difference between cytokines and iNOS is that 
cytokines are secreted, whereas iNOS functions intracellularly to pro-
duce reactive nitrogen species that can both directly and indirectly 
promote intracellular bacterial killing (32). These data raise the pos-
sibility that the cell-intrinsic function versus cell-extrinsic function 
of gene products determines whether genes are regulated in a digital 
or analog fashion. This hypothesis is supported by another study 
demonstrating bimodal production of the cytokine IL-6 in macro-
phages (5). Logically, all cells need to express genes that are required 
for their intrinsic functions, whereas production of secreted factors 
can be delegated to a fraction of the population. Additionally, the par-
titioning of responses may enable the segregation of incompatible 
processes. Given that several of the LPS-induced cytokines are pro-
duced digitally, heterogeneity in the population-level response is 
particularly important, because a homogeneous “all-or-none” in-
flammatory response risks either failure to respond to an infection 
or a hyperinflammatory response with resultant immunopathology.

In sum, our data demonstrate that the phase of the molecular clock 
is an important determinant in the macrophage response to LPS. 
Furthermore, this interaction between the clock and the environment is 
bidirectional, enabling changing functional demands to control cellu-
lar responses through manipulation of the clock phase. Although we 
examined the role of cell-intrinsic oscillators in the control of the macro-
phage inflammatory response, we suspect that these findings are gener-
alizable as a mechanism by which many other cell decisions are made.

MATERIALS AND METHODS
Animals
All mice were housed in the Yale Animal Resources Center in a spe-
cific pathogen–free environment. All management and handing of 
animals were in accordance with approved guidelines by the Insti-
tutional Animal Care and Use Committee at Yale. Mice were kept 
on a strict 12-hour light/12-hour dark (LD) cycle, and for circadian 
experiments, mice were kept on the LD cycle for a minimum of 
2 weeks before use. C57BL/6J mice were purchased from National 
Cancer Institute or the Jackson Laboratory for experiments. Yet40 
(B6.129-Il12btm1Lky/J), Bmal flox (B6.129S4-Arntltm1Weit/J), and 
LysM-cre [B6.129P2-Lyz2tm1(cre)Ifo/J] mice were purchased from 
the Jackson Laboratory and maintained within our animal facility. 
Nfil3 KO mice were provided by P. B. Rothman at the University of 
Iowa (USA). Nfil3 genotyping primers are NFscreen28809anti 
(common 3′) CGATGTCCAGTGTCTTCCTTA, NFWT5’ (wild 
type 5′) GGAGATGGATGCCTCAGTTGGGGT, and PTEN Neo 
(KO 5′) ACGAGACTAGTGAGACGTGC. Cycling conditions are 
as follows: 94°C, 30 s; 58°C, 30 s; 72°C, 45 s.

BMDM differentiation and stimulation
BMDMs were generated by plating mouse BM cells in non–tissue cul-
ture (TC) dishes in macrophage growth medium (MGM) composed of 
30% L929 supernatant/70% RPMI 1640 with l-glutamine (Corning). 
RPMI 1640 was supplemented with 10% heat-inactivated fetal bovine 
serum (FBS) (Gibco), penicillin/streptomycin, sodium pyruvate, Hepes, 
and 2-mercaptoethanol. BM was prepared by crushing mouse femurs 
and tibias to release marrow, followed by ACK (ammonium- chloride-

potassium) lysis and passage through a 70-m cell strainer. BM was 
plated on day of isolation (day 0) at 7 × 106 cells/20 ml of MGM in a 
15-cm non-TC dish. On day 4 of differentiation, cells were supple-
mented with 10 ml of MGM. Unless otherwise stated, on day 6, 
adherent cells were lifted with cold phosphate-buffered saline (PBS) 
containing 5 mM EDTA and were replated at 0.75 × 106 cells per well 
of 12-well non-TC dish or 1.5 × 106 cells per well of six-well non-TC 
dish in MGM for stimulation on day 7 of differentiation. All cell cul-
ture was done at 37°C with 5% CO2. LPS stimulation was performed 
with Ultrapure LPS, Escherichia coli 0111:B4 (Invivogen, catalog no. 
tlrl-3pelps). Concentrations and length of stimulations are indicated in 
the figure legends and/or the results section of the main text. If intra-
cellular cytokine staining was to be performed, GolgiPlug (BD Bio-
sciences, catalog no. 555029), a BFA-containing reagent, was added 
at the time of stimulation.

BMDC differentiation
To generate BMDCs, murine BM was cultured in DC growth medium, 
which consisted of Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% FBS, sodium pyruvate, l-glutamine, Hepes, penicillin/
streptomycin, -mercaptoethanol, and granulocyte-macrophage colony- 
stimulating factor for 6 days (33). BM cells (1 × 106) were plated in 
1 ml of DC growth medium, and 500 l of medium was replaced every 
2 days. BMDCs were gated on live, singlets CD11c+ MHC IIhi, CD11b−.

Flow cytometry staining and analysis
BMDMs were collected for flow cytometry from non-TC dishes with 
cold PBS with 5 mM EDTA. All staining steps and washes were done in 
staining buffer (PBS with 2% FBS, 2.5 mM EDTA) unless otherwise 
indicated. Cells were Fc blocked with anti-CD16/CD32 (clone 93, 
eBioscience) at 1:200 for 15 min on ice before staining with labeled 
antibodies. Cells were stained with extracellular antibodies for 30 min. 
Antibodies include anti-CD11b–fluorescein isothiocyanate at 1:250 
(clone M1/70, eBioscience, catalog no. 11-0112-82), anti-F4/80– 
allophycocyanin (APC) at 1:500 (clone BM8, eBioscience, catalog no. 
17-4801-82), anti-hCD2 at 1:50 (clone RPA-2.10, eBioscience, catalog 
no. 12-0029-42), and anti-CCR2-APC at 1:10 (clone no. 475301, R&D 
Systems, catalog no. FAB5538A). After extracellular staining, cells were 
washed and fixed with 4% paraformaldehyde in PBS for 15 min on 
ice. For intracellular staining, cells were subsequently permeabilized 
with BD Perm/Wash buffer (catalog no. 554723), and intracellular 
staining was performed in BD Perm/Wash buffer for 45 min. Anti-
bodies included anti–TNF–phycoerythrin (PE) at 1:100 (clone MP6- 
XT22-PE, eBioscience, catalog no. 12-7321-81) and anti–IL-12/IL-23 
p40 at 1:100 (clone C17.8, eBioscience, catalog no. 12-7123-82 or 50-
7123-82). After intracellular staining, cells were washed with BD Perm/
Wash buffer followed by staining buffer. Samples were run on a BD 
FACSCalibur or LSR II followed by analysis with FlowJo software.

Cell sorting
BMDMs were stimulated as described in the figure legends and main 
text and subsequently lifted with cold PBS containing 5 mM EDTA. 
Cells were spun at 1350 rpm at 4°C and washed once with sterile stain-
ing buffer (PBS with 2% FBS, 2.5 mM EDTA). If needed, extracellular 
staining was performed as described earlier. Cells were then filtered 
and sorted on a Beckman Coulter MoFlo or BD FACSAria in the Yale 
fluorescence-activated cell sorting (FACS) Facility. Peritoneal cells 
were collected as described under the section “Peritoneal cell isola-
tion and stimulation.” They were then stained with anti-CD11b and 
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anti-F4/80 as described under the section “Flow cytometry staining 
and analysis.” Stained cells were washed with sterile staining buffer and 
filtered (as described above), followed by sorting on a BD FACSAria 
in the Yale FACS Facility.

RNA isolation, reverse transcription, and RT-qPCR
BMDM RNA was collected with RNA Bee (Amsbio). Phase separa-
tion was performed with chloroform, followed by isopropanol pre-
cipitation of RNA and ethanol wash according to the manufacturer’s 
protocol. For peritoneal cells and sorted cells, RNA was isolated using 
the RNeasy Mini Kit including On-Column DNAse Digestion with 
the RNase-Free DNase Set (Qiagen). Purified RNA was resuspended 
in nuclease-free water and quantitated using a NanoDrop 8000 
Spectrophotometer before reverse transcription (RT). Oligo(dT) 
(Sigma- Aldrich) or random hexamer (Sigma-Aldrich) primers were 
used for mRNA or primary transcript analysis, respectively. Primers 
were annealed to RNA by adding 1 l of oligodT (0.5 g/l) or random 
hexamer to 10 l (1 g) of RNA, followed by 70°C for 3 min and 4°C 
for 5 min in a thermocycler. Subsequent RT was performed using 
SMART MMLV Reverse Transcriptase (Clontech) in a 20-l total 
reaction volume according to the manufacturer’s protocol. Upon com-
pletion of RT, complementary DNA (cDNA) volume was brought to 
100 l with nuclease-free water. RT-qPCR was performed with PerfeCTa 
SYBR Green SuperMix, Low ROX (Quanta Biosciences) in a 10-l reac-
tion volume according to the manufacturer’s protocol. Bio-Rad CFX96 
was used for thermocycling. Primers for RT-qPCR are listed in table S1.

Retroviral transduction
Human embryonic kidney (HEK) 293 T (293 T) cells were grown in 
DMEM with 10% FBS at 37°C, 5% CO2. 293 T cells (0.75 × 106/6-cm 
dish/3-ml medium) were transfected with 4 g of retroviral vector 
(MIGR2.IRES-hCD2) and 4 g of pCL-Eco packaging vector with 
Lipofectamine 2000 (Life Technologies) as a transfection reagent. 
Twenty-four hours after transfection, medium was removed and re-
placed with MGM. Twenty-four hours later, HEK 293 T viral super-
natant was collected and passed through a 0.45-m filter. Fresh 
MGM (3 ml) was added to 293 T cultures. Lipofectamine 2000 was 
added to viral supernatant at 1/250 and incubated at room tempera-
ture for 10 min. BM from one mouse was isolated as described un-
der “BMDM differentiation and stimulation” and resuspended in 
200 l of MGM. Fifty microliters of BM was mixed with 3 ml of viral 
supernatant and spinfected by centrifuging at 2500 rpm, 90′ at 32°C 
in a six-well non-TC plate. After spinfection, 1.5 ml of fresh MGM 
was added to each well, and cells were incubated overnight at 37°C. The 
following day, fresh viral supernatant was filtered and incubated 
with Lipofectamine 2000 as described above. BM cells were collected, 
spun down, and resuspended in freshly prepared viral supernatant. 
Spinfection was repeated. After spinfection, BM was collected and 
washed once with MGM, and cells were counted. D1 BM cells were 
plated at ~7 × 106 cells per 15-cm petri dish in 20 ml of MGM. From 
this point, BMDMs were differentiated as described under “BMDM 
culture.”

Cloning
Murine Dbp was cloned from BMDM cDNA, and murine Nfil3 was 
cloned from pcDNA3.1-mNFIL-3, a gift from P. Murray (Addgene 
plasmid no. 34572). Inserts were subcloned into the multiple cloning site 
of the modified pMSCV.IRES-hCD2 retroviral overexpression vector, 
MIGR2 (provided by D. Stetson, University of Washington, Seattle, 

WA). Q5 Site-Directed Mutagenesis kit (New England Biolabs, cata-
log no. E0554) was used to add a FLAG sequence to the 5′ end of Dbp.

Chromatin immunoprecipitation
About 40 × 106 BMDMs were used per condition. After simulation 
with LPS, cells were directly fixed with 1% formaldehyde and incu-
bated at room temperature for 10 min. Cross-linking was quenched 
by adding freshly prepared glycine in PBS to a final concentration of 
0.125 M and let sit for 5 min at room temperature. Plates were washed 
twice with cold PBS and were scraped into a 50-ml conical tube using 
cell scrapers. Collected cells were spun and resuspended in 0.5 ml of 
SDS lysis buffer [1% SDS, 10 mM EDTA, and 50 mM tris (pH 8.0)] 
with 1× protease inhibitors (Sigma-Aldrich, catalog no. S8830). Cells 
were sonicated using a Virtis Virsonic 600 with a microtip and the 
following settings: total process time, 5 min; pulse on, 0.5 s; pulse 
off, 0.5 s; output, 1. Chromatin was stored overnight (O/N) at −80°C 
and thawed the following day on ice. Samples were centrifuged for 
15 min, with a maximum speed at 4°C in a tabletop centrifuge, and 
supernatant was taken for quantification on a NanoDrop 8000. 
Chromatin (100 g) was used per immunoprecipitation (IP) in a 
total volume of 300 l in ChIP dilution buffer (16.7 mM tris-HCl, 
167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, and 1.1% Triton X-100) 
with protease inhibitors. After this, the appropriate antibodies were 
added to each IP, 10 g of anti- NFIL3 (Santa Cruz Biotechnology, 
catalog no. sc-9550x), 8 g of anti-FLAG (Sigma- Aldrich, catalog 
no. F7425), and samples were rotated overnight at 4°C. To pull down 
immune complexes, 50 l of Protein G Agarose/Salmon Sperm DNA 
(EMD Millipore) was added per IP and rotated 2 hours at 4°C. Fif-
teen microliters of supernatant from no-antibody control samples 
was saved as 5% input. Samples were washed in the following se-
quence: 1× with 1 ml of low-salt wash buffer [0.1% SDS, 1% Triton 
X-100, 2 mM EDTA, 20 mM tris-HCl (pH 8.1), and 150 mM NaCl], 
1× with 1 ml of high-salt wash buffer [0.1% SDS, 1% Triton X-100, 
2 mM EDTA, 20 mM tris-HCl (pH 8.1), and 500 mM NaCl], 1× with 
LiCl1 wash buffer [0.25 M LiCl, 1% IGEPAL CA-630, 1% deoxy-
cholic acid (sodium salt), 1 mM EDTA, 10 mM tris (pH 8.1)], and 2× 
with 1-ml tris-EDTA (TE) (pH 8.0). All washes were done with 
ice-cold buffer at 4°C with rotation, except TE washes that were done 
at room temperature. After washes, samples and inputs were resus-
pended in 300-l SDS lysis buffer with 1-l Proteinase K (20 g/l) 
and incubated for 2 hours at 55°C to digest proteins. Samples were 
reverse–cross-linked by incubating overnight at 65°C. Immunopre-
cipitated DNA was purified with the Qiagen PCR purification kit, 
and samples were eluted in 200 l of water. RT-qPCR was performed 
as described in the section “RNA isolation, reverse transcription, and 
RT-qPCR.” ChIP primers were as follows: Il12b enhancer, TTCAC-
CAGTGACTCCAGCAG (forward) and AGGACCATGGCTGGTA-
CAAC (reverse); Il12b promoter, GGGGAGGGAGGAACTTCTTA 
(forward) and CTTTCTGATGGAAACCCAAAG (reverse); and nega-
tive control, AGCTGTGTAGGGACACATATTGAG (forward) and 
CACACAAACTCTTAGTCCAGTTCC (reverse).

RNA-seq and sample preparation
RNA for next-generation sequencing was isolated using the RNeasy 
Mini Kit (Qiagen), including QIAshredder (Qiagen) sample homog-
enization and On-Column DNAse Digestion with the RNase-Free 
DNase Set (Qiagen). RNA purity and quality were analyzed on an 
Agilent Bioanalyzer 2100 before library preparation. Libraries were 
prepared by the Yale Center for Genome Analysis and run on a HiSeq 
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2000 (eight samples per lane) at 1 × 75 base pairs. Raw data were an-
alyzed as follows: The raw sequence reads of RNA-seq experiments 
from Illumina were trimmed off sequencing adaptors and low-quality 
regions by btrim (34). The trimmed reads were mapped to mouse 
genome (mm10) by TopHat2 (35). The gene definitions of mouse 
genome were based on University of California, Santa Cruz annota-
tion and downloaded from iGenomes (http://support.illumina.com/
sequencing/sequencing_software/igenome.html). After the counts 
were collected, the differential expression analysis was carried out by 
DESeq2 (36) using the default setting to normalize the read counts 
and calculate the adjusted P values.

Peritoneal cell isolation and stimulation
Mice were euthanized by CO2 asphyxiation. Abdominal skin was 
removed, and peritoneum was flushed with 8 ml of RPMI 1640 
with 10% FBS and 1× penicillin/streptomycin (supplemented RPMI 
1640) using a 20-gauge needle. Medium was prewarmed to 37°C 
if cells were to be used for culture; otherwise, medium was at 4°C. 
For subsequent RNA isolation, cells were spun at 1350 rpm, 5 min at 
4°C, and cell pellet was resuspended in 350 l of Buffer RLT supple-
mented with 2-mercaptoethanol as directed by RNeasy Mini Protocol 
(Qiagen). For subsequent cell culture, peritoneal cells were spun at 
1350 rpm, 5 min at room temperature, and were resuspended in 
supplemented RPMI 1640 with GolgiPlug (BD Biosciences, catalog 
no. 555029). Cells were transferred to a 96-well round-bottom plate 
for subsequent stimulation. Cells were stimulated with Ultrapure LPS, 
E. coli 0111:B4 (Invivogen, catalog no. tlrl-3pelps) as described in the 
figure legends and main text.

Statistical analysis
When comparing two groups with three or more technical replicates 
per group, a two-tailed unpaired Student’s t test was performed to 
determine statistical significance. Error bars indicate SD. For exper-
iments with only two samples for group, error bars represent mean 
with range.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/12/571/eaau1851/DC1
Fig. S1. IL-12p40 production by BMDCs depends on Nfil3.
Fig. S2. The surface abundance of hCD2 correlates with the extent of retroviral gene 
overexpression.
Fig. S3. NFIL3 and DBP dynamically interact with the Il12b enhancer after LPS stimulation.
Fig. S4. Peritoneal macrophages exhibit circadian oscillation of clock gene expression.
Table S1. RT-qPCR primers used in this study.
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C A R  T  C E L L S

Phosphoproteomic analysis of chimeric antigen 
receptor signaling reveals kinetic and quantitative 
differences that affect cell function
Alexander I. Salter1,2, Richard G. Ivey2, Jacob J. Kennedy2, Valentin Voillet3, Anusha Rajan1,2,  
Eva J. Alderman1,2*, Uliana J. Voytovich2, Chenwei Lin2, Daniel Sommermeyer1,2†, Lingfeng Liu1,2‡, 
Jeffrey R. Whiteaker2, Raphael Gottardo3, Amanda G. Paulovich2, Stanley R. Riddell1,2,4§

Chimeric antigen receptors (CARs) link an antigen recognition domain to intracellular signaling domains to redi-
rect T cell specificity and function. T cells expressing CARs with CD28/CD3 or 4-1BB/CD3 signaling domains are 
effective at treating refractory B cell malignancies but exhibit differences in effector function, clinical efficacy, and 
toxicity that are assumed to result from the activation of divergent signaling cascades. We analyzed stimulation- 
induced phosphorylation events in primary human CD8+ CD28/CD3 and 4-1BB/CD3 CAR T cells by mass spec-
trometry and found that both CAR constructs activated similar signaling intermediates. Stimulation of CD28/
CD3 CARs activated faster and larger-magnitude changes in protein phosphorylation, which correlated with an 
effector T cell–like phenotype and function. In contrast, 4-1BB/CD3 CAR T cells preferentially expressed T cell 
memory–associated genes and exhibited sustained antitumor activity against established tumors in vivo. Muta-
genesis of the CAR CD28 signaling domain demonstrated that the increased CD28/CD3 CAR signal intensity was 
partly related to constitutive association of Lck with this domain in CAR complexes. Our data show that CAR sig-
naling pathways cannot be predicted solely by the domains used to construct the receptor and that signal strength 
is a key determinant of T cell fate. Thus, tailoring CAR design based on signal strength may lead to improved 
clinical efficacy and reduced toxicity.

INTRODUCTION
Synthetic receptors that mimic natural T cell signaling cascades are 
being developed as immunotherapeutic reagents for cancer, auto-
immunity, and infections. Chimeric antigen receptors (CARs), chi-
meric costimulatory receptors, and engineered T cell receptors 
(TCRs) can be introduced into T cells by gene transfer to redirect 
specificity and promote signaling pathways that initiate effector 
T cell functions (1). The most successful of these novel therapeutics 
to date are CARs, which are composed of an extracellular antigen- 
specific single-chain variable immunoglobulin fragment (scFv) fused 
to intracellular signaling domains that activate T cells upon ligand 
binding (2). Although treatment with CAR T cells can result in the 
complete remission of relapsed or refractory B cell malignancies, it 
can also cause life-threatening toxicities including cytokine release 
syndrome (CRS) and neurotoxicity (3–12). Both efficacy and toxic-
ity result from activation of intracellular signaling pathways medi-
ated by CAR engagement.

T cell activation occurs after TCR engagement with antigen- 
specific peptide bound within the major histocompatibility com-
plex (MHC). TCR binding stimulates intracellular phosphorylation 
of immunoreceptor tyrosine-based activating motifs (ITAMs) on the 
CD3, , , and  chains of the TCR (13). Combined with protein 

phosphorylation signals delivered in trans from costimulatory mole-
cules and cytokines, these events alter T cell transcriptional programs, 
induce proliferation, promote cytotoxic functions, and stimulate 
cytokine release. Most CARs use a simplified format to recapitulate 
the signals necessary for T cell effector function and proliferation. 
CAR constructs combine the CD3 endodomain in a single chain 
with a costimulatory domain from CD28 or 4-1BB. Both CD28/CD3 
and 4-1BB/CD3 CAR T cells are effective for treating patients with 
B cell malignancies but may behave differently in vivo. CD28/CD3 
CAR T cells generally undergo intense proliferation within 7 days of 
adoptive transfer and seldom persist more than 60 days after infu-
sion (7, 14). In contrast, 4-1BB/CD3 CAR T cells reach peak num-
ber by 7 to 14 days after transfer and can persist for several months 
(8, 15). However, variability in patient cohorts, CAR structures, and 
clinical trial designs impede robust comparisons across trials. Studies 
comparing CD28/CD3 and 4-1BB/CD3 CAR T cells in vitro and in 
animal models partially explain these clinical differences by demon-
strating that 4-1BB/CD3 CAR T cells have greater mitochondrial 
mass and a more memory T cell–like surface phenotype, and better 
retain effector functions in settings of chronic antigen stimulation 
(16, 17).

It is widely assumed that the differences in phenotype and func-
tion of CD28/CD3 and 4-1BB/CD3 CAR T cells are conferred 
by activation of divergent signaling pathways through the distinct 
CAR costimulatory molecule domains. Analyses of signaling path-
ways stimulated by 4-1BB/CD3 or third-generation CD28/4-1BB/
CD3 CARs performed using phospho–flow cytometry, Western 
blot, or blot array do not identify differences between CD28/CD3 
and 4-1BB/CD3 CAR signaling modules and only profile a small 
number of known signaling events to which there are experimental-
ly validated antibodies (18, 19). A more comprehensive, unbiased 
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and quantitative approach to examine CAR signaling would be to 
use liquid chromatography–tandem mass spectrometry (LC-MS/
MS). When applied to study TCR signaling, LC-MS/MS uncovered 
hundreds of novel phosphoprotein signaling events that were missed 
by antibody-based techniques (20–24).

Here, we used LC-MS/MS to analyze CAR stimulation–induced 
signaling events in primary human CD8+ T cells that express clini-
cally relevant CD28/CD3 or 4-1BB/CD3 CARs specific for CD19 
or ROR1. We found that stimulation through CD28/CD3 and 
4-1BB/CD3 CARs produced nearly identical protein phosphoryla-
tion events. Instead, stimulation of CD28/CD3 CAR T cells prompted 
more rapid and intense phosphorylation of signaling intermediates 
and a more effector cell–like phenotype than stimulation of 4-1BB/
CD3 CAR T cells. CD28/CD3 CAR T cells were less potent at 
eradicating disseminated lymphoma in a xenograft mouse model 
than 4-1BB/CD3 CAR T cells. Increased basal phosphorylation of 
the CAR CD3 chain and CAR-associated Lck contributed to the 
rapid kinetics and stronger signal strength of CD28/CD3 CARs. 
Thus, the major distinction between CD28/CD3 and 4-1BB/CD3 
CARs related not to divergent phosphoprotein signaling pathways 
but rather signaling strength and kinetics, which, in turn, affect 
T cell function and fate. These results may inform the design of new 
therapeutic receptors.

RESULTS
CAR designs containing a Strep-tag II sequence enable 
selective activation of CAR signaling in primary T cells
TCR signaling has been studied using LC-MS/MS analysis of trans-
formed Jurkat T cells stimulated with anti-CD3 monoclonal anti-
bodies (mAbs) (20, 21, 24). Jurkat cells were selected for signaling 
studies because of the ease at which they can be grown and manip-
ulated with common molecular biology techniques. Primary T cells 
from human subjects are more appropriate for studying CAR sig-
naling, and we previously developed a method to activate CAR sig-
naling in T cells without the need for ligand-expressing stimulator 
cells (25). We modified two lentiviral vectors encoding CD19- and 
ROR1-specific 4-1BB/CD3 CARs that are currently being tested in 
clinical trials by adding a nine–amino acid Strep-tag II (STII) se-
quence to the extracellular CAR hinge. For comparison, we cloned 
structurally identical CD19- and ROR1-specific CD28/CD3 CARs 
containing the STII tag (Fig. 1A). All constructs contained a trun-
cated epidermal growth factor receptor (EGFRt) marker downstream 
of a T2A ribosomal skip element for purification of CAR-expressing 
T cells (26). Inclusion of the STII sequence does not interfere with 
CAR T cell recognition or function, and STII CD28/CD3 or 4-1BB/
CD3 CAR T cells are efficiently activated and expanded in vitro by 
simulation with STII microbeads (Fig. 1B) (25). Primary CD8+ T cells 
were transduced with each lentiviral vector, sorted for EGFRt expres-
sion, and expanded to >1.6 × 108 cells with a single cycle of stimula-
tion before subsequent analysis (Fig. 1C). The abundance of CD28/
CD3 and 4-1BB/CD3 CARs of each scFv specificity was similar 
on the cell surface as measured by staining with STII mAb (Fig. 1D). 
CAR T cells also expressed similar amounts of CD45RO, CD62L, 
CD27, and CD28 (Fig. 1E), indicating that CAR T cells retained 
markers associated with memory and proliferative potential. We 
only detected small frequencies of PD-1– or Tim-3–positive CAR 
T cells, suggesting that the cells were not activated or exhausted 
after cell culture (Fig. 1E). Accordingly, >85% of CD28/CD3 and 

4-1BB/CD3 CAR T cells were in the G0-G1 cell cycle phase, indi-
cating that the cells were resting (Fig. 1F).

We evaluated canonical T cell signaling events induced by STII li-
gation and found that cell-free STII microbead stimulation of CARs 
was similar to CAR antigen–expressing tumor cells. ROR1-specific 
4-1BB/CD3 CAR T cells were incubated for 45 min with increasing 
amounts of STII microbeads or with ROR1-transduced K562 (K562/
ROR1) tumor cells, and CD3 Tyr142 and SLP-76 Ser376 were mea-
sured by Western blot. At the highest bead to CAR T cell ratio, the 
phosphorylation of CD3 and SLP-76 was grossly similar to that ob-
served in lysates from CAR T cells stimulated with K562/ROR1 cells 
(Fig. 1G and fig. S1A). This bead-to-cell ratio was used for all subse-
quent experiments. Thus, STII microbead stimulation provided a 
precise method to selectively activate CAR signaling in primary T cells.

MS identifies common protein phosphorylation events after 
stimulation of CD28/CD3 or 4-1BB/CD3 CAR T cells
We performed LC-MS/MS analysis to interrogate the signaling 
pathways activated in CD28/CD3 or 4-1BB/CD3 CARs in an un-
biased manner. Human T cells expressing CD28/CD3 or 4-1BB/
CD3 CARs were incubated with STII or uncoated (control) mi-
crobeads for 10 or 45 min (Fig. 2A). CD19-specific CAR T cells 
generated from two different donors were used in two independent 
experiments, and a third independent experiment used ROR1-specific 
CAR T cells derived from one of the two donors (Fig. 2B). Given 
that ROR1- and CD19-specific CARs displayed similar phenotypes 
across the two donors and were stimulated identically in a ligand- 
independent manner, the corresponding measurements were con-
sidered biological replicates. To provide relative quantitation of 
phosphopeptides within each experiment, we labeled each trypsin- 
digested lysate with a unique isobaric tandem mass tag (TMT) and 
globally enriched for phosphopeptides by both phosphorylated tyro-
sine (pTyr) immunoprecipitation and immobilized metal affinity 
chromatography (IMAC) (27) (fig. S1B). We identified a total of 26,804 
phosphorylation sites across the three experiments corresponding to 
4849 proteins. Among phosphorylation sites, 571 (2.13%) were pTyr, 
4647 (17.33%) were phosphorylated threonine (pThr), and 21,586 
(80.53%) were phosphorylated serine (pSer). (Fig. 2C). Considering 
the stochastic limitations inherent in data-dependent acquisition 
shotgun prote omics (28), we found considerable overlap in the cap-
tured phos pho proteome between replicate experiments (Fig. 2D). 
As previously described in murine T cells, 99% of phosphorylation 
sites detected in each experiment were present in both unstimulated 
and stimulated T cell lysates, enabling quantitation of changes in-
duced by CAR activation (22, 29).

We analyzed well-described TCR phosphorylation events within 
the MS data set to identify sites that were modified by CAR engage-
ment (13). We calculated the log2 of the fold-change (log2FC) value 
for all phosphoryl ation sites within each experiment by comparing 
stimulated samples to appropriate controls (that is, CD28/CD3 
CAR 10-min stimulation versus CD28/CD3 CAR 10-min control). 
At 10 min, phosphorylation of CD3 at Tyr83, Tyr111, and Tyr142, 
was increased in stimulated CAR T cells (Fig. 2E). All CAR T cells 
displayed increased phosphorylation of CD28 at Tyr209 after 10 min, 
which demonstrated that 4-1BB/CD3 CAR activation stimulates 
phosphorylation of endogenous CD28. After 45 min of stimulation, 
phosphoprotein signaling spread to downstream TCR nodes, and we 
measured increased phosphorylation of phospholipase C–1 (PLC-1) 
at Ser1248 and BCL10 at Ser138 (Fig. 2E) (30, 31). We did not observe 
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reproducible changes at either time point in the phosphorylation of 
CD3, , or  ITAMs. Because these sites are phosphorylated after 
TCR stimulation (13), our data indicated that CAR signaling only 
partially mimics endogenous TCR activation.

The MS data suggested that CD28/CD3 CAR stimulation may 
initiate a greater magnitude log2FC than 4-1BB/CD3 CARs at both 
10 and 45 min, and we confirmed this finding by Western blot. 
Evaluation of cell lysates for CD3 pTyr142, ZAP-70 pTyr319, and 

A

D

F G

E

B C

P

Fig. 1. Both CD28/CD3 and 4-1BB/CD3 CAR T cells can be activated through an engineered STII hinge. (A) Schematic of CARs incorporating an STII sequence in 
the extracellular hinge. CARs contained either the CD19-specific FMC63 scFv or the ROR1-specific R12 scFv. (B) Schematic of CAR T cell activation through the STII hinge 
using magnetic beads coated with antibody against STII. (C) Flow cytometry analysis of CD8 and EGFRt staining on singlet CD19 CAR T cells after expansion. Dot plots are 
representative of three independent experiments. The frequency values of positive cells are means from all experiments. (D and E) Flow cytometry analysis of STII staining 
of cell surface CAR (D) or CD45RO, CD62L, CD27, CD28, PD-1, and Tim-3 phenotypic marker staining (E) on sort-purified CD19- or ROR1-specific singlet CD8+ CAR T cells 
after expansion. Histogram plots of CD28/CD3 CAR T cells (red), 4-1BB/CD3 CAR T cells (blue), or isotype control staining (gray) are representative of four independent 
experiments. The frequency values of positive cells are means from all experiments. (F) Flow cytometry analysis of the DNA content of CAR T cells after expansion. Histo-
grams are representative of four independent experiments. The frequency values of cells in G0-G1 gate are means from all experiments. (G) Western blot analysis for CD3, 
CD3 pTyr142, SLP-76, and SLP-76 pSer376 in lysates of ROR1 4-1BB/CD3 CAR T cells after 45 min of coculture with varying quantities of STII microbeads, K562 cells, or 
K562/ROR1 cells. Blots and fold change (log2FC) of normalized band intensity values are representative of two independent experiments. The indicated P values were 
calculated by paired two-tailed t test (E).
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Fig. 2. CAR T cells signal through endogenous T cell signaling proteins. (A and B) Human CAR T cell treatment conditions and experimental groups. (C to E) MS/MS 
analysis of phosphorylated peptides from lysates of CAR T cells stimulated as in (A). The total number of pSer, pThr, and pTyr peptides identified (C) and the Venn diagram 
of the overlap among phosphorylation sites (D) are pooled from three independent experiments. The fold change (log2FC) data in phosphorylation at the indicated times 
at sites involved in canonical TCR signaling (E) are means ± range from two or three independent experiments. (F) Western blot analysis for CD3, CD3 pTyr142, ZAP-70 
pTyr319, and PLC-1 pTyr783 in lysates from CD19-specific CD28/CD3 or 4-1BB/CD3 CAR T cells at the indicated times after stimulation. Blots are representative of three 
independent experiments. Fold change (log2FC) data of normalized band intensity are means ± SD from all experiments. The indicated P values were calculated by 
repeated- measures one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test comparing CD28/CD3 and 4-1BB/CD3 CAR samples (F).
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PLC-1 pTyr783 demonstrated that both CD28/CD3 and 4-1BB/
CD3 CAR stimulation increased phosphorylation of these sites, 
but we observed more intense ZAP-70 and CAR CD3 phosphoryl-
ation in stimulated CD28/CD3 CAR T cells compared to 4-1BB/
CD3 CAR T cells (Fig. 2F). We also detected a low level of basal 
CAR CD3 phosphorylation in unstimulated CD28/CD3 CD19 
and ROR1 CAR T cells that was not present in 4-1BB/CD3 CAR 
T cells. Western blot analysis of lysates from primary CD4+ T cells 
transduced with CD19 CARs and stimulated with STII microbeads 
also demonstrated similar patterns of basal CAR CD3 phosphoryl-
ation as well as more rapid and robust phosphorylation of CD3 
and SLP-76 within CD28/CD3 CAR T cells (fig. S2A). Constitutive 
phosphorylation of the CAR CD3 domain or tonic signaling has 
been shown to occur with some CARs, including a CD19-specific 
CD28/CD3 CAR that is being used in the clinic (32). Strong tonic 
signaling has been linked to sequences in the scFv that promote 
clustering of CAR molecules at the cell surface and results in the 
up-regulation of T cell exhaustion markers (33, 34). Because we did 
not observe differences in PD-1 or Tim-3 expression, or evidence of 
CAR clustering in unstimulated CD28/CD3 or 4-1BB/CD3 CAR 
T cells (Fig. 1, E and F, and fig. S2B), the low level of basal CAR 
CD3 domain phosphorylation detected here may be distinct from 
more extreme tonic signaling observed in some CARs with different 
scFv specificities.

Phosphorylation events mediated by CD28/CD3 or  
4-1BB/CD3 CARs differ in kinetics and magnitude
An advantage of shotgun MS is that it can quantitatively and tem-
porally measure thousands of phosphorylation events outside of the 
canonical TCR signaling pathway to which there are no experimen-
tally validated antibodies. We leveraged the limma statistical frame-
work and associated R package to identify phosphorylation sites 
that were increased or decreased in abundance after CD28/CD3 
and 4-1BB/CD3 CAR ligation (35). We assigned a phosphoryl-
ation site to be CAR stimulation–responsive if it was detected in at 
least two of the three experiments, displayed an average |log2FC| ≥ 
0.7 between stimulated and unstimulated conditions at 10 or 45 min, 
and met a 5% false discovery rate (FDR) cutoff. A log2FC cutoff of 
0.7 was chosen because this represents approximately 2 SDs of the 
distribution of log2FC values (fig. S3).

Using these cutoffs, 26 phosphorylation sites were identified as 
stimulation-responsive at 10 min after activation of CD28/CD3 
CAR T cells. These sites were enriched for proteins in the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) TCR signaling path-
way including increased phosphorylation of p21-activated kinase 2 
(PAK2) at Ser64, CD8 (CD8A) at Ser231, protein kinase C  (PKCT) 
at Ser370, and proto-oncogene vav (VAV1) at Ser748 and Thr749 
(Fig. 3A and table S1). We also detected increased phosphorylation 
of neuroblast differentiation-associated protein (AHNAK) at Ser5857, 
which activates PLC-1 and is required for T cell calcium (Ca2+) 
mobilization and effector functions (36, 37). In contrast, no sites 
met log2FC and FDR criteria at 10 min after stimulation of 4-1BB/
CD3 CAR T cells (Fig. 3A and table S1). The lack of robust alter-
ations in early protein phosphorylation in 4-1BB/CD3 CAR T cells 
was consistent with Western blot data showing a very low level of 
phosphorylation of CAR CD3, ZAP-70, and PLC-1 at 10 min af-
ter stimulation (Fig. 2F).

After 45 min of stimulation, more intense changes in protein 
phosphoryl ation had occurred, and we detected phosphorylation at 

1289 sites that met the log2FC and FDR cutoffs in either CD28/CD3 
or 4-1BB/CD3 CAR T cell samples. These included 1279 phosphor-
ylation sites from 743 gene products in CD28/CD3 CAR T cells and 
522 sites from 346 gene products in 4-1BB/CD3 CAR T cells 
(Fig. 3A and tables S2 and S3). These data indicated that stimula-
tion of CD28/CD3 CAR T cells increased phosphorylation at a 
greater number of sites than did stimulation of 4-1BB/CD3 CAR T 
cells. However, both CD28/CD3 and 4-1BB/CD3 CAR activation 
stimulated highly similar changes in the phosphorylation of 
activation- responsive sites (Fig.  3B). Only 12 (0.93%) of the 1289 
phosphorylation sites that met the cutoffs in CD28/CD3 CAR 
samples exhibited an opposite response after 4-1BB/CD3 CAR 
stimulation, and only 43 (3.3%) sites exhibited a greater magnitude 
log2FC after 4-1BB/CD3 CAR stimulation. These observations 
were consistent with our earlier data suggesting that signaling 
downstream of CD28/CD3 CAR activation was more intense than 
downstream of 4-1BB/CD3 CAR activation. Furthermore, these 
subsets of 12 and 43 phosphorylation sites did not map to currently 
defined 4-1BB signaling networks (38).

Finding relatively few differences in the phosphorylation events 
stimulated after activation of CD28/CD3 and 4-1BB/CD3 CARs 
was unexpected. When we questioned how proteins involved in the 
canonical T cell costimulatory signaling pathways were affected, we 
found that the phosphorylation of CD28 signaling intermediates 
VAV1, PIK3C2A, and PKCT was also increased after stimulation of 
both CD28/CD3 and 4-1BB/CD3 CAR T cells (Fig. 3C) (39). This 
result appeared to agree with our earlier observations that endoge-
nous CD28 was phosphorylated after activation of 4-1BB/CD3 
CAR T cells (Fig. 2E). Within the 4-1BB signaling pathway, phos-
phorylation of lymphocyte-specific protein 1 (LSP1), a direct target 
of 4-1BB and TRAF2 signaling, was altered by stimulation of both 
CD28/CD3 and 4-1BB/CD3 CAR T cells (40). Thus, rather than 
activating divergent costimulatory pathways, as might be predicted 
from the distinct costimulatory domains encoded by the receptors, 
activation of CD28/CD3 and 4-1BB/CD3 CARs induced highly 
similar changes in intracellular protein phosphorylation that encom-
passed both canonical CD28 and 4-1BB signaling intermediates.

A map illustrating the major pathways and individual protein 
phosphorylation events affected by CD28/CD3 and 4-1BB/CD3 
CAR stimulation includes proteins involved in canonical TCR sig-
naling and mitogen-activated protein kinase (MAPK) signaling path-
ways (Fig. 4 and table S3). In addition, stimulation of either CD28/
CD3 or 4-1BB/CD3 CAR T cells affected phosphorylation of actin- 
cytoskeletal regulatory proteins, RNA processing proteins, nuclear 
pore proteins, and mitochondrial fission regulators such as DRP1 
(41, 42). A list of CAR stimulation–responsive phosphorylation sites 
is provided in tables S1 and S2. Many of these proteins have not been 
previously associated with TCR or CAR signaling.

Differences in the magnitude of CD28/CD3 and 4-1BB/CD3 
CAR signaling persist across time
Phosphorylation events activated by CD28/CD3 and 4-1BB/CD3 
CAR T cell stimulation were highly similar but differed in intensity 
at the vast majority of sites. Signaling strength during T cell activa-
tion, measured as a composite of TCR affinity, costimulation, and 
cytokine signals, dictates clonal expansion and the effector capacities 
of a T cell response (43–45). To provide a holistic measure of CAR 
signal strength, we sorted stimulation-responsive phosphorylation 
sites at 45 min from CD28/CD3 and 4-1BB/CD3 CAR samples by 
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Fig. 3. The kinetics and strength of signaling vary after stimulation of CD28/CD3 or 4-1BB/CD3 CAR T cells. (A) Volcano plots of fold change (log2FC) and FDR for 
phosphorylation sites identified by MS/MS in Fig.  2. Green dots indicate sites with increased phosphorylation, and red dots indicate sites with decreased phosphorylation 
after CAR stimulation in at least two experiments. (B) Comparison of stimulation-responsive phosphorylation sites identified by MS/MS at 45 min after activation in either 
CD28/CD3 or 4-1BB/CD3 CAR samples. Green dots specify sites that exhibited opposite responses after CD28/CD3 or 4-1BB/CD3 CAR activation, whereas red dots 
indicate sites phosphorylated to a greater extent after stimulation of 4-1BB/CD3 CAR T cells in at least two MS/MS experiments in Fig.  2. (C) Fold change in phosphoryl ation 
sites on known CD28 and 4-1BB signaling pathway members at 45 min after CAR T cell stimulation. Data are means ± range from two or three MS/MS experiments in Fig.   2. 
(D) Fold change in the 20 most phosphorylated sites identified by MS/MS in Fig.   2. Data are means from all experiments. (E) Absolute fold change of phosphoryl ation sites 
on known KEGG TCR signaling pathway proteins identified by MS/MS in Fig.   2. Data are means from all experiments. (F) Western blot analysis for CD3, DAPP1, DAPP1 
pTyr139, SLP-76, SLP-76 pSer376, PLC-1, and PLC-1 pTyr783 in lysates from ROR1 CAR T cells stimulated with STII microbeads for the indicated times. Blots are represent-
ative of three independent experiments. Fold change data of normalized band intensity are means ± SD from all experiments. The indicated P values were calculated by 
unpaired two-tailed t test (D and E).

 on M
arch 27, 2019

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

www.SCIENCESIGNALING.org     21 August 2018     Vol 11 Issue 544 aat6753

http://www.ScienceSignaling.org


89

R E S E A R C H  A R T I C L E

Salter et al., Sci. Signal. 11, eaat6753 (2018)     21 August 2018

S C I E N C E  S I G N A L I N G  |  R E S E A R C H  A R T I C L E

7 of 17

decreasing log2FC. In line with results showing that stimulation of 
both CARs altered similar phosphorylation sites, 15 of the 20 most 
phosphorylated sites after stimulation were shared between CD28/
CD3 and 4-1BB/CD3 CAR T cells (table S4). However, phos-
phorylation of the top 20 sites increased from control samples by 
11.15-fold on average in CD28/CD3 CAR samples but only by 5.8-
fold on average in 4-1BB/CD3 CAR samples (Fig. 3D). Stratifying 
CAR stimulation–responsive phosphorylation sites by signaling path-
way further indicated that the average phosphorylation site within 
the KEGG TCR signaling pathway was modulated by 2.52-fold in 
CD28/CD3 CAR samples but only by 1.69-fold in 4-1BB/CD3 CAR 
samples (Fig. 3E). To determine whether 4-1BB/CD3 CAR signals 
reached a similar intensity to those of CD28/CD3 CARs at later 
times, we stimulated identically prepared CD8+ CAR T cells for 60, 
120, or 180 min and measured phosphorylation of canonical and 
newly identified signaling intermediates (table S4). Phosphorylation 
of PLC-1 Tyr783 and DAPP1 Tyr139 was apparent after stimulation 
of CD28/CD3 but not 4-1BB/CD3 CAR T cells (Fig. 3F). These 
data suggest that 4-1BB/CD3 CAR stimulation may not achieve 
the same signal intensity as CD28/CD3 CAR T cells during this 
time frame.

Increased CAR signal intensity is associated with an effector 
cell–like phenotype and reduced in vivo antitumor activity
The strength of T cell activation and signal transduction influences 
transcriptional programs that regulate effector cell differentiation 
and memory formation (44). We used RNA sequencing (RNA-seq) 
to analyze changes in transcription within CD28/CD3 or 4-1BB/
CD3 CD8+ CAR T cells at 6 hours after STII microbead stimulation. 

Consistent with the faster and more in-
tense phosphoprotein signal, CD28/CD3 
CAR stimulation initiated more marked 
transcriptional changes. A comparison of 
stimulated to unstimulated CD28/CD3 
CAR T cells identified 4894 differentially 
expressed genes at 6 hours, whereas 4-1BB/ 
CD3 CAR stimulation resulted in 197 
differentially expressed genes. CD28/CD3 
or 4-1BB/CD3 CAR stimulation increased 
expression of the canonical T cell acti-
vation marker CD69 to a similar degree 
(Fig. 5A), but greater fold increases in 
expression of the effector molecules gran-
zyme B (GZMB), interferon- (IFNG), 
interleukin-2 (IL2), tumor necrosis factor– 
(TNF), macrophage inflammatory pro-
tein 1 (CCL3), and macrophage inflam-
matory protein 1 (CCL4) were observed 
in CD28/CD3 CAR T cells (Fig. 5B). 
Direct comparison of CD28/CD3 and 
4-1BB/CD3 CAR T cells identified 1673 
differentially expressed genes after stimu-
lation (table S5). Of these, Krüppel- like 
factor 2 (KLF2), IL-7 receptor (IL7R), and 
Rho family–interacting cell polarization 
regulator 2 (RIPOR2; previously known 
as FAM65B) expression was decreased in 
CD28/CD3 CAR T cells when compared 
to 4-1BB/CD3 CAR T cells (Fig. 5C). 

KLF2 and IL7R are associated with memory T cell formation and are 
targets of the FOXO family of transcription factors (46–48). Con-
sistent with this observation, FOXO4 expression was reduced in stimu-
lated CD28/CD3 CAR T cells when compared to 4-1BB/CD3 CAR 
T cells. Quantitative polymerase chain reaction (qPCR) confirmed that 
some of these T cell memory–associated genes were only differentially 
expressed in stimulated and not unstimulated CD28/CD3 or 4-1BB/
CD3 CAR T cells (Fig. 5D).

Because differences in TCR signal quantity affect T cell functions 
(44, 45), we measured CD28/CD3 and 4-1BB/CD3 CAR T cell ef-
fector functions in vitro. We activated CD28/CD3 and 4-1BB/CD3 
CAR T cells with ROR1- and CD19-expressing K562 cells or STII 
microbeads and measured cytokine production and proliferation. After 
24 hours of coculture, CD28/CD3 CAR T cells secreted markedly 
more IFN-, IL-2, and TNF- than 4-1BB/CD3 CAR T cells (Fig. 5E). 
By 72 hours, both CD28/CD3 and 4-1BB/CD3 CAR T cells pro-
liferated (Fig. 5F). These data suggested that stronger signaling by 
CD28/CD3 CAR T cells correlated with increased short-term effec-
tor responses.

We also investigated the function of CD28/CD3 and 4-1BB/
CD3 CAR T cells in vivo. For these studies, we used a defined 1:1 
CD4/CD8 ratio CAR T cell product that displays superior control of 
xenograft Raji lymphoma in NOD/SCID/c−/− (NSG) mice (49). 
Adoptive transfer of 3 × 106 CD28/CD3 or 4-1BB/CD3 CAR T cells 
into tumor-bearing mice mediated complete tumor regression 
(Fig. 5G). However, when fewer (7.5–8 × 105) cells were transferred, 
CD28/CD3 CAR T cells were much less potent at eliminating Raji 
lymphoma cells than 4-1BB/CD3 CAR T cells, and all CD28/CD3 
CAR T cell– treated mice died of tumor progression within 40 days 

Fig. 4. Stimulation of CD28/CD3 or 4-1BB/CD3 CAR T cells alters protein phosphorylation across similar 
signaling pathways and cellular compartments. Map of select proteins differentially phosphorylated after 45 min 
of CAR T cell stimulation from analysis of all MS/MS experiments in Fig. 2.
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(Fig. 5, G and H). Tumor progression occurred in mice treated at the 
lower CD28/CD3 CAR T cell dose despite accumulation of CAR T cells 
to higher frequencies in tumor-involved bone marrow (Fig. 5I). CD28/
CD3 CAR T cells in the bone marrow expressed higher levels of PD-1, 

Lag-3, and Tim-3 (Fig. 5J), consistent with the acquisition of an exhausted 
phenotype. In summary, the rapid and intense signaling mediated by 
CD28/CD3 CAR activation correlated with an exhausted phenotype 
in CD8+ and CD4+ CAR T cells and reduced antitumor activity.

A

D

G

I J

H

E
F

B C

Fig. 5. Increased CD28/CD3 CAR signal intensity is associated with an effector cell–like phenotype and reduced in vivo antitumor activity. (A to C) RNA-seq analysis of 
total RNA expression in CD28/CD3 or 4-1BB/CD3 CAR T cells with and without stimulation. The fold change values of the indicated transcripts (A and B) are means ± SD from 
three independent experiments. Transcripts in (B) met an FDR of 1% for differential expression between CD28/CD3 and 4-1BB/CD3 CAR T cells. Volcano plot analysis (C) indi-
cates genes with increased expression in CD28/CD3 CAR T cells (green) or increased expression in 4-1BB/CD3 CAR T cells (red). (D) Quantitative PCR analysis of IL7R, KLF2, and 
FOXO4 expression in CD28/CD3 and 4-1BB/CD3 CAR T cells. Fold change data are means ± SD from three biological replicates. (E) Enzyme-linked immunosorbent assay 
(ELISA) analysis of cytokine production 24 hours after coculture of ROR1-specific CAR T cells with K562/ROR1 cells. Data are means ± SD of three to four independent ex-
periments. (F) Flow cytometry analysis of T cell proliferation as measured by carboxyfluorescein diacetate succinimidyl ester (CFSE) dye dilution at 72 hours after STII microbead 
stimulation. Histogram plot of unstimulated CD28/CD3 CAR T cells (gray), unstimulated 4-1BB/CD3 CAR T cells (black), stimulated CD28/CD3 CAR T cells (red), and stimulated 
4-1BB/CD3 CAR T cells (blue). The proliferation index values of cells are means from five independent experiments (P = 0.0747). (G to J) At 7 days after Raji/ffluc engraftment, 
NSG mice were treated with a single infusion of the indicated dose of CAR T cells. Survival analyses (G) of 6, 9, or 15 mice per group are pooled from two to three independent 
experiments. Bioluminescence images of Raji/ffluc tumor burden in mice at the indicated time points (H) are representative of all experiments. PBS, phosphate-buffered 
saline. (I and J) Flow cytometry analysis of CAR T cell frequency in bone marrow or peripheral blood (I) or abundance of PD-1, Lag-3, or Tim-3 on CAR T cells in the bone marrow 
(J) on day 20. Frequency and mean fluorescence intensity (MFI) data are means ± SD of 10 mice per group from two independent experiments. The indicated P values 
were calculated by one-sample t test with null hypothesis H0 = 0 (D), paired two-tailed t test (E and F), log-rank (Mantel-Cox) test (G), or unpaired two-tailed t test (I and J).
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CD28/CD3 and 4-1BB/CD3 CARs differentially associate 
with endogenous CD28 and Lck
To interrogate possible causes of increased CD28/CD3 CAR sig-
naling kinetics and strength, we immunoprecipitated CAR com-
plexes from unstimulated CD8+ T cells and probed for differences 
among associated T cell signaling proteins in the basal state. West-
ern blot confirmed efficient CAR pull-down and showed associa-
tion of endogenous CD28 and Lck with the CD28/CD3 CAR but 
only minimal CD28 and Lck association with the 4-1BB/CD3 CAR 
(Fig. 6A). Because basal CAR phosphorylation was conferred by the 
presence of the CD28 costimulatory domain and Tyr206, Tyr209, and 
Tyr218 were intensely phosphorylated after CAR stimulation, we 
constructed CD28/CD3 CARs with tyrosine to phenylalanine mu-
tations at these residues (Fig. 6B). CD19 and ROR1 CARs with mu-
tations of Y218F (Y1) or all three tyrosines (Y3) were efficiently 
expressed in T cells and led to vigorous IFN- production and pro-
liferation in response to coculture with ROR1+ or CD19+ tumor 
cells (Fig. 6, C and D). We observed partial (Y1) or complete (Y3) 
abrogation of basal CAR CD3 phosphorylation in CARs contain-
ing Y to F mutations as compared to CD28/CD3 CARs; however, 
Y1 and Y3 CARs still phosphorylated SLP-76 and PLC-1 with sim-
ilar kinetics and intensity as the wild-type CD28/CD3 CAR after 
STII microbead stimulation (Fig. 6E). Immunoprecipitation of each 
CAR indicated that Lck association was not abrogated by the Y1 
and Y3 mutations, although endogenous CD28 did not associate 
with the Y3 CAR (Fig. 6F). Together, these results suggested that 
neither basal CAR CD3 phosphorylation nor endogenous CD28 
association was responsible for the increased signal kinetics and 
strength of CD28/CD3 CARs.

Constitutive Lck activation promotes T cell effector functions 
(50, 51). Therefore, we tested whether association of Lck with 
CD28/CD3 CARs mediated rapid and robust phosphorylation of 
signaling intermediates after CAR activation. We generated proline to 
alanine mutations at the Lck binding site of CD28 (Fig. 7A) (52, 53). 
Immunoprecipitation of the wild-type and mutant CD28/CD3 
CARs showed that Lck association was absent in CARs with proline 
to alanine mutations (Fig. 7 and fig. S4). Signaling analyses of these 
constructs demonstrated that mutation of proline residues alone in 
CD28P CARs partially abrogated basal CAR CD3 phosphoryl ation 
but did not reduce signal intensity (Fig. 7C). However, simultane-
ous mutation of proline and tyrosine residues in Y3P CARs fully ab-
rogated basal CAR phosphorylation and reduced the magnitude of 
SLP-76 and PLC-1 phosphorylation after stimulation (Fig. 7C). Thus, 
differences in CAR signal intensity between CD28/CD3 CARs and 
4-1BB/CD3 CARs were, in part, related to greater Lck association 
with CD28/CD3 CARs. These data suggest that CAR signal inten-
sity could be altered by mutating tyrosine and proline residues in the 
CD28 signaling domain.

DISCUSSION
The adoptive transfer of CD28/CD3 or 4-1BB/CD3 CD19 CAR 
T cells is an effective therapy for patients with certain B cell malignan-
cies but can cause serious toxicities that originate from CAR signal-
ing after tumor recognition (1). However, CD28/CD3 or 4-1BB/
CD3 CAR signaling modules confer differences in effector func-
tions and metabolic profiles, and both types of CAR T cells can 
cause serious toxicities that originate from CAR signaling after 
T cell activation (16, 17). Crafting safer and more effective CAR 

T cells might be accomplished by modifying CAR design, but opti-
mization is hindered by the rudimentary understanding of how sig-
naling by synthetic CARs directs T cell functional outputs and cell 
fate decisions.

We used MS to study changes in the phosphoproteome of T cells 
after CAR ligation and captured 26,804 unique phosphorylation 
sites that describe changes induced by CD28/CD3 and 4-1BB/
CD3 CARs in detail. Our experiments used structurally identical 
CARs specific for two target antigens being pursued in clinical tri-
als. In contrast to the current perception of how costimulatory do-
mains function in CARs, our data show that, in the space of this 
data set, CD28/CD3 and 4-1BB/CD3 CAR activation initiated 
nearly identical directional changes in protein phosphorylation. 
Notably, both CARs altered phosphorylation of proteins involved 
in canonical TCR, CD28, and 4-1BB signaling pathways. Only 12 of 
1289 (0.93%) phosphorylation sites exhibited opposite responses to 
stimulation when comparing CAR constructs at 45 min after activa-
tion, and these few sites are not directly linked to either CD28 or 
4-1BB signaling pathways. Therefore, our data refute the notion 
that CD28/CD3 and 4-1BB/CD3 CARs activate divergent signal-
ing cascades and indicate that one cannot predict the signaling cas-
cades initiated by synthetic CARs by focusing solely on the domains 
encoded by the receptor polypeptide. Rather, synthetic CARs initi-
ate a plethora of signals that both encompass and surpass those of 
the natural molecules on which the synthetic receptors are based.

Instead, our data demonstrate that a major difference between 
CD28/CD3 and 4-1BB/CD3 CARs is that CD28/CD3 receptors 
signal with markedly increased kinetics and intensity. Within 45 min, 
CD28/CD3 CAR stimulation altered the phosphorylation state of 
hundreds of proteins involved in TCR signaling, MAPK signaling, 
actin-cytoskeleton rearrangement, and RNA processing pathways. 
Alterations in protein phosphorylation after 4-1BB/CD3 CAR 
stimulation affected identical proteins as CD28/CD3 CAR stimu-
lation but proceeded more slowly and with reduced intensity. Sub-
sequent analysis of CAR binding partners demonstrated more Lck 
in immunoprecipitates from unstimulated CD28/CD3 CAR T cells 
than from 4-1BB/CD3 CAR T cells. Mutational analysis of the CAR 
CD28 signaling domain identified residues responsible for basal 
CAR CD3 phosphorylation as well as Lck association, and showed 
that abrogation of these features reduced CAR signal intensity. Thus, 
future analyses of novel CAR designs should consider how interac-
tions with potential binding partners might affect signaling.

Our data also showed that the more rapid and intense phosphopro-
tein signaling in CD28/CD3 CAR T cells induced an effector cell–
like transcriptional profile and more robust T cell cytokine production 
early after CAR ligation, but less potent antitumor function in an in 
vivo tumor model of disseminated lymphoma. These data are con-
sistent with previous findings that intense TCR signaling and IL-2 
production promote differentiation of short-lived effector CD8+ 
T cells (54, 55), and also support a model by which TCR and costim-
ulatory signals sum linearly to affect cell fate (45). Some amount of 
CD28 signaling is beneficial for T cell memory formation (56), and 
we found that the 4-1BB/CD3 CARs used in this study phospho-
rylated endogenous CD28 and activated the CD28 signaling path-
way. However, encoding a fully functional CD28 signaling domain 
on a CAR polypeptide chain may yield excessive stimulation that in-
creases the incidence of CRS, promotes T cell exhaustion, and reduces 
persistence. Indeed, analyses of acute lymphoblastic leukemia pa-
tients who were in morphologic relapse at the time of treatment with 
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Fig. 6. CD28/CD3 and 4-1BB/CD3 CARs differentially associate with endogenous Lck and CD28. (A) Western blot analysis for Lck, CD28, and CD3 in whole-cell 
lysates (L) and STII immunoprecipitated fractions (IP) from unstimulated ROR1-specific CAR T cells. Blots are representative of three to four independent experiments. 
(B) Schematic of mutations made to the CAR CD28 signaling domain. (C) Flow cytometry analysis of ROR1-specific CAR T cell proliferation as measured by CFSE dye dilu-
tion at 72 hours after coculture with K562/ROR1 cells. Histograms of untransduced T cells (gray) or 4-1BB/CD3 (blue), CD28/CD3 (red), Y1 (green), and Y3 CAR T cells 
(purple) after stimulation are representative of three independent experiments. (D) ELISA analysis of IFN- production by ROR1-specific 4-1BB/CD3 (blue), CD28/CD3 
(red), Y1 (green), or Y3 CAR T cells (purple) after coculture with K562/ROR1 cells for 24 hours. Fold change data are means ± SD of three independent experiments. 
(E) Western blot analysis for CD3, CD3 pTyr142, SLP-76, SLP-76 pSer376, PLC-1, and PLC-1 pTyr783 in lysates from ROR1-specific CAR T cells stimulated for the indicated 
times with STII microbeads. Blots are representative of three independent experiments. Fold change data of normalized band intensity are means ± SD from all experi-
ments. (F) Western blot analysis for Lck, CD28, and CD3 in whole-cell lysates (L) and STII immunoprecipitated fractions (IP) from resting CAR T cells. Blots are representative 
of at least three independent experiments. Fold change data of normalized band intensity are means ± SD from three (CD28) or four (Lck) independent experiments. The 
indicated P values were calculated by repeated-measures one-way ANOVA with Tukey’s multiple comparisons test comparing samples at equivalent time points (E and F).
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CD28/CD3 CAR T cells showed poor long-term CAR T cell persistence 
and low overall survival due to frequent relapse with CD19+ disease (57).

CARs are often currently selected to maximize measures of 
in vitro T cell effector functions and proliferation, and our findings 
indicate that these selection criteria may not be optimal for predict-
ing in vivo efficacy. Future optimizations to CAR design should 
consider both the signaling domains contained within the receptor, 
interactions with potential binding partners, and how modifica-
tions of costimulatory domains might tailor overall signal strength 
for downstream T cell functional outputs. Mutating the CAR CD28 
signaling domain is a logical approach for reducing excessive signal 
strength, and further studies of mutated CAR signaling domains 
are warranted. However, variability in CAR structural features out-
side of the costimulatory CD28 or 4-1BB and CD3 signaling do-

mains may limit the universality of this approach. Most CARs have 
a unique combination of scFv, hinge, and transmembrane domain, 
and this structural variation can affect CAR signaling and may alter 
association with endogenous T cell signaling molecules. For instance, 
the CAR CD28 transmembrane domain used in this study may have 
influenced association with endogenous CD28 and Lck. Further im-
munoprecipitation analysis of CARs with CD8 transmembrane do-
mains and other structural features could answer this question (3).

Our approach evaluating CD28/CD3 and 4-1BB/CD3 CAR 
signaling using a cell-free stimulation method has the advantage of 
identifying phosphorylation events induced by the synthetic receptors 
in isolation. Although this approach did not integrate the multitude of 
other events that may occur when CAR T cells encounter tumor cells 
in vivo (58), it could be extended to interrogate cross-talk between 

A

C

B

Fig. 7. Mutations that reduce Lck binding diminish CD28/CD3 CAR signal intensity. (A) Schematic of mutations made to the CAR CD28 signaling domain. (B) Western 
blot analysis for Lck and CD3 within whole-cell lysates (L) and STII immunoprecipitated fractions (IP) from resting CAR T cells. Blots and fold change in the normalized 
band intensity values are representative of two independent experiments. (C) Western blot analysis for CD3, CD3 pTyr142, SLP-76, SLP-76 pSer376, PLC-1, and PLC-1 
pTyr783 within lysates from CAR T cells stimulated for the indicated times with STII microbeads. Blots are representative of three independent experiments. Fold change 
data in the normalized band intensity values are means ± SD from all experiments. The indicated P values were calculated by repeated-measures one-way ANOVA with 
Tukey’s multiple comparisons test comparing samples at equivalent time points (C).
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CAR signaling and costimulatory or inhibitory pathways by immo-
bilizing various ligands onto the magnetic beads. Our approach was 
also not designed to compare TCR and CAR signaling. A direct compar-
ison of TCR and CAR ligation-induced phosphoprotein signaling is 
likely to be valuable and is a focus of ongoing research. Thus, MS 
analysis can provide important insights into CAR signaling that will 
affect next-generation CAR designs.

MATERIALS AND METHODS
Acquisition of peripheral blood T cells from healthy donors
Healthy adults (>18 years old) were enrolled in an institutional re-
view board–approved study for peripheral blood collection. Informed 
consent was obtained from all enrollees. Researchers were blinded 
to all personally identifiable information about study participants 
and were provided only donor age and a nondescript donor ID num-
ber. Peripheral blood (400 cm3) was collected by venipuncture, and 
mononuclear cells [peripheral blood mononuclear cells (PBMCs)] 
were isolated by density gradient using Lymphocyte Separation Media 
(Corning). CD4+ and CD8+ T cells were isolated using the EasySep 
Human CD4+ and CD8+ T Cell Isolation Kits (STEMCELL Tech-
nologies). For the three shotgun MS experiments, CD8+CD62L+ 
T cells were further enriched by staining with CD62L-PE (DREG-56, 
Thermo Fisher Scientific) followed by the EasySep Human PE Se-
lection Kit (STEMCELL Technologies). Isolations were performed 
in accordance with the manufacturer’s instructions.

Cell culture
293T Lenti-X cells (Clontech) were cultured in Dulbecco’s modified 
Eagle’s medium (Gibco) supplemented with 10% fetal bovine serum, 
1 mM l-glutamine (Gibco), 25 mM Hepes (Gibco), and penicillin/
streptomycin (100 U/ml; Gibco). K562 (CCL-243) and Raji (CCL-86) 
cells were obtained from the American Type Culture Collection and 
cultured in RPMI 1640 (Gibco) supplemented with 5% fetal bovine 
serum, 1 mM l-glutamine, 25 mM Hepes, and penicillin/streptomycin 
(100 U/ml). Primary human T cells were cultured in CTL medium 
consisting of RPMI 1640 supplemented with 10% human serum, 2 mM 
l-glutamine, 25 mM Hepes, penicillin/streptomycin (100 U/ml), 50 M 
-mercaptoethanol (Sigma), and human IL-2 (50 U/ml; Prometheus). 
All cells were cultured at 37°C and 5% CO2 and tested bimonthly for 
the absence of mycoplasma using the MycoAlert Mycoplasma De-
tection Kit (Lonza).

Generation of CARs and recombinant lentiviral vectors
CD19- and ROR1-specific CAR constructs have been previously de-
scribed (49, 59). For work in this study, a single STII sequence and 
two G4S linkers were inserted between the FMC63 or R12 scFv and 
immunoglobulin G4 (IgG4) hinge (25). These were linked to the 
27–amino acid transmembrane domain of human CD28 (UniProt: 
P10747) and to a signaling module comprising either (i) the 41–amino 
acid cytoplasmic domain of human CD28 with an LL→GG substi-
tution located at positions 186 to 187 of the native CD28 protein 
(60) or (ii) the 42–amino acid cytoplasmic domain of human 4-1BB 
(UniProt: Q07011), each of which was linked to the 112–amino acid 
cytoplasmic domain of isoform 3 of human CD3 (UniProt: P20963-3). 
Mutant CD28/CD3 CARs with tyrosine to phenylalanine substitu-
tions at CD28 UniProt positions 206, 209, and 218 and/or with pro-
line to alanine substitutions at CD28 UniProt positions 208 and 211 
were generated by site-directed mutagenesis. All CAR constructs were 

linked by T2A sequence to EGFRt, codon-optimized, and cloned into 
an HIV7 lentiviral vector. For fluorescence microscopy, the CD3 
endodomain was directly fused to enhanced green fluorescent protein 
(eGFP). To make CAR antigen–expressing K562 cells, amino acids 
1 to 325 of human CD19 (UniProt: P15391) were cloned into an 
HIV7 lentiviral vector, and amino acids 1 to 937 of human ROR1 
(UniProt: Q01973) were cloned into an mp71 retroviral vector, which 
was a gift of W. Uckert (Max Delbruck Center for Molecular Medicine). 
All cloning was performed by PCR, enzyme digest, and/or Gibson 
assembly. Plasmids were verified by capillary sequencing and restric-
tion digest.

Lentivirus preparation and transduction
To prepare CAR T cells, Lenti-X cells were transiently transfected 
with the HIV7 CAR vector, as well as psPAX2 (Addgene plasmid 
no. 12260) and pMD2.G (Addgene plasmid no. 12259) packaging 
plasmids. One day later (day 1), primary T cells were activated using 
Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher Scien-
tific) and cultured in CTL supplemented with IL-2 (50 U/ml). On the 
next day (day 2), lentiviral supernatant was harvested from Lenti-X 
cells, filtered using 0.45-m polyethersulfone (PES) syringe filters 
(Millipore), and added to activated T cells. Polybrene (Millipore) 
was added to reach a final concentration of 4.4 g/ml, and cells were 
spinoculated at 800g and 32°C for 90 min. Viral supernatant was 
replaced 8 hours later with fresh CTL supplemented with IL-2 
(50 IU/ml). Half-media changes were then performed every 48 hours 
using CTL supplemented with IL-2 (50 U/ml). Dynabeads were 
removed on day 6; CD8+EGFRt+-transduced T cells were FACS 
(fluorescence-activated cell sorting)–purified on a FACSAriaII (BD 
Biosciences) on day 9.

To prepare K562/CD19 cells, Lenti-X cells were transiently trans-
fected with psPAX2, pMD2.G, and an HIV7 lentiviral vector encoding 
CD19. To prepare K562/ROR1 cells, Lenti-X cells were transiently 
transfected with MLV g/p, 10A1, and an mp71 retroviral vector en-
coding ROR1. To prepare Raji/ffluc cells, Lenti-X cells were tran-
siently transfected with psPAX2, pMD2.G, and an HIV7 lentiviral 
vector encoding GFP and firefly luciferase. Two days later, viral super-
natant was filtered using a 0.45-m PES syringe filter and added to K562 
or Raji cells. Five days later, transduced cells were stained with mAbs 
specific for CD19 (HIB19, BioLegend) or ROR1 (2A2, Miltenyi Biotec) 
and FACS-purified on a FACSAria II to greater than 97% purity.

T cell expansion for MS and functional analyses
FACS-purified CD8+EGFRt+ cells were expanded over a single stimu-
lation cycle before MS and/or functional analyses. CD19-specific CAR 
T cells were expanded by coculture with irradiated CD19+ lympho-
blastoid cell lines (LCLs) in a 1:7 (T cell/LCL) ratio and assayed 8 days 
after stimulation. ROR1-specific CAR T cells were expanded using a 
rapid expansion protocol containing purified OKT3, irradiated LCL, 
and irradiated PBMCs and were assayed 11 days after stimulation. 
During expansion, cultures were fed with fresh CTL media contain-
ing IL-2 (50 IU/ml) every 2 to 3 days.

Flow cytometry and cell phenotyping
T cells were stained with a 1:100 dilution of fluorophore-conjugated 
mAbs specific for human CD4 (RPA-T4), CD8 (SK1), CD27 (M-T271), 
CD28 (CD28.2), CD45 (HI30), CD45RO (UCHL1), CD62L (DREG-56), 
CD223 (3DS223H), CD279 (eBioJ105), or CD366 (F38-2E2) purchased 
from BD Biosciences, Thermo Fisher Scientific, or BioLegend. T cells 
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were also stained with isotype control fluorophore-conjugated anti-
bodies when appropriate. Cetuximab (anti-EGFR, Bristol-Myers Squibb) 
and 3E8 [anti-STII, Fred Hutchinson Cancer Research Center (FHCRC)] 
were biotinylated using the EZ-Link Sulfo-NHS-Biotin Kit (Thermo 
Fisher Scientific) followed by cleanup with the Zeba Spin Desalting 
Column (Thermo Fisher Scientific) and used to stain T cells in conjunc-
tion with streptavidin-allophycocyanin (Thermo Fisher Scientific). 
DNA content staining was performed by fixing T cells with 70% 
ice-cold ethanol, permeabilizing cells with 1% Triton X-100 (Sigma), 
degrading RNA with ribonuclease A (100 g/ml; Thermo Fisher 
Scientific), and staining DNA with propidium iodide (20 g/ml; 
Thermo Fisher Scientific). All data were collected on a FACSCanto 
II or FACSAria II (BD Biosciences).

STII and control microbead preparation
Streptavidin-coated magnetic particles (1 ml; Spherotech) were washed 
once in excess 1× PBS supplemented with penicillin/streptomycin 
(100 U/ml) (PBS + P/S) using a benchtop magnet. STII microbeads 
were prepared by resuspending beads in PBS + P/S (1 ml) and then 
slowly adding 16.67 g of STII biotin mAb (GenScript) while vortex-
ing. Beads were incubated overnight at 4°C on a three-dimensional 
orbital shaker, washed three times with excess PBS + P/S using a 
benchtop magnet, and resuspended in PBS + P/S (4 ml). To make con-
trol beads, streptavidin-coated magnetic particles (1 ml) were washed 
once using a benchtop magnet and resuspended in PBS + P/S (4 ml). 
Beads were stored at 4°C.

Cell stimulations, protein lysates, and RNA isolation
CAR T cells were washed and resuspended in warm CTL medium at 
a concentration of 2 × 107 cells/ml. Cells were then incubated with 
STII or control microbeads at a ratio of 30 l of  beads per 1 × 106 cells 
in a 37°C water bath. After the allotted time, cells were quickly washed 
twice using ice-cold PBS and lysed in a 6 M urea, 25 mM tris (pH 8.0), 
1 mM EDTA, 1 mM EGTA solution supplemented with protease 
(Sigma) and phosphatase inhibitors (Sigma) at a 1:100 dilution, hereon 
referred to as lysis buffer. Lysates were sonicated for 15 s before cen-
trifuging at 10,000g and 4°C for 10 min. Beads were removed during 
lysate clearing. After 6 hours of stimulation, RNA isolations were 
performed using a NucleoSpin RNA kit (Macherey-Nagel) according 
to the manufacturer’s instructions. Beads were removed using a bench-
top magnet before cell lysis and RNA extraction.

Protein digestion, TMT labeling, and pTyr peptide 
immunoprecipitation
Protein was quantified in lysates by Micro BCA Assay (Thermo 
Fisher Scientific), and lysates were diluted to 2 mg/ml using lysis 
buffer. Lysates were reduced in 24 mM TCEP [tris(2-carboxyethyl)
phosphine hydrochloride] (Thermo Fisher Scientific) for 30 min at 
37°C with shaking, followed by alkylation with 48 mM iodoacetamide 
(Sigma) in the dark at room temperature for 30 min. Lysates were then 
diluted with 200 mM tris (pH 8.0) to a urea concentration of 2 M. 
Lys-C (Wako) was dissolved in 25 mM tris (pH 8.0) at 200 g/ml and 
added to lysates at 1:100 (enzyme/protein) ratio by mass and incubated 
for 2 hours at 37°C with shaking. Samples were further diluted with 
200 mM tris (pH 8.0) to a urea concentration of 1 M before adding 
trypsin at a 1:50 trypsin/protein ratio. After 2 hours, a second trypsin 
aliquot was added at a 1:100 trypsin/protein ratio. Digestion was car-
ried out overnight at 37°C with shaking. After 16 hours, the reaction 
was quenched with formic acid (FA) to a final concentration of 1% by 

volume. Samples were desalted using Oasis HLB 96-well plates (Waters) 
and a positive pressure manifold (Waters). The plate wells were washed 
with 3 × 400 l of 50% MeCN/0.1% FA and then equilibrated with 4 × 
400 l of 0.1% FA. The digests were applied to the wells and then 
washed with 4 × 400 l of 0.1% FA before being eluted drop by drop 
with 3 × 400 l of 50% MeCN/0.1% FA. The eluates were lyophilized, 
followed by storage at −80°C until use. For TMT labeling (Thermo 
Fisher Scientific), desalted peptides were resuspended in 50 mM Hepes 
at 1 mg/ml based on starting protein mass. TMT reagents were resus-
pended in 257 l of MeCN and transferred to the peptide sample. 
Samples were incubated at room temperature for 1 hour with mixing. 
Labeling reactions were quenched by the addition of 50 l of 5% 
hydroxyl amine (Sigma) and incubated for 15 min at room tempera-
ture with mixing. The independent labeling reactions were then pooled 
together and lyophilized. The labeled peptides were desalted as above 
and then lyophilized and stored at −80°C. Immunoprecipitation of 
pTyr peptides was performed using the PTMScan P-Tyr-1000 Kit 
(Cell Signaling Technology). The enriched pTyr peptide fraction was 
purified using a C18 Spin Tip (Thermo Fisher Scientific), lyophilized, 
and stored at −80°C until analysis. The flow-through fraction was 
desalted, lyophilized, and stored at −80°C.

Basic (high-pH) reversed-phase LC
The desalted and pTyr peptide–depleted flow-through was frac-
tionated by high-pH reversed-phase (RP) LC. Protein digest (4 mg) 
was loaded onto an LC system consisting of an Agilent 1200 high- 
performance LC with mobile phases of 5 mM NH4HCO3 (pH 10) 
(A) and 5 mM NH4HCO3 in 90% MeCN (pH 10) (B). The peptides 
were separated by a 4.6 mm × 250 mm Zorbax Extend-C18, 3.5 m, 
column (Agilent) over 96 min at a flow rate of 1.0 ml/min by the 
following timetable: hold 0% B for 9 min, gradient from 0 to 10% B 
for 4 min, 10 to 28.5% B for 50 min, 28.5 to 34% B for 5.5 min, 34 to 
60% B for 13 min, hold at 60% B for 8.5 min, 60 to 0% B for 1 min, 
reequilibrate at 0% B for 5 min. Fractions were collected at 1-min 
intervals from 0 to 96 min by the shortest path by row in a 1-ml 
deep well plate (Thermo Fisher Scientific). The high-pH RP frac-
tions were concatenated into 24 samples by every other plate column 
starting at 15 min (for example, sample 1 contained fractions from 
wells B10, D10, F10, etc.). The remaining fractions were combined 
such that fractions from 12 to 14 min were added to sample 1, all 
fractions after 86 min were added to sample 24, and all fractions from 
0 to 11 min were combined into sample “A.” Ninety-five percent of 
every 12th fraction of the 24 samples was combined (1,13; 2,14;…) to 
generate 12 more samples, which were dried down and stored at −80°C 
before phosphopeptide enrichment by IMAC.

Immobilized metal affinity chromatography
IMAC enrichment was performed using Ni-NTA agarose beads 
(Qiagen) stripped with EDTA and incubated in a 10 mM FeCl3 solu-
tion to prepare Fe3+-NTA agarose beads. Fractionated lysate was re-
constituted in 200 l of 0.1% trifluoroacetic acid (TFA) in 80% MeCN 
and incubated for 30 min with 100 l of the 5% bead suspension 
while mixing at room temperature. After incubation, beads were 
washed three times with 300 l of 0.1% TFA in 80% MeCN. Phos-
phorylated peptides were eluted from the beads using 200 l of 70% 
acetonitrile, 1% ammonium hydroxide for 1 min with agitation at 
room temperature. Samples were transferred into a fresh tube con-
taining 60 l of 10% FA, dried down, and resuspended in 0.1% FA 
and 3% MeCN. Samples were frozen at −80°C until analysis.
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Nano–LC-MS/MS
Phosphopeptide-enriched samples were analyzed by LC-MS/MS on 
an Easy-nLC 1000 (Thermo Fisher Scientific) coupled to an LTQ- 
Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) op-
erated in positive ion mode. The LC system, configured in a vented 
format, consisted of a fused-silica nanospray needle [PicoTip emitter, 
50 m inside diameter (ID) × 20 cm, New Objective] packed in-house 
with ReproSil-Pur C18-AQ, 3 m, and a trap (IntegraFrit Capillary, 
100 m ID × 2 cm, New Objective) containing the same resin as in the 
analytical column with mobile phases of 0.1% FA in water (A) and 0.1% 
FA in MeCN (B). The peptide sample was diluted in 20 l of 0.1% FA, 
3% MeCN, and 8.5 l was loaded onto the column and separated over 
210 min at a flow rate of 300 nl/min with a gradient from 5 to 7% B for 
2 min, 7 to 35% B for 150 min, and 35 to 50% B for 1 min, hold 50% B 
for 9 min, 50 to 95% B for 2 min, hold 95% B for 7 min, 95 to 5% B for 
1 min, reequilibrate at 5% B for 38 min. A spray voltage of 2000 V was 
applied to the nanospray tip. MS/MS analysis occurred over a 3-s cycle 
time consisting of one full-scan MS from 350 to 1500 mass/charge 
ratio (m/z) at a resolution of 120,000, followed by data-dependent 
MS/MS scans using high-energy collision dissociation activation with 
27% normalized collision energy of the most abundant ions. Selected 
ions were dynamically excluded for 45 s after a repeat count of 1.

Immunoprecipitation
Protein G Dynabeads (Thermo Fisher Scientific) were incubated with 
anti-STII antibody (GenScript) for 60 min, cross-linked for 30 min 
using 20 mM dimethyl pimelimidate (Thermo Fisher Scientific) di-
luted in 200 mM triethanolamine (Thermo Fisher Scientific), quenched 
with 150 mM monoethanolamine (Thermo Fisher Scientific), and 
washed three times with 1× PBS. T cells were lysed in NP40 Cell Lysis 
Buffer (Thermo Fisher Scientific) supplemented with protease and 
phosphatase inhibitors. Lysates were incubated on ice for 15 min and 
then centrifuged at 10,000g and 4°C for 10 min. Immunoprecipita-
tions were performed according to the manufacturer’s instructions, 
where Dynabeads were incubated with equal masses of cleared ly-
sates for 90 min at room temperature.

Western blotting
Equal masses of protein lysate or equal volumes of immunoprecipi-
tation eluents were loaded into NuPAGE gels (Thermo Fisher Sci-
entific). After protein transfer onto nitrocellulose membranes (Thermo 
Fisher Scientific), membranes were blocked with Western Blocking Re-
agent (Sigma). Membranes were stained with primary and secondary 
antibodies diluted in SuperBlock (Thermo Fisher Scientific) supplemented 
with 0.1% Tween. The following antibodies were used: anti- human 
CD247 (8D3, BD Biosciences), anti-human CD247 pTyr142 (K25-407.69, 
BD Biosciences), anti–ZAP-70 pTyr319 (65E4, Cell Signaling Tech-
nology), anti–SLP-76 (polyclonal, Cell Signaling Technology), anti– 
SLP-76 pSer376 (D9D6E, Cell Signaling Technology), anti–PLC-1 
(D9H10, Cell Signaling Technology), anti–PLC-1 pTyr783 (D6M9S, Cell 
Signaling Technology), anti-DAPP1 (D9K4O, Cell Signaling Technol-
ogy), anti-DAPP1 pTyr139 (D7G4G, Cell Signaling Technology), anti-Lck 
(D88, Cell Signaling Technology), anti-CD28 (D2Z4E, Cell Signaling 
Technology), anti-mouse horseradish peroxidase (HRP) (polyclonal, Cell 
Signaling Technology), and anti-rabbit HRP (polyclonal, Cell Signaling 
Technology). Typical antibody dilutions ranged from 1:10,000 to 1:2500. 
Band intensities were quantified using ImageJ [National Institutes of 
Health (NIH)]; normalized to total protein, loading control, or immuno-
precipitation input; and then renormalized to a control sample.

RNA sequencing
RNA was extracted from 24 samples from three donors. Total RNA 
integrity was checked using an Agilent 4200 TapeStation (Agilent 
Technologies) and quantified using a Trinean DropSense96 spectro-
photometer (Caliper Life Sciences). RNA-seq libraries were prepared 
from total RNA using the TruSeq RNA Sample Prep Kit v2 (Illumina) 
and a Sciclone NGSx Workstation (PerkinElmer). Library size distri-
butions were validated using an Agilent 4200 TapeStation. Additional 
library quality control, blending of pooled indexed libraries, and cluster 
optimization were performed using a Qubit 2.0 Fluorometer (Thermo 
Fisher Scientific). RNA-seq libraries were pooled (6- to 8-plex) and 
clustered onto a flow cell lane. Sequencing was performed using an 
Illumina HiSeq 2500 in rapid mode using a paired-end, 50-base read 
length sequencing strategy.

Quantitative polymerase chain reaction
RNA was extracted, and total RNA integrity was verified using an 
Agilent 4200 TapeStation (Agilent Technologies). RNA (500 ng) was 
used to prepare complementary DNA (cDNA) with SuperScript III 
(Thermo Fisher Scientific). cDNA (15 ng) was added to a reaction 
with TaqMan Universal Master Mix II with uracil N-glycosylase 
(Thermo Fisher Scientific) and one of the following Thermo Fisher 
Scientific TaqMan assay probes: Hs00172973_m1 (FOXO4), Hs00902234_m1 
(IL7R), Hs00360439_g1 (KLF2), or Hs99999907_m1 (B2M). Reac-
tions were run in duplicate or triplicate on one 384-well plate. Ct 
values were calculated by dividing mean Ct of technical replicates 
from FOXO4, IL7R, and KLF2 probes by the mean Ct of the house-
keeping gene 2 microglobulin (B2M). CD28/CD3 versus 4-1BB/
CD3 ratios for each donor were calculated and subjected to a log2 
transformation.

In vitro functional assays
CAR T cells were cocultured with K562, K562/CD19, or K562/ROR1 
cells at a T cell–to–tumor cell ratio of 2:1. In some experiments, 
CAR T cells were also incubated with control or STII microbeads at 
a ratio of 30 l of beads per 1 × 106 cells. Cytokine concentrations in 
cellular supernatant were quantified by ELISA (Thermo Fisher 
Scientific) 24 hours after stimulation. T cell proliferation was quan-
tified by staining CAR T cells with a 0.2 M solution of CFSE dye 
(Thermo Fisher Scientific) and incubating CAR T cells with K562/
CD19 cells, K562/ROR1 cells, control beads, or STII microbeads for 
72 hours.

Transfer of T cells in NSG mice
Six- to 8-week-old male or female NSG mice were obtained from the 
Jackson Laboratory or bred in-house. Mice were engrafted via tail vein 
with 5 × 105 CD19+ Raji/ffluc cells and, 7 days later, injected intra-
venously with PBS or a defined product of purified CD8+ and CD4+ 
CD19-specific CAR T cells mixed together in a 1:1 ratio. Biolumi-
nescence imaging was performed as described (49). Mice were either 
followed for survival or sacrificed on day 20 for analysis of T cell 
frequencies and phenotypes by flow cytometry. Peripheral blood was 
extracted, red blood cells were lysed using ACK Lysing Buffer (Thermo 
Fisher Scientific), and remaining cells were stained with fluorochrome- 
labeled mAbs. Bone marrow was isolated from hindlimbs by mechani-
cal disruption, followed by red blood cell lysis, and staining with 
fluorochrome-labeled mAbs. Mice handlers were blinded to group al-
location. The FHCRC Institutional Animal Care and Use Committee 
approved all experimental procedures.
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Fluorescence microscopy
CD8+ T cells from healthy donors were transduced as previously 
described. Instead of FACS purification on day 9, cells were imaged 
on a DeltaVision Elite microscope (GE Healthcare). At least eight 
cells were visualized per condition. Raw images were subjected to a 
linear adjustment of brightness and contrast using ImageJ (NIH).

Shotgun MS data analysis
Raw MS/MS spectra from each replicate experiment were searched 
together against the reviewed Human Universal Protein Resource 
(UniProt) sequence database (release 2016_01) with common labo-
ratory contaminants using the MaxQuant/Andromeda search engine 
version 1.6.0.1 (61). The search was performed with a tryptic enzyme 
constraint for up to two missed cleavages. Variable modifications were 
oxidized methionine, pSer, pThr, and pTyr. Carbamidomethylated 
cysteine was set as a static modification. Peptide MH+ mass toler-
ances were set at 20 parts per million (ppm). The overall FDR was 
set at ≤1% using a reverse database target decoy approach.

For the three TMT experiments, phosphopeptide site localization 
was determined by MaxQuant and converted to phosphorylation sites 
using Perseus version 1.6.0.7 (62). At this step, reverse hits and poten-
tial contaminants were excluded from further analysis. Data normal-
ization was performed by scaling each TMT channel to the channel 
median, followed by a log2 transformation. Stimulation versus control 
ratios were calculated by subtracting the appropriate control chan-
nels from stimulated channels. Because of incomplete MS sampling, 
some phosphorylation sites (features) were only found in one or two 
replicate experiments, and a much smaller minority (<1%) of sites 
were not found in every TMT channel.

Differential expression analyses over phosphorylation sites were 
performed using the limma statistical framework and associated R 
package (35, 63). For these analyses, we chose to keep only features 
that had values in at least two experiments and all TMT channels, 
leaving us with 14,490 quantified phosphorylation sites. A linear model 
was fitted to each phosphorylation site, and empirical Bayes moderated 
t statistics were used to assess differences in expression/abundance. 
Contrasts comparing stimulation versus control treatments were tested. 
Intraclass correlations were estimated using the duplicate correlation 
function of the limma package to account for measures originating from 
the same patients and the same antigens (64). An absolute log2FC 
cutoff (stimulation versus control) of 0.7 and an FDR cutoff of 5% 
were used to determine differentially expressed phosphorylation sites. 
Analyses of signaling networks and KEGG pathways were performed 
using StringDB.

RNA-seq data analysis
Image analysis and base calling were performed using Illumina’s Real 
Time Analysis v1.18 software, followed by “demultiplexing” of in-
dexed reads and generation of FASTQ files, using Illumina’s bcl2fastq 
Conversion Software v1.8.4. The RNA-seq data were aligned to the 
human genome (University of California, Santa Cruz Human Ge-
nome Assembly GRCh38 reference) using STAR (Spliced Transcripts 
Alignment to a Reference), and gene quantification was performed 
using RSEM (RNA-Seq by Expectation Maximization) (65, 66). Genes 
with less than 10 nonzero read counts (taking into account technical 
replicates) were discarded, leaving 18,498 expressed genes. All libraries 
passed the quality control criteria (libraries with more than 200,000 
reads, 12,000 detected genes, and an exon range > 60%). Raw count data 
were imported into R. edgeR was used to calculate the normaliza-

tion factors to scale the raw library sizes, followed by a voom transfor-
mation from the limma Bioconductor package (67, 68). It transforms 
count data to log2 counts per million and estimates the mean-variance 
relationship to compute appropriate observation-level weights. Linear 
models with subject random effects were again used for differential 
gene expression analysis as described in the “Shotgun MS data analysis” 
section. Contrasts comparing treatments (control versus stimulation) 
or CARs (CD28/CD3 versus 4-1BB/CD3) were tested. An absolute 
log2FC cutoff of 1 and an FDR cutoff of 1% were used to determine 
differentially expressed genes.

Analysis of T cell phenotype, function,  
and in vivo experiments
FlowJo version 9 (Tree Star) was used to analyze flow cytometry files 
and calculate proliferation indices. Prism version 7 (GraphPad Soft-
ware) was used to plot data and calculate statistics. P values meeting 
an  = 0.05 level of statistical significance are indicated in the figures. 
The precise statistical tests used are indicated in the figure legends.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/11/544/eaat6753/DC1
Fig. S1. CAR designs containing an STII sequence enable selective activation of CAR signaling 
in primary T cells.
Fig. S2. CD19- and ROR1-specific CD28/CD3 and 4-1BB/CD3 CARs signal similarly in CD4+ T cells 
and are uniformly expressed on the cell surface.
Fig. S3. Log2FC summary statistics.
Fig. S4. Mutations to the CAR CD28 domain abrogate Lck binding.
Table S1. CAR stimulation–responsive phosphorylation sites after 10 min.
Table S2. CAR stimulation–responsive phosphorylation sites after 45 min.
Table S3. KEGG pathways identified by StringDB after 45 min of CAR stimulation.
Table S4. Phosphorylation sites increased by CAR stimulation at 45 min.
Table S5. Differentially expressed genes between stimulated CD28/CD3 and 4-1BB/CD3 CAR 
T cells.
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P E D I A T R I C S

Recurrent group A Streptococcus tonsillitis is an 
immunosusceptibility disease involving antibody 
deficiency and aberrant TFH cells
Jennifer M. Dan1,2, Colin Havenar-Daughton1,3, Kayla Kendric1, Rita Al-kolla1, Kirti Kaushik1, 
Sandy L. Rosales1, Ericka L. Anderson4,5,6, Christopher N. LaRock4,5,7, Pandurangan Vijayanand1, 
Grégory Seumois1, David Layfield8, Ramsey I. Cutress8, Christian H. Ottensmeier8,  
Cecilia S. Lindestam Arlehamn1, Alessandro Sette1,2, Victor Nizet4,5, Marcella Bothwell9,10,11, 
Matthew Brigger9,10,11, Shane Crotty1,2,3*

“Strep throat” is highly prevalent among children, yet it is unknown why only some children develop recurrent 
tonsillitis (RT), a common indication for tonsillectomy. To gain insights into this classic childhood disease, we 
performed phenotypic, genotypic, and functional studies on pediatric group A Streptococcus (GAS) RT and non-RT 
tonsils from two independent cohorts. GAS RT tonsils had smaller germinal centers, with an underrepresentation 
of GAS-specific CD4+ germinal center T follicular helper (GC-TFH) cells. RT children exhibited reduced antibody 
responses to an important GAS virulence factor, streptococcal pyrogenic exotoxin A (SpeA). Risk and protective 
human leukocyte antigen (HLA) class II alleles for RT were identified. Lastly, SpeA induced granzyme B production 
in GC-TFH cells from RT tonsils with the capacity to kill B cells and the potential to hobble the germinal center re-
sponse. These observations suggest that RT is a multifactorial disease and that contributors to RT susceptibility 
include HLA class II differences, aberrant SpeA-activated GC-TFH cells, and lower SpeA antibody titers.

INTRODUCTION
“Strep throat” is one of the most prevalent human infections, with 
an estimated 600 million cases worldwide each year (1). Clinical fea-
tures of fever, tonsillar swelling or exudates, enlarged cervical lymph 
nodes (LNs), and absence of cough warrant testing for group A 
Streptococcus (GAS, also known as Streptococcus pyogenes) (2, 3). 
Prompt antibiotic treatment can rapidly clear the infection (4), re-
ducing the risk of GAS-associated syndromes such as acute rheu-
matic fever and rheumatic heart disease (3, 5–7). Some children, 
however, develop recurrent tonsillitis (RT) because of GAS (8, 9). 
Tonsillitis is a substantial health care burden and cause of repeated 
antibiotic usage. RT can be a severe disease, resulting in substantial 
morbidity and school absences in hundreds of thousands of children 
per year. There are more than 750,000 tonsillectomies performed 
annually in the United States, with RT being a common indication 
(2, 8, 10). Tonsils are LN-like structures with open crypts evolved 
for sampling oropharyngeal microbes. As tonsils are a nidus for 
GAS infection, these lymphoid tissues are anatomically poised to 
mount a protective immune response to the pathogen (11, 12). It 
remains a long-standing mystery why some children get GAS RT 
and others do not.

To attempt to answer this question of why some children are 
predisposed to RT, we examined immunological characteristics of 
children (ages 5 to 18 years) from the San Diego (SD) area undergo-
ing tonsillectomies for GAS RT or for noninfectious reasons, e.g., 
sleep apnea (non-RT). We hypothesized that differences in the GAS- 
specific tonsillar immune responses may explain a predilection for 
some children to selectively develop GAS RT.

RESULTS
Germinal center T follicular helper cells and B cells are 
reduced in RT disease
By clinical history, RT children in our first SD cohort had a mean of 
12 tonsillitis episodes in total compared to 0.4 episodes among non-
RT children (P = 0.0001; Fig. 1A). Multiple epidemiological studies 
have reported similar asymptomatic GAS carriage rates between RT 
and non-RT children (18 to 30%) (9, 13, 14). This suggests that RT 
may not be due to differences in GAS exposure. We therefore exam-
ined the tonsillar immune response in children with RT. We system-
atically phenotyped tonsillar immune cells from a cohort of children 
consisting of 26 RT and 39 non-RT children, ages 5 to 18 years 
(cohort 1; Table 1). Tonsils contain germinal centers (GCs), com-
posed of germinal center T follicular helper (GC-TFH) cells, follicu-
lar dendritic cells, and germinal center B (BGC) cells (15). TFH cells 
are a distinct type of CD4+ T cells that provide help to B cells (16, 17). 
TFH cells are required for GCs and thus almost all affinity-matured 
antibody responses to pathogens (18). GC-TFH cells instruct the 
survival, proliferation, and somatic hypermutation of BGC cells. RT 
tonsils contained a significantly reduced frequency of GC-TFH cells 
(CD4+CD45RO+CXCR5hiPD-1hi) compared to non-RT tonsils 
(P = 0.0001; Fig. 1, B and C, and fig. S1A). Mantle TFH cell frequencies 
(mTFH; CXCR5+PD-1+, TFH cells outside of GCs) were not signifi-
cantly different (P = 0.076; fig. S1B). There was no difference in 
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B cell lymphoma 6 (BCL6) expression by GC-TFH and mTFH cells 
between RT and non-RT samples (fig. S1C). RT tonsils had higher 
non-TFH cell frequencies (CXCR5−) (P = 0.013; fig. S1D) and com-

parable naïve CD4+ T cell frequencies 
(P = 0.183; fig. S1E). Multivariate analy-
sis demonstrated that the GC-TFH fre-
quencies in RT children were highly 
significant with or without age (P = 
0.0032; Fig. 1D) or gender (P = 0.0034; 
fig. S1F) as a covariate.

Paralleling the significant reduction 
in GC-TFH cells in RT children, RT ton-
sils exhibited fewer BGC cells compared 
to non-RT tonsils (P = 0.0005; Fig. 1, E 
and F, and fig. S1A). This reduction re-
mained statistically significant with or 
without age (P = 0.0040; Fig. 1G) or gen-
der (P = 0.0064; fig. S1G) as a covariate. 
Memory B cell frequencies were com-
parable (P = 0.16; fig. S1H), plasma cell 
frequencies were lower (P = 0.006; fig. S1I), 
and naïve B cell frequencies were higher 
in RT tonsils (P = 0.0002; fig. S1J).

Histological examination revealed that 
RT tonsils had smaller GCs compared to 
non-RT tonsils (P < 0.002; Fig. 1, H and I). 
GC light and dark zones were well de-
fined (Fig. 1J). There were no differences 
in the frequencies of BGC cells in the light 
(P = 0.33; fig. S1K) and dark zones (P = 
0.90; fig. S1L). Smaller GCs suggested a 
potential CD4+ T cell defect in RT dis-
ease, consistent with the flow cytometry 
data. However, differences in GC-TFH 
cell frequencies and GC sizes could not 
be directly ascribed as RT associated 
without additional information; thus, we 
explored additional parameters to es-
tablish whether the GC differences were 
associated with RT disease.

RT disease is associated with 
impaired development of  
anti-SpeA antibodies
Diminished GC activity could potentially 
result in impaired circulating anti body 
responses to GAS. Examining antibodies 
was necessary to test this possibility; 
however, blood samples are not nor-
mally taken during tonsillectomies. Thus, 
a second cohort of children, from whom 
blood samples were obtained, was re-
cruited using the same enrollment cri-
teria, i.e., children ages 5 to 18 years 
undergoing tonsillectomies for either 
RT or non-RT, e.g., sleep apnea (cohort 2; 
Table 2). Antibody titers were examined 
against two GAS proteins: streptolysin 
O (SLO; the standard GAS serodiagnostic 

antibody marker) and streptococcal pyrogenic exotoxin A (SpeA; a 
GAS virulence factor). A simple expectation based on clinical history 
was that RT children would have higher concentrations of GAS-specific 
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antibodies than non-RT children because the former group had mul-
tiple bouts of tonsillitis, including experiencing a tonsillitis episode 
within a few months before surgery. However, anti-SLO immuno-
globulin G (IgG) titers were not elevated in RT children compared 
to non-RT children (P = 0.51; Fig. 2A). Detectable and comparable 
levels of anti-SLO IgG indicated that both RT and non-RT children 
had all been exposed to GAS. RT children had significantly lower 
anti-SpeA IgG titers than non-RT children (P = 0.024; Fig. 2B). The 
anti-SpeA IgG titers of RT children were subsequently compared to 
healthy adult volunteers; average anti-SpeA IgG titers in RT chil-
dren were less than 10% that of healthy adult volunteers (P = 0.0008; 
Fig. 2B). Anti-SpeA antibodies have been implicated epidemiologi-
cally in immunity against severe systemic GAS infections in adults 
(19, 20). SpeA antibodies have been shown to be protective in a 
mouse GAS infection model (21). Therefore, impaired production 
of circulating anti-SpeA IgG in RT children may be associated with 
RT children’s lack of protective immunity against recurrent GAS 
infections.

The tonsillar cells of cohort 2 were examined by multiparameter 
flow cytometry (Fig. 2, C to F, and fig. S2). RT tonsils of cohort 2 
had significantly lower frequencies of GC-TFH cells than non-RT 
tonsils (P < 0.0001; Fig. 2C), which were independent of age (P = 
0.00026; Fig. 2D) and gender (P = 0.0002; fig. S2G). Those results 
confirmed the observations made in cohort 1. Significant differences 
in BGC cell frequencies were not observed (P = 0.24; Fig. 2, E and F), 
suggesting that an RT immunological defect may be directly related 
to GC-TFH cells.

RT CD4+ T cells are skewed away from GAS-specific GC-TFH 
cells differentiation
Phenotypic and histologic analyses of RT tonsils suggested an im-
pairment of CD4+ T cell help to B cells in RT disease. For all subse-
quent experiments (Figs. 3 to 6 and figs. S3 to S8), samples from 
both cohorts 1 and 2 were used. We next assessed the frequencies of 
GAS-specific GC-TFH cells in the entire cohort of RT and non-RT 
children. Antigen-specific GC-TFH cells are difficult to identify by 
intracellular cytokine staining. The main function of a GC-TFH cell is 
to provide help to nearby B cells, resulting in stingy cytokine secre-
tion by GC-TFH cells. We therefore used our previously developed 
cytokine-independent approach to identify antigen-specific GC-TFH 
cells by T cell receptor–dependent activation- induced markers (AIMs), 
expressed upon recognition of antigen (22–24). We applied the AIM 
technique to quantify tonsillar GAS-specific CD4+ T cells (Fig. 3A). 
The nonpathogenic Gram-positive bacterium Lactococcus lactis was 
used as a negative control antigen (Fig. 3, A and B). Because children 
with RT experienced 12 times more tonsillitis episodes than non-RT 

children (Fig. 1A), a simple expectation was that RT tonsils would 
contain substantially more GAS-specific CD4+ T cells than non-RT 
tonsils. Instead, GAS-specific antigen- experienced CD4+ T cells 
(CD45RA−; Fig.  3C), GAS-specific non-TFH cells (fig. S3A), and 
GAS-specific GC-TFH cells (fig. S3B) were not significantly elevated 
in RT tonsils compared to non-RT tonsils. Rather, GAS-specific 
CD4+ T cells from RT tonsils were skewed away from GAS-specific 
GC-TFH cell differentiation, with a lower ratio of GAS-specific GC-
TFH cells to total GAS-specific CD4+ T cells (P = 0.023; Fig. 3D). 
Together, these data suggested that GAS-specific GC-TFH cell re-
sponses were deficient in RT disease.

Using the AIM assay, we performed RNA sequencing (RNA-seq) 
on sorted GAS-specific and unstimulated (CD25−OX40−) GC-TFH 
cells (fig. S3C) to assess whether there were functional differences in 
the GC-TFH cells. There were no notable differences between RT 
and non-RT GC-TFH cells. More IL4 mRNA was observed in GAS- 
specific GC-TFH cells from RT donors (fig. S3C), but the overall 

Table 1. Study participant demographics for cohort 1. 

RT (n = 26) Non-RT (n = 39) P value

Gender (%) 0.21*

Female 65.4% 48.7%

Male 34.6% 51.2%

Age (mean years) 11 8.31 0.0092†

*P value determined by Fisher’s exact test using R.   †P value 
determined by Mann-Whitney U test.
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mRNA abundance was low, and interleukin-4 (IL-4) protein was 
below the limit of detection (22). The data suggested that the RT 
and non-RT GC-TFH cells were functionally similar by assessment 
of conventional cytokines of interest.

RT disease is associated with human leukocyte antigen  
class II alleles
Essentially, all children are exposed to GAS during childhood (25). 
Among children enrolled in this study, RT children were likely 
to have a significant family history of tonsillectomy (P = 0.0004; 
Fig. 4A), suggesting a potential genetic predisposition. GC responses 
depend on human leukocyte antigen (HLA) class II antigen pre-
sentation by B cells to GC-TFH cells. Susceptibility to toxic shock 
syndrome and invasive forms of GAS infection have been inversely 
associated with HLA DQB1*06:02 (26). The DQB1*06:02 has also 
been associated with protection from the development of rheumatic 
heart disease (27, 28), the most severe sequela of long-term untreated 
GAS RT and the leading cause of heart failure in children world-
wide (1, 29). We performed HLA typing on the entire tonsillar co-
hort to test whether HLA associations previously associated with 
other GAS-related diseases may have relevant associations with RT 
disease. HLA class II associations frequently require large sample 
sizes. To increase the sample size, we generated an HLA-typed co-
hort of ethnically matched healthy adults from the SD general pop-
ulation (GP) (fig. S4A). HLA DQB1*06:02 was significantly less 
frequent in RT children than in the GP (P = 0.042; Fig. 4B and fig. 

S4B). HLA DQB1*06:02 was also significantly less frequent in RT 
children than the combined groups of non-RT children and GP 
(P = 0.048; Fig. 4B and fig. S4B). There was no difference in the 
HLA DQB1*06:02 allelic frequency between non-RT children and 
ethnically matched SD GP (P = 0.89; Fig. 4B and fig. S4B). Overall, 
these data suggest that DQB1*06:02 is a protective HLA allele from 
RT disease, potentially similar to the protective role of DQB1*06:02 
against toxic shock syndrome and invasive forms of GAS infection.

HLA alleles DRB1*01:01 and DRB1*07:01 (28, 30) have been linked 
to increased risk for rheumatic heart disease. No significant DRB1*01:01 
and DRB1*07:01 allelic associations were observed among all chil-
dren enrolled in this study (fig. S4B). However, given that RT is a 
multifactorial disease, we considered that a genetic association with 
disease susceptibility may be more evident in RT children exhibit-
ing the largest GC deficits. HLA allelic frequencies were thus exam-
ined among children with RT with the lowest quartile of GC-TFH 
and BGC cells [Fig. 4C and fig. S4, B (GClo) and C]. These children 
had significantly higher frequencies of HLA DRB1*01:01 compared 
to the GP (P = 0.03), non-RT children (P = 0.049), and the com-
bined control groups (P = 0.03; Fig. 4C and fig. S4B). Frequencies of 
HLA DRB1*07:01 were also elevated compared to non-RT children 
and the combined control groups (P = 0.03 and P = 0.03, respective-
ly; Fig. 4C and fig. S4B). In contrast, no differences were identified 
between the non-RT and GP cohorts for HLA DRB1*01:01 (P = 0.85) 
or HLA DRB1*07:01 (P = 0.74; Fig. 4C and fig. S4B). We additionally 
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compared the lowest quartile of GC-TFH and BGC cells from non-RT 
children to all RT children and the GP and observed no difference 
in HLA DRB1*01:01 or HLA DRB1*07:01 frequencies, as expected 

(fig. S4D). These data indicate that HLA DRB1*01:01 and DRB1*07:01 
are risk alleles for RT. Overall, integration of HLA typing and im-
munophenotyping data revealed relationships between RT disease, 
GAS, and GC responses.

RT-associated HLA alleles differentially affect CD4+ T cell 
responses to GAS and the GAS superantigen SpeA
SpeA superantigen is an important GAS virulence factor. Comparison 
of CD4+ T cell reactivity using an antibiotic-killed wild-type GAS 
strain M1T1 5448, with or without heat inactivation, or an antibiotic- 
killed isogenic SpeA-deficient mutant GAS strain (speA), demon-
strated that SpeA superantigen–mediated stimulation of CD4+ T cells 
constituted a major fraction of CD4+ T cell reactivity to in vitro–
cultured GAS (P = 0.002; Fig. 5A and fig. S5A). SpeA has provided 
certain GAS strains with an evolutionary advantage (21, 31, 32), as-
sociated with the global persistence and dominance of the M1 sero-
type among throat cultures. GC-TFH cells from RT tonsils bearing a 
risk HLA class II allele were potentially less responsive to SpeA stim-
ulation than non-RT tonsils bearing the protective HLA DQB1*06:02 
allele (P = 0.052; Fig. 5B and fig. S5B). Although not reaching statis-
tical significance, in light of the small N value, we found the results 
intriguing enough to examine SpeA interactions with human CD4+ 
T cells in greater detail.

Mechanistic relationships between HLA class II alleles and GAS 
disease manifestations are unclear (29), but a potential role has been 
suggested for SpeA (26, 33, 34). We tested binding of SpeA to 19 
well-defined single-allele HLA class II–expressing cell lines. The 
highest affinity binding interaction was between SpeA and HLA 
DQB1*06:02 (Fig. 5C and fig. S5C), whereas moderate binding was 
observed to cells expressing another DQ allele DQB1*03:02. Rapid 
and robust proliferation of HLA DQB1*06:02+ CD4+ T cells was 
observed in the presence of the superantigen (P = 0.0079; Fig. 5D 
and fig. S5D). In contrast, minimal proliferation was observed for 
HLA DQB1*06:02− CD4+ T cells, including HLA DRB1*01:01+ or 
DRB1*07:01+ CD4+ T cells (Fig. 5D and fig. S5E) with minimal cell 
death (fig. S5F). High-affinity interaction of SpeA with the protec-
tive allele HLA DQB1*06:02 resulted in robust CD4+ T cell prolifer-
ation (Fig. 5, C and D). Thus, CD4+ T cells from HLA DQB1*06:02+ 
individuals exhibit differential interaction with SpeA compared to 
HLA DQB1*06:02− individuals.

Granzyme B+ GC-TFH cells are found in RT disease
Although we observed that GC-TFH cell frequencies were significant-
ly lower in RT compared to non-RT tonsils, BCL6 expression by GC- 
TFH cells was equivalent on a per-cell basis. To identify CD4+ T cell 
factors potentially involved in SpeA superantigen–associated GC 
abnormalities in RT disease, we performed RNA-seq on SpeA- 
responsive GC-TFH cells from RT and non-RT tonsils. We observed 
no difference in TFH and immunomodulatory T helper 1 (TH1), 
TH2, or TH17 cytokine mRNA expression (fig. S6). GZMB mRNA, 
encoding the cytotoxic effector protein granzyme B (GzmB), was 
up-regulated in RT GC-TFH cells (P = 0.0079; Fig. 6A, fig. S7A, and 
table S1). GzmB is typically secreted by cytotoxic CD8+ T cells and 
natural killer cells for killing of target cells. Expression of GzmB by 
GC-TFH cells could be counterproductive to the B cell help function 
of GC-TFH cells. A potential mechanism by which GAS disrupts 
antibody responses could be aberrant GzmB expression by GC-TFH 
cells, converting a GC-TFH cell from one that helps BGC cells to one 
that kills BGC cells.
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on the basis of preferential GAS superantigen SpeA binding. (A) Comparison of 
AIM+ GC-TFH cells after stimulation with either antibiotic-killed (AK) GAS (10 g/ml), 
antibiotic-killed, heat-inactivated (AK HI) GAS (10 g/ml), or antibiotic-killed SpeA- 
deficient (AK SpeA) GAS (10 g/ml); n = 10, including RT and non-RT donors. 
Heat-inactivation of antibiotic-killed GAS inactivates GAS superantigens. (B) SpeA- 
responsive GC-TFH cells in tonsils from patients with RT with risk HLA alleles (n = 12) 
compared to non-RT patients with protective HLA alleles (n = 12). Tonsils were stim-
ulated with SpeA (1 g/ml) for 18 hours and background-subtracted as determined 
with unstimulated cells. (C) Histogram flow cytometric quantitation of SpeA binding 
by HLA allele using HLA cell lines. n = 3 experiments. (D) Proliferation of total CD4+ T 
cells from peripheral blood mononuclear cells (PBMCs) of HLA DQB1*06:02+ donors 
cocultured with recombinant SpeA (rSpeA) and a cell line expressing HLA 
DQB1*06:02 and of CD4+ T cells from PBMCs of HLA DRB1*07:01+ donors cocultured 
with rSpeA and a cell line expressing HLA DRB1*07:01. n = 4 experiments. **P < 0.01, 
*P < 0.05 (D). Statistical significance was determined by Mann-Whitney test. CTV, 
cell trace violet.
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To determine whether RT GC-TFH cells were capable of GzmB 
protein expression, four independent approaches were used as fol-
lows: (i) flow cytometry of intracellular-stained SpeA-stimulated GC- 

TFH cells, (ii) ImageStream imaging cy-
tometry of SpeA-stimulated GC-TFH cells, 
(iii) immunofluorescence microscopy of 
human tonsillar tissue, and (iv) killing 
of target cells. GC-TFH cell intracellular 
protein staining confirmed SpeA-induced 
GzmB expression (P = 0.006; Fig. 6, B 
and C), with no difference based on age 
(fig. S7B) or gender (fig. S7C). Perforin 
expression was also induced by SpeA 
stimulation (Fig. 6D). Consistent with these 
findings, punctate cytoplasmic GzmB was 
observed in SpeA-stimulated GC-TFH cells 
from a patient with RT by ImageStream 
(Fig. 6, E and F). These changes were 
specific to GC-TFH cells because there 
were no differences in the frequencies 
of GzmB+ mTFH cells (fig. S7, D and G), 
non-TFH cells (fig. S7, E and G), or CD8+ 
T cells (fig. S7, F and H) between RT and 
non-RT tonsils. These GzmB+ GC-TFH 
cells were not regulatory T cells, because 
they did not express FoxP3 or Helios 
(fig. S7I). GzmB was also observed histo-
logically in some GC-TFH cells (Fig. 6G).

We assessed whether SpeA-stimulated 
GC-TFH cells were capable of killing B cells. 
Killing by cytotoxic CD4+ T cells is typi-
cally difficult to demonstrate in vitro; 
nevertheless, killing of B cells by GC-TFH 
cells was observed in the presence of SpeA 
(Fig. 6H and fig. S7, J and K). This kill-
ing was more profound by RT GC-TFH 
cells compared to non-RT GC-TFH cells. 
Bystander cell death was not observed 
(fig. S7L). Phytohemagglutinin did not 
stimulate GzmB expression (fig. S7M). 
B cell killing by RT GC-TFH cells in the 
presence of GAS SpeA was independent of 
Fas and Fas ligand (fig. S7, N and O) and 
was associated with perforin expression 
by the GzmB+ GC-TFH cells (Fig. 6D).

Lastly, we assessed whether GzmB+ GC-
TFH cells were unique to RT. GC-TFH 
cells from healthy LNs from adult pa-
tients undergoing a staging LN biopsy 
were compared to RT and non-RT tonsils. 
GzmB+ GC-TFH cells were sporadically 
detected in healthy LNs. Significantly 
more GzmB+ GC-TFH cells were ob-
served in RT tonsils than healthy LNs, 
and GzmB expression was induced upon 
SpeA stimulation (P = 0.025; Fig.  6I). 
GC-TFH cells from non-RT tonsils and 
healthy LNs were comparable (Fig. 6I). 
Collectively, these data suggest that 

SpeA is capable of deviating GC-TFH cells into GzmB+ perforin+ 
killer TFH cells, and these killer TFH cells are a pathological feature 
of RT disease.
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DISCUSSION
By integrating immune profiling and clinical data with transcript-
omic and functional analyses, we revealed immunologic features of 
GAS RT that provide evidence that RT is an immunosusceptibility 
disease. We observed that (i) RT tonsils have significantly lower 
GC-TFH cell frequencies; (ii) RT children have impaired anti-SpeA 
antibody titers, which have been associated with protective immu-
nity to GAS; (iii) specific HLA class II alleles were associated with 
RT; and (iv) SpeA can induce GzmB expression in GC-TFH cells. 
Although RT is surely a multifactorial disease, these findings suggest 
that the sporadic nature of RT is linked to HLA-associated genet-
ic susceptibility differences with HLA class II allelic variants af-
fecting GAS superantigen binding. SpeA perturbation of GC-TFH 
cells with GC-TFH killing of BGC cells is a parsimonious model to 
explain key immunological and pathological aspects of RT. Inability 
to develop protective anti- SpeA immunity may render a child more 
susceptible to pharyngitis and reinfection because of disruption of 
GC-TFH cells.

It has been a long-standing mystery why some children get re-
current strep throat. Specific strains of GAS have been proposed as 
a cause of RT (2, 35, 36). However, previous studies have observed 
that RT and non-RT children have similar asymptomatic GAS car-
riage rates (9, 13, 14). Our pediatric cohorts were recruited from 
the same geographic area to control for circulating GAS serotypes. 
Globally, GAS disease burden is high and, in recent decades, the 
M1 serotype has remained one of the dominant strains (37, 38). It is 
notable that the M1 serotype has a bacteriophage encoding SpeA, 
and the acquisition of SpeA has been implicated in the dominance 
of the M1 pandemic strain in the United States (39, 40). Here, we 
observed that SpeA contributed substantially to GAS superantigen 
activity on GC-TFH cells.

SpeA superantigen actively skewed GC-TFH cell function, result-
ing in cytolytic GC-TFH cells. This represents a previously unidentified 
immune evasion mechanism of a pathogen. The ability of SpeA to 
convert a conventional GC-TFH cell into to a “killer TFH” in vitro 
occurred regardless of whether the GC-TFH cells were from an RT 
or non-RT tonsil. However, conversion to GzmB+ perforin+ GC-TFH 
cells, and cytotoxicity, was more extensive with GC-TFH cells from 
RT tonsils, and RT children had much lower anti- SpeA antibody re-
sponses. Even a small frequency of GzmB+ perforin+ GC-TFH cells 
may potentially have devastating effects within the confines of a 
GC. We contend that the cytotoxicity scenario is fundamentally dif-
ferent for GzmB+ GC- TFH cell disruption of GCs than it is for cytolytic 
control of a viral infection. BGC cells are probably among the most 

pro apoptotic cells in the body. Each BGC cell requires stimulation 
by a TFH cell every few hours or it will die (41–43). In addition, 
unlike most cell types, the BGC cells are all confined to a densely 
packed space, the GC. GC-TFH cells are constantly making short 
(~5 min) cognate interactions with BGC cells (44–46). Thus, in a 
24-hour period, 10 GC-TFH cells can make cognate interactions 
with 2880 BGC cells, and an average GC contains only ~1000 total 
BGC cells (47). In contrast, cytolytic killing of virally infected cells 
takes much longer cognate interactions, with more resistant cells, 
over a much greater three-dimensional space (48). Hence, we con-
sider it a reasonable model that it may take relatively little GzmB to 
kill a BGC cell and that GzmB+ TFH could serially poison many BGC 
cells each day.

Our finding of SpeA-induced GzmB+ perforin+ GC-TFH cells 
within tonsils also highlights the plasticity of TFH cells. Granzyme 
A–expressing GC-TFH cells have been described recently in human 
LNs and tonsils (49, 50). In this study, we observed no RNA expres-
sion of granzyme A and no differences in CD57, signal transducer 
and activator of transcription 3 (STAT3), or cytotoxic and regulato-
ry T cell molecule (CRTAM) between RT and non-RT tonsils (fig. S8, 
A to D). However, we did observe similarities between GzmB+ GC-
TFH and recent reports of CD8+ T cells acquiring TFH phenotypic 
features (51, 52). CXCR5+ CD8+ T cells have been identified in the 
context of HIV, simian immunodeficiency virus, and lymphocytic 
choriomeningitis virus chronic infections and have the capacity to 
migrate into B cell follicles and exhibit cytotoxicity (53–56). Anti- 
PD1 immunotherapy predominantly rescues exhausted CD8+ T cells 
via outgrowth of CXCR5+ CD8+ T cells (56). Development of CXCR5+ 
CD8+ T cells is associated with up-regulation of key TFH transcription 
factors T cell factor 1 (TCF1) and BCL6 (57) and a substantial reduc-
tion in the expression of GzmB by the CXCR5+ CD8+ T cells (56, 58). 
In this study of RT GC-TFH cells, the opposite was observed; down- 
regulation of TCF1 and its homolog LEF1 occurred in SpeA-stimulated 
GC-TFH cells commensurate with GzmB up-regulation, suggesting 
that the TCF1/lymphoid enhancer factor (LEF1) axis may be required 
for separation of TFH and cytolytic transcriptional programs in both 
CD4+ and CD8+ T cells. Together, the data from this study suggest 
that conversion of GC-TFH cells to GzmB+ perforin+ TFH cells rep-
resents a reciprocal process to the recently described conversion of 
CXCR5− GzmBhi CD8+ T cells to CXCR5+ GzmBlo CD8+ T cells.

This study identified risk and protective alleles for GAS RT, 
alleles which have previously been implicated in other clinical pre-
sentations of GAS infection. RT disease is associated with a lower 
frequency of HLA alleles observed to be protective against GAS 

Table 2. Study participant demographics for cohort 2.  

RT (n = 40) Non-RT  
(n = 41)

P value

Gender (%) 0.0058*

Female 77.5% 46.3%

Male 22.5% 53.7%

Age (mean years) 9.65 8.39 0.21†

*P value determined by Fisher’s exact test using R.   †P value 
determined by Mann-Whitney U test.

Table 3. Study participant demographics for entire combined cohort.  

RT (n = 66) Non-RT  
(n = 80)

P value

Gender (%) 0.0055*

Female 72.7% 47.5%

Male 27.3% 52.5%

Age (mean years) 10.18 8.35 0.0024†

*P value determined by Fisher’s exact test using R.   †P value 
determined by Mann-Whitney U test.
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invasive infection and toxic shock syndrome and with a higher fre-
quency of HLA risk alleles shared with severe autoimmune rheu-
matic heart disease. Screening for these HLA alleles in children with 
strep throat may provide a valuable prognostic indicator for suscep-
tibility to recurrent GAS pharyngeal infections.

There are limitations to this study. Tonsillectomy indication was 
determined by the otolaryngologist at a tertiary referral hospital on 
the basis of history provided by the referring pediatrician or parent, 
with the tonsils analyzed in an unblinded fashion. There were no 
culture data for the RT group to determine which GAS serotype was 
the etiologic agent of strep throat. Tonsils were acquired at hospitals 
specifically in the SD area, and thus, some of the findings here may 
be specific to certain geographical limitations. In addition, robust 
statistical associations with HLA class II alleles frequently require 
cohorts of 1000 or more individuals. Future studies will clearly be of 
value to address these limitations.

In a murine HLA class II model of GAS infection, establishment 
of GAS infection was dependent on SpeA, and immunization with 
an SpeA toxoid elicited anti-SpeA IgG that was protective against 
GAS infection (21, 31). Our data indicate that differential binding 
of SpeA to HLA class II alleles may predict susceptibility of individ-
uals to GAS infection. More broadly, these data support central roles 
for SpeA and anti-SpeA IgG in tonsillitis pathogenesis and GAS 
protective immunity, respectively. Strong binding of SpeA to HLA 
DQB1*06:02 may facilitate the development of SpeA-specific GC-
TFH cells to provide help to BGC cells to generate anti-SpeA IgG to 
neutralize SpeA upon reexposure. An understanding of this immune 
evasion strategy may now allow for rational design of countermea-
sures. An inactivated SpeA toxoid vaccine may be a simple and rea-
sonable candidate for consideration as a strep throat and RT vaccine 
and as a means to reduce costly RT antibiotics treatments and sur-
geries per year and to reduce childhood strep throat disease burden 
generally.

In conclusion, we provide evidence that RT is a genetic immu-
nosusceptibility disease with a role for SpeA and GC-TFH cells. We 
have identified correlates of disease both on the side of the pathogen 
and on the side of the immune system. These findings have several 
implications, including the plausibility of SpeA as a potential vac-
cine target for RT and strep throat generally. Lastly, the finding of 
GzmB+ perforin+ GC-TFH cells points to a pathological mechanism 
of GC control.

MATERIALS AND METHODS
Study design
The goal of the study was to understand why only some children get 
recurrent GAS-associated tonsillitis. On the basis of discussions 
with pediatricians and pediatric otolaryngologists, we restricted re-
cruitment to children ages 5 to 18 years undergoing tonsillectomies 
as GAS RT afflicts school-aged children. Tonsils were obtained 
from children at Rady Children’s Hospital or the Naval Medical 
Center, undergoing tonsillectomies for either GAS-associated RT 
or sleep apnea. Sleep apnea was chosen as the comparator group 
because (i) tonsils are never removed from healthy children; (ii) 
partial tonsil biopsies are not feasible because of the small risk of 
life-threatening oropharyngeal hemorrhage; (iii) cadaveric tonsils 
are not adequate for GC research purposes because there are few 
live cells to perform functional assays, and the quality of the cells is 
uncertain because of the highly apoptotic nature of GCs; (iv) pedi-

atric whole-body organ donors are extremely rare, and those with 
tonsils harvested are even rarer; and (v) sleep apnea is another com-
mon indication for tonsillectomy but is not associated with a known 
infectious etiology. Enrollment of children from the same geographic 
area controlled for circulating GAS strains within the community. 
Otolaryngologists performing the tonsillectomies determined indi-
cation for tonsillectomy (RT or sleep apnea) based on clinical history 
and laboratory data from referring pediatricians. Inclusion criteria 
were age and indication for tonsillectomy. Exclusion criteria in-
cluded active infection, malignancy, autoimmunity, mixed indica-
tion (RT/apnea), and age < 5 years. Substantial effort was made to 
control for age in enrolling RT and non-RT children. Gender was 
documented and reported but was not an inclusion criterion.

Cohort 1 (Table 1) consisted of children enrolled at the Naval 
Medical Center and Rady Children’s Hospital. Cohort 2 (Table 2) 
consisted of children enrolled at Rady Children’s Hospital by the 
same pediatric otolaryngologists as cohort 1. Cohort 2 consists of 
children enrolled after amendment of the institutional review board 
(IRB) to include a blood specimen at the time of tonsillectomy. 
Characteristics of the total cohort (cohorts 1 and 2) are in Table 3. 
Informed consent was obtained from all donors under protocols 
approved by the IRBs of the University of California, San Diego 
(UCSD; 131099), Rady Children’s Hospital (RCHD 2847), Naval 
Medical Center (NCRADA-NMCSD-11-378), and La Jolla Institute 
for Immunology (LJI; VD-108-1113). Antibody panels are described 
in tables S2 to S8. Primary data are reported in data file S1.

Statistical analysis
All statistical analyses were performed using two-tailed Mann- 
Whitney test in GraphPad 7.0, unless otherwise specified. ANCOVA 
was performed to evaluate age or gender as a covariable. Two-tailed 
Fisher’s exact test was used to evaluate HLA associations, using 
GraphPad software or R software version 3.3.1.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/11/478/eaau3776/DC1
Materials and Methods
Fig. S1. RT and non-RT tonsillar immunophenotyping of cohort 1.
Fig. S2. RT and non-RT tonsillar immunophenotyping of cohort 2.
Fig. S3. GAS-specific CD4+ T cells by AIM assay.
Fig. S4. HLA typing of entire tonsillar cohort.
Fig. S5. SpeA-responsive GC-TFH cells.
Fig. S6. SpeA-responsive GC-TFH cells by AIM assay.
Fig. S7. SpeA induced GzmB production.
Fig. S8. SpeA-responsive GC-TFH cells by AIM assay.
Table S1. RNA-seq analysis.
Table S2. Flow cytometry antibodies for fresh tonsil stain.
Table S3. Flow cytometry antibodies for AIM assay.
Table S4. Flow cytometry antibodies for PBMC proliferation assay.
Table S5. Flow cytometry antibodies for GzmB detection.
Table S6. Flow cytometry antibodies used for sorting GC-TFH and non-BGC cells for GzmB 
expression after 5-day in vitro culture.
Table S7. Flow cytometry antibodies for GzmB detection from sorted GC-TFH cells.
Table S8. Flow cytometry antibodies used for sorting for cytotoxicity assay.
Data file S1. Primary data.
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A U T O I M M U N I T Y

Sustained B cell depletion by CD19-targeted CAR T cells 
is a highly effective treatment for murine lupus
Rita Kansal1, Noah Richardson1, Indira Neeli1, Saleem Khawaja1, Damian Chamberlain1, 
Marium Ghani1, Qurat-ul-ain Ghani1, Louisa Balazs2, Sarka Beranova-Giorgianni3, 
Francesco Giorgianni3, James N. Kochenderfer4, Tony Marion1,  
Lorraine M. Albritton1, Marko Radic1*

The failure of anti-CD20 antibody (Rituximab) as therapy for lupus may be attributed to the transient and incomplete 
B cell depletion achieved in clinical trials. Here, using an alternative approach, we report that complete and sustained 
CD19+ B cell depletion is a highly effective therapy in lupus models. CD8+ T cells expressing CD19-targeted chimeric 
antigen receptors (CARs) persistently depleted CD19+ B cells, eliminated autoantibody production, reversed 
disease manifestations in target organs, and extended life spans well beyond normal in the (NZB × NZW) F1 and 
MRLfas/fas mouse models of lupus. CAR T cells were active for 1 year in vivo and were enriched in the CD44+CD62L+ 
T cell subset. Adoptively transferred splenic T cells from CAR T cell–treated mice depleted CD19+ B cells and 
reduced disease in naive autoimmune mice, indicating that disease control was cell-mediated. Sustained B cell 
depletion with CD19-targeted CAR T cell immunotherapy is a stable and effective strategy to treat murine lupus, 
and its effectiveness should be explored in clinical trials for lupus.

INTRODUCTION
Systemic lupus erythematosus (SLE) is an autoimmune disease that 
is difficult to diagnose and treat because of the episodic nature of 
flare-ups, the involvement of multiple organ systems and variable 
presentation, and severity (1). Autoantibodies to DNA and nuclear 
protein autoantigens are consistently present in lupus and contribute 
to pathogenesis by forming immune complex deposits in various 
tissues (2, 3). Additional B cell contributions to lupus include antigen 
presentation to self-reactive T cells and the secretion of inflamma-
tory cytokines. Approaches that inactivate or deplete B cells offer at-
tractive therapies for lupus, and efforts to identify promising targets 
on B cells merit continued attention (4–6).

B cell depletion with a monoclonal antibody against the B cell sur-
face marker CD20, Rituximab, has shown therapeutic promise in 
rheumatoid arthritis (7) and multiple sclerosis (8) but was unsuccess-
ful in two separate clinical trials for SLE (9, 10). Patients whose B cell 
depletion in peripheral blood occurred faster, was more complete, or 
lasted longer experienced the most notable improvements in dis-
ease presentation in the Lupus Nephritis Assessment with Rituximab 
(LUNAR) trial (10). However, disease scores and lupus flares did 
not distinguish between treatment and placebo groups, such that 
neither the Exploratory Phase II/III SLE Evaluation of Rituximab 
(EXPLORER) (9) nor LUNAR (10) clinical trials met predetermined 
end points for clinical efficacy. Studies in lupus-prone mice showed 
that high concentrations of endogenous immune complexes blocked 
macrophage function and required a higher dose of anti-CD20 anti-
body to achieve B cell depletion (11–13). Incomplete B cell depletion 
of tissue-resident B cells (10), or the transient nature of the treat-

ment, may have contributed to the failure of the initial Rituximab 
trials to attain satisfactory outcomes.

Administration of anti-CD20 antibodies has additional limitations 
as treatment for lupus. Upon injection, monoclonal antibodies follow 
drug-like pharmacokinetics with exponential decay that requires re-
peated administrations to achieve and maintain a therapeutic dose (14). 
Over time, resistance to the treatment arises in the host and further 
limits use (15). Cancer immunotherapy to target malignant transformed 
B cells has led to an alternative approach that can deplete B cells. 
Cytotoxic T cells, which express transduced genes for surface receptors 
against CD19, kill the targeted cells upon binding (16, 17). Autologous 
T cells with such CD19-targeted chimeric antigen receptors (CARs) 
have shown remarkable efficacy in a growing number of B cell malig-
nancies because they retain potency over time and can lead to lasting 
remission (18). Cell-based therapies provide further advantages over 
antibodies because CAR T cells require only a single administration, 
migrate to multiple lymphoid tissues and organs in the recipient, 
and develop into both effector and memory cell populations.

Here, we test whether permanent and profound B cell depletion 
by CD19-targeted CAR T cells can lead to lasting remission of ex-
perimental lupus. In two mouse strains that are reliable models of 
SLE and that differ in the underlying genetic mechanisms leading to 
autoimmunity (19), sustained CD19+ B cell depletion prevented auto-
antibody production, alleviated manifestations of lupus pathogenesis, 
and lengthened life spans. In addition, B cell depletion affected the 
distribution of T cell populations, preventing the disease-associated 
bias toward CD4+ lymphocytes (20).

RESULTS
Experimental design and implementation
The experimental design for testing of CD19-targeted CAR T cells 
in mouse models of lupus was closely related to a standard CAR 
approach, except that we used purified CD8+ T cells because of con-
cern with the potential disease-enhancing effect of autoreactive CD4+ 
T cells (Fig. 1, A to D). We used the 1D3 CD19-targeted CAR (21), 
which consists of the 1D3 extracellular single-chain Fv (heterodimer 
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of the variable region of the light and heavy chains) domain linked to 
the CD28 transmembrane and cytoplasmic signaling domains and 
a variant CD3 C terminus (Fig. 1A). This CD3 variant contains 
alanine residues in place of the conserved tyrosine residues in two 
of the three cytoplasmic immunoreceptor tyrosine-based activation 
motif (ITAM) domains. These mutations reduce activation and miti-
gate the subsequent exhaustion of the CAR T cells, thus contribut-
ing to increased persistence of the engineered T cells in vivo (21, 22). 
Recipient mice were conditioned by irradiation to facilitate engraft-

ment of the transferred T cells by transiently depleting the rapidly 
dividing endogenous lymphoid and myeloid cell populations.

To evaluate gene delivery methods, we transduced the CD19- 
targeted CAR into splenic CD8+ T cells via different virus trans-
duction methods. In the (NZB × NZW) F1 (NZB/W) lupus model, 
7-month-old female mice were used as donors of CD8+ T cells for 
transduction and as recipients of the CD19-targeted CAR T cells. 
We chose female mice of that age because they manifest overt signs 
of autoimmune disease (19). The three virus transductions achieved 
between 5 and 15% expression in primary T cells and more than 
90% expression in cells from the human Jurkat T cell line (fig. S1). 
After 5 days of cell culture, we injected 1.2 × 106 transduced CD8+ 
T cells per mouse from one of the three tested viral vector groups 
(table S1) and an equal number of mock-transduced T cells into 
control mice.

The different viral vectors achieved different efficiencies of B cell 
depletion (Fig. 2A and table S1). CD19+ B cells were depleted in 8 
of 10 NZB/W mice receiving CD8+ T cells transduced with the 
amphotropic murine leukemia virus (A-MLV) retrovirus, in 4 of 
9 mice receiving CD8+ T cells transduced with vesicular stomatitis 
virus G glycoprotein (VSV-G)–pseudotyped MLV, and in only 2 
of 10 mice that received CD8+ T cells transduced with VSV-G–
pseudotyped lentivirus (G-LV). These results defined two comparison 
groups for follow-up studies, those that were CD19+ B cell depleted 
(CD19-d) and those in which CD19+ B cells recovered within 3 weeks 
after the transient myelodepletion. The CD19+ B cell depletion phe-
notypes were stable thereafter because only one mouse that showed 
CD19+ B cell depletion at 4 weeks after CAR T cell infusion regained 
CD19+ B cells by 8 weeks after treatment (fig. S2). All other CAR 
T cell–treated mice, in which the CAR T cell infusion depleted CD19+ 
B cells, exhibited CD19+ B cell aplasia throughout the course of the 
experiments, more than 1 year from the administration of trans-
duced T cells.

Encouraged by the initial success of the CD19-targeted CAR ap-
proach in NZB/W female mice, we expanded the study to include 
MRLfas/fas (MRL-lpr) mice. These mice develop a lupus-like disease 
that is T cell–driven and manifests more quickly than the disease of 
NZB/W mice (19). Two-month-old MRL-lpr female mice received 
CD19-targeted CD8+ T cells from same-age donor mice after trans-
duction with the A-MLV retrovirus. This virus, along with an improve-
ment of injection procedures (see Materials and Methods), led to the 
depletion of CD19+ B cells from 12 of 12 MRL-lpr mice (Fig. 2B). As 
controls, we used MRL-lpr female mice infused with mock-transduced 
syngeneic CD8+ T cells. To test whether CD19-targeted CAR T cells 
select for structural variants of CD19 that would not be detected by 
flow cytometry, we quantified CD19 message in splenic RNA from 
CAR T cell–treated and control mice (Fig. 2C). Probes for exons 5 and 
6 and exons 14 and 15 of CD19 confirmed absence of CD19 gene ex-
pression in spleens of treated mice 1 year after CAR T cell transfer.

Serology of CAR T cell–treated mice
We determined total plasma IgM (immunoglobulin M), IgG, and 
anti-DNA autoantibody titers using enzyme-linked immunosorbent 
assay (ELISA) in CAR T cell–treated and control mice (Fig. 3). The 
results revealed statistically significant differences between CAR 
T cell–treated mice that were CD19-d versus treated but CD19 
sufficient (CD19-s) mice and control mice. Total serum IgM and IgG 
were decreased in CD19-d mice from 8 to 11 weeks to 18 to 19 weeks 
after CAR T cell injections (for NZB/W and MRL-lpr, respectively; 
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CAR T cell

CAR T cell

6 months

6 months
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d and urine

d and urine
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Fig. 1. CAR design and transduction. (A) The structural gene for 1D3-28Z.1-3 is 
shown downstream of the MSGV 5′ long terminal repeat (LTR) and splice acceptor 
(). The asterisk indicates that the first and third ITAMs in CD3 have tyrosine to 
alanine replacement mutations. (B) Diagram of CAR protein in the cell membrane 
showing the extracellular single-chain Fv (scFv) domain and the transmembrane 
(TM) and signaling domains that combine CD28 and CD3 C termini. (C) Steps in-
volved in the isolation, activation, and transduction of CD8+ splenocytes with virus 
before infusion into a recipient mouse that was irradiated ahead of T cell trans-
fer to achieve transient myeloablation. (D) Timeline of CAR T cell treatment and 
sample collection in NZB/W and MRL-lpr mice. CFSE, carboxyfluorescein diacetate 
succinimidyl ester.
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A-MLV–CAR

G-LV–CAR
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Fig. 2. Flow cytometry of blood lymphocytes from CAR T cell–treated mice and controls. Mice were administered CD19-targeted CAR CD8+ T cells transduced by one 
of three different viruses, as indicated above the plots. CD19+ B cell depletion was assessed 2 months after treatment. Pseudocolor plots indicate CD19 and CD3 expres-
sion on lymphocytes, as defined by forward and side scatter in blood from individual mice. Frequencies of CD19+ B cells are shown in the top left quadrant. (A) Fourteen 
NZB/W mice in the three transduction groups that had less than 1% CD19+ lymphocytes were designated as CD19-d, whereas control mice and 15 of the CAR T cell–treated 
mice that had 12 to 60% CD19+ B cells were combined into the CD19-sufficient (CD19-s) experimental group. (B) MRL-lpr mice were injected with A-MLV–CAR–transduced 
CD8+ T cells or with nontransduced CD8+ T cells (control), and frequencies of CD19+ lymphocytes were determined. (C) Total RNA from the spleens of four control and 
four CAR T cell–treated mice was purified to measure transcripts coding for CD19 and TATA binding protein (TBP). CD19 message, as measured by reverse transcription 
polymerase chain reaction (RT-PCR) at two exon-intron boundaries (CD19-A or CD19-B; see table S2 for details), was determined in CAR T cell–treated mice and controls. 
n.d., nondetectable.
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Fig. 3, A and B). Anti-DNA IgG and IgM 
that were detectable before CAR T cell 
injections in both NZB/W and MRL-
lpr mice were decreased to below the 
detection limit and remained low to un-
detectable in most of the CD19-d NZB/W 
and CAR T cell– treated MRL-lpr mice 
(Fig. 3, A and B). In contrast, anti-DNA 
IgG and IgM autoantibodies remained 
elevated or increased in CD19-s and con-
trol mice, consistent with the progression 
of autoimmunity in both strains.

Effects of CAR T cell treatment on 
lupus pathogenesis and survival
The most notable effect of CD19-targeted 
CAR treatment on disease pathogenesis 
was the increase in life spans of both 
NZB/W (Fig. 4A) and MRL-lpr mice 
(Fig. 4B). Most CD19-d NZB/W mice 
lived about 1 year after CAR T cell in-
jection, attaining 18 months of age. This 
was a highly significant extension of life 
spans (P = 0.0019) when compared to 
CD19-s NZB/W mice, all of which had 
been euthanized because of advanced 
disease by that time. Similarly, 8 of 12 CAR 
T cell–treated MRL-lpr mice lived for 1 year 
after treatment, outliving control MRL-
lpr mice and attaining 14 months of age 
at the termination of the experiment. The 
CD19-targeted CAR T cell treatment con-
siderably extended life spans, as treated 
mice reached an age that is quite unusual 
for these lupus-prone strains of mice 
(19). This result provided unambiguous 
confirmation that CAR T cell therapy 
profoundly affects autoimmune disease 
progression in both NZB/W and MRL-
lpr mice.

To elucidate the extended survival, 
we evaluated the effects of B cell deple-
tion on disease manifestations. Because 
anti-DNA autoantibodies are linked to 
glomerulonephritis in lupus mice, we 
measured proteinuria as an indication of 
kidney function. At 7 months of age, be-
fore administration of CAR T cells, 6 of 
28 NZB/W mice had high-grade pro-
teinuria. Five months after CAR T cell 
administration, 0 of 11 CD19-d mice had 
high-grade proteinuria, compared to 8 
of 17 CD19-s mice (Fig. 4C). Although 
2-month-old MRL-lpr mice are gener-
ally considered prediseased, 7 of 20 MRL- 
lpr mice in our experiment had high-grade 
proteinuria before CAR T cell treatment. 
Five months after treatment, high-grade 
proteinuria was detected in only 1 of 
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Fig. 3. Serologic analysis of IgM and IgG concentrations and anti-DNA reactivities at different times after CAR 
T cell infusion. (A) NZB/W and (B) MRL-lpr plasma were tested using ELISA for total IgM and IgG concentration and 
IgM and IgG anti-DNA titers. Values for CD19-d and CD19-s and control mice are indicated. IgM and IgG standards 
were used to generate standard curves for estimating IgM and IgG concentrations. Times of plasma collection for the 
relevant groups are indicated. Horizontal lines are means. Differences between measurements taken at the indicated 
time points were compared by one-tailed t test, and significance is indicated by *P < 0.05, **P < 0.01, and ***P < 0.001.
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11 CAR T cell–treated mice but was man-
ifested in 8 of 9 control mice (Fig. 4D).

The CD19+ B cell depletion signifi-
cantly reduced splenomegaly in CAR 
T cell–treated NZB/W mice relative to un-
treated control mice (P < 0.005; Fig. 4E). 
Histopathology of NZB/W kidney sec-
tions confirmed that CAR T cell treatment 
reduced the size and cellular infiltrate 
in glomeruli and largely prevented IgG 
deposits in both autoimmune strains of 
mice (Fig. 4F and fig. S3). In MRL-lpr 
mice, autoimmune disease also manifests 
as a skin disorder that begins with alopecia 
and progresses to skin lesions and scar-
ring (23). To examine the skin pathology 
in CAR T cell–treated and control mice, 
we compared hematoxylin and eosin 
(H&E)–stained skin sections by micros-
copy. At 8 months, when the control mice 
had cell infiltrates and inflammation pro-
gressing to acanthosis and hyperkeratosis, 
the CD19-d MRL-lpr mice had nearly 
normal skin architecture (Fig. 4G) and 
minimal alopecia (fig. S4). The notable 
differences in pathology scores between 
CAR T cell–treated and control MRL-lpr 
mice (Fig. 4H) confirmed that CD19- 
targeted CAR T cells alleviate diverse 
lupus manifestations.

Effects of CAR T cell treatment on  
B and T lymphocyte populations
To investigate a possible source of the 
persistent plasma IgM in mice that had 
a near-complete depletion of circulating 
CD19+ B cells, we evaluated blood of 
CD19-d mice for the presence of sur-
face IgM+ B cells. Control mice of both 
strains had IgMhi and IgMlo subpopula-
tions of surface IgM+ B cells (Fig. 5A). 
The IgMlo, but not the IgMhi, subpopu-
lation of B cells was also present in CAR 
T cell–treated NZB/W and MRL-lpr mice, 
although these B cells had undetectable 
CD19. This persisting IgMlo, CD19− pop-
ulation may contribute to the continued 
IgM production.

We next considered whether the se-
vere depletion of CD19 B cells may de-
lay the progression of disease, in part, by 
modulating the T cell contribution to 
pathogenesis. In MRL-lpr mice, CD4+ 
T cells accumulate with age. The CAR T 
cell treatment prevented the twofold in-
crease in CD4-to-CD8 T cell ratio that was 
evident in control mice by 7 months of age 
(Fig. 5B). As consequence of the lpr muta-
tion, the MRL-lpr strain also accumulates 

A
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F G H

D E

B

Fig. 4. Impact of CD19-targeted CAR T cell treatment on lupus pathogenesis and survival. (A) Survival curves of 
NZB/W mice after CAR T cell infusion into 7-month-old recipients. Survival of CD19-d mice (n = 12) was compared 
relative to CD19-s mice (n = 12), and significance was determined by log rank (Mantel-Cox; P = 0.0019). For comparison, 
the survival of control mice (n = 8) is plotted. (B) Survival curves of CAR T cell-treated and control MRL-lpr mice. 
CAR T cell–treated mice (n = 11) were compared to control MRL-lpr mice (n = 11), and survival of mice in the two 
groups was evaluated by long rank (Mantel-Cox; P = 0.0001). (C and D) High-grade proteinuria (1 mg/ml and higher) 
was determined before treatment (start) and at 5 months after CAR T cell treatment. (C) Proteinuria in CD19-s (n = 12) 
and CD19-d (n = 11) NZB/W mice was analyzed by single-factor analysis of variance (ANOVA) (P = 0.038). (D) High-
grade proteinuria in CAR T cell–treated MRL-lpr mice (n = 11) and controls (n = 9) was similarly compared (P = 0.0017). 
(E) Lengths of spleens in CD19-d and CD19-s NZB/W mice were measured at euthanasia (P < 0.005). Bars are means, 
and horizontal lines are SEMs. (F) Kidneys from NZB/W mice were sectioned and analyzed for cellularity and morphology 
by H&E staining and for mouse IgG deposits by immunofluorescence (IF). (G) MRL-lpr skin sections were stained by 
H&E to compare the epidermis of control and CAR T cell–treated mice. (H) Pathology scores of MRL-lpr kidney and 
skin sections were determined as described in Materials and Methods.
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Fig. 5. Effect of CD19-targeted CAR T cell treatment on lymphocyte phenotype and plasma proteome. (A) The expression of surface IgM on peripheral blood 
B lymphocytes from control MRL-lpr mice (left) was used to define an intermediate and a high IgM+ population (indicated by stacked gates). These gates were used to 
assess expression of IgM on B cells from CAR T cell–treated MRL-lpr mice (right). (B) The ratio of CD4 to CD8 T cells was determined in 18-week-old MRL-lpr mice treated 
with CAR T cells and controls. Each symbol represents data from a single mouse, bars are means, and horizontal lines are SDs. Differences between CAR T cell–treated and 
control mice were examined by two-tailed t test and noted by *P < 0.05 and ***P < 0.001. (C) Proportions of CD4−CD8− DN T cells as the percentage of CD3+ cells from CAR 
T cell–treated and control MRL-lpr mice were plotted (n. s., no significant differences). (D) Effector memory (CD62LloCD44hi), central memory (CD62LhiCD44hi), and naïve 
(CD62LhiCD44lo) CD4+ T cells from representative control (top) and CAR T cell–treated MRL-lpr mice (bottom) were determined (for complete CD4+ T cell phenotype 
assessment, see table S3). (E) The CD62LhiCD44hi population of CD8+ T cells from a representative control mouse (left) and CAR T cell–treated MRL-lpr mouse (right) are 
shown, and the percentage of CD8+ T cells in the CD62LhiCD44hi gates was displayed. (F) Overall proportions of CD62LhiCD44hi cells among CD8+ or CD4+ T cells in CAR 
T cell–treated and control mice were determined and plotted. Each symbol represents data from a single mouse, horizontal lines are means, and offset lines are SDs. 
Differences between CAR T cell–treated and control mice were examined by two-tailed t test and marked by ***P < 0.001. (G) Relative RNA expression in spleens, kidneys, 
and bone marrow from four CAR T cell–treated and four control NZB/W mice were measured by RT-PCR for transcripts originating from TBP, a house keeping gene, two 
regions of CD19, TACI, BCMA, CXCR4, and the light-chain constant regions of Ig and 1 (see Materials and Methods and table S2). Values were plotted using ln2. Means 
and SE are displayed. (H) Plasma was prepared from CAR T cell–treated and control MRL-lpr mice, and plasma proteins were analyzed by mass spectrometry. Horizontal 
lines are means, and offset lines are SDs. Concentrations were compared by two-tailed t test, and significance was indicated by *P < 0.05, **P < 0.01.
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CD4−CD8− double-negative (DN) T cells that do not directly con-
tribute to disease (24); as expected from a T cell–intrinsic genetic 
defect, we observed no differences between DN T cells from CAR 
T cell–treated versus control MRL-lpr mice (Fig. 5C). Treatment 
with CD19-targeted CAR T cells did not appreciably affect the rela-
tive proportions of CD62LloCD44hi effector memory CD4+ T cells 
or CD62LhiCD44hi central memory CD4+ T cells (Fig. 5D), although 
CD62LhiCD44lo naïve CD4+ were more abundant in CAR T cell–
treated MRL-lpr mice (table S4). CD62LhiCD44hi central memory 
CD8+ T cells constituted nearly half of the CD8+ T cells in most CAR 
T cell–treated MRL-lpr mice (Fig. 5E), thus indicating a highly sig-
nificant (P < 0.001) increase in central memory CD8+ T cells relative 
to age-matched controls and suggesting that this cell population may 
harbor the CAR.

To test for the presence and functional status of B cells that may 
remain in the spleen, kidneys, or bone marrow of CAR T cell–treated 
mice, we used quantitative PCR (qPCR) to determine relative RNA 
expression for genes that are implicated in the migration and growth 
factor response of B cells and plasma cells (Fig. 5G). Although CD19 
expression was present in spleens, kid-
neys, and bone marrow samples from 
control mice, CD19 expression was not 
detected in any of the three tissues from 
treated mice, presumably reflecting the 
efficacy of CD19-targeted CAR T cells. 
Despite the strong reduction in CD19 ex-
pression, RNA coding for Ig light chains 
and two growth factor receptors found 
on B cells, transmembrane activator and 
CamI interactor (TACI) and B cell mat-
uration antigen (BCMA), differed by only 
twofold or less in spleens from CAR T cell–
treated mice versus controls (Fig. 5G). In 
the bone marrow of treated mice, tran-
scripts for light chains, TACI, and BCMA 
were expressed at comparable or higher 
amounts relative to controls, indicating 
the continued presence of antibody- 
producing cells in that lymphoid tissue. 
In contrast, transcripts for Ig light chains 
were greatly reduced in kidneys from 
CAR T cell–treated mice relative to control 
mouse kidneys, suggesting the effective 
depletion of antibody-producing cells from 
kidneys of the treated NZB/W mice.

To assess systemic markers of inflam-
mation and autoimmunity in CAR T cell–
treated and control MRL-lpr mice, we 
analyzed the plasma proteome by mass 
spectrometry. CAR T cell–treated mice had 
a distinct proteome, in which S100- A10, 
cathepsin D, tissue factor pathway inhibi-
tor, and complement C4-B were reduced 
in comparison to control MRL-lpr mice 
(Fig. 5H). Complement protein C3 was 
increased in the plasma of CAR T cell–
treated mice. The S100-A10 protein is a 
marker for chronic inflammation (25), 
and the remaining proteins correlate with 

lupus pathogenesis in both mice and humans (26–28). The fact that 
CAR T cell treatment altered the abundance of these five plasma 
proteins provides further evidence for the amelioration of disease 
in CAR T cell–treated mice.

Functional tests of CD19-targeted CAR T cells
Because we were surprised at the apparent year-long persistence of 
CAR T cells in mice, we sought to find evidence of their continued 
cytotoxic efficacy. To test whether CD19-targeted CAR T cells con-
tinue to deplete B cells, we adoptively transferred syngeneic, CFSE- 
labeled B cells into MRL-lpr mice that had received CAR T cells 
4 months earlier. Whereas labeled B cells were present in the blood 
of control mice 6 days after transfer, they were depleted from circu-
lation in the CAR T cell–treated MRL-lpr mice (Fig. 6A). Active 
depletion of B cells continued at 11 months after infusion of CAR 
T cells into NZB/W mice. Syngeneic, CFSE-labeled B cells were 
undetectable 5 days after transfer to CD19-d NZB/W mice, yet they 
were present in the blood of CD19-s mice (fig. S5). A third test of 
CD19-targeted CAR T cell function was carried out by transferring 

A

B C
Fig. 6. Tests of CAR T cell function in re-
cipient mice. (A) Injections of CFSE-labeled 
B cells into control or CAR T cell–treated 
MRL-lpr mice were performed 4 months 
after CAR T cell administration. Six days after 
injection into control or CAR T cell–treated 
mice, peripheral blood was assayed for 
labeled B cells by flow cytometry. (B and 
C) Adoptive transfer (AT) of purified splenic 
CD8+ T cells from an MRL-lpr mouse that was 
treated 7 months earlier with CD19-targeted 
CAR T cells into a second group of previously 
untreated, 2-month-old MRL-lpr mice. The 
secondary MRL-lpr recipients (MRL-lpr AT) 
and control MRL-lpr mice were assayed 
for CD19+ B cells (B) in peripheral blood 
4 months after transfer and CD44hiCD62Lhi 
CD8+ T cells (C). The data in (B) and (C) are 
representative of four MRL-lpr AT mice 
observed in two experiments.
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purified CD8+ T cells from CAR T cell–treated MRL-lpr mice to a 
new cohort of untreated MRL-lpr recipients. An MRL-lpr mouse 
that had received CAR T cells 7 months earlier served as a donor of 
splenic CD8+ T cells that were purified and injected into four recip-
ients. Four months later, the MRL-lpr recipients lacked CD19+ B cells 
(Fig. 6B), and they had acquired a prominent CD62L/CD44 double- 
positive CD8+ T cell population (Fig. 6C). The CD62L+CD44+ double- 
positive CD8+ T cells from the spleen of one secondary recipient 
mouse were enriched by fluorescence-activated cell sorting and were 
determined to express CD19-targeted CAR transcripts to about four-
fold higher concentrations than the CD62LloCD44lo CD8+ T cells 
(fig. S6). These data firmly established that the CD19-targeted CAR 
T cells remained viable and functional for several months after in-
jection into NZB/W or MRL-lpr recipients.

DISCUSSION
The depletion of CD19+ B cells by CD19-targeted CAR CD8+ T cells 
effectively eliminated autoantibody production and deferred or re-
versed disease manifestations of experimental lupus in two mouse 
models. These results contrast with previous results in the same 
mouse models, which showed resistance to anti-CD20 antibody- 
mediated B cell depletion (11–13). We propose that CD19-targeted 
CAR T cells have superior efficacy because cytotoxic T cells induce 
target cell death by a direct mechanism, whereas antibody-mediated 
cytotoxicity requires the buildup of bound antibody for complement- 
dependent target cell lysis, antibody-dependent cellular cytotoxicity, 
or clearance by phagocytes. Previous studies indicated that in mod-
els of lupus, the increased abundance of endogenous antibodies and 
immune complexes impairs B cell depletion by macrophages (12). 
Thus, anti-CD20 antibody was only effective if given repeatedly and 
at high doses to autoimmune mice. CD19-targeted CAR T cells, in 
contrast, kill B cells without the need for an accessory cell type and, 
thus, deplete B cells more effectively.

In addition, CD19-targeted CAR T cells may have achieved a 
more sustained B cell depletion due to the specificity and type of 
treatment used here. CD19 is a B cell surface marker that is intimately 
involved in B cell signaling and contributes to marginal zone B cell 
development in the spleen (29). CD19 is critical for B-1 (30) and B-2 
(31) B cell signaling, proliferation, and differentiation in germinal 
centers (32). Moreover, CD19 is expressed on activated B cells, in-
cluding dividing plasmablasts and early plasma cells (33). Hence, 
CD19-targeted CAR T cells may target B cells that are stimulated by 
autoantigens and that are directly responsible for autoantibody pro-
duction. The depletion of CD19+ B cells did not eliminate all IgM+ 
B cells, and CAR T cell–treated MRL-lpr mice retained pretreatment 
expression of plasma IgM and IgG. CAR T cell–treated NZB/W 
likewise retained plasma IgM and substantial, albeit reduced, IgG.

Potential parallels exist with patients with cancer treated with 
CD19-targeted CTL019 CAR T cells, who often demonstrate per-
sistence of IgM and IgG in serum, despite the continued presence of 
CTL019 (34, 35). Patients maintained production of IgM and IgG, 
including protective antibodies to vaccine antigens (35). The ab-
sence of IgM and IgG anti-DNA in CD19-targeted CAR T cell–
treated mice was notable and somewhat unexpected. Both B-1 (36) 
and B-2 (37, 38) cells produce anti-DNA antibodies.

In lupus, autoantibody-secreting cells may arise as short-lived 
plasmablasts in the spleen and develop into long-lived plasma cells 
that survive in the bone marrow (39–41). In addition, plasma cells 

that are linked to the severity of lupus symptoms may accumulate in 
the kidneys (42). Our RNA analysis indicates the continued expres-
sion of Ig light chains in spleens and bone marrow of CAR T cell–
treated NZB/W mice, suggesting that CD19-targeted CAR T cells 
do not deplete all splenic B cell populations or long-lived plasma 
cells in the bone marrow. The marked reduction of Ig light-chain 
message in kidneys and the depletion of circulating anti-DNA anti-
bodies in treated mice support the potential of CD19-targeted CAR 
T cell treatment to mitigate one particular type of disease-related plasma 
cell yet spare other long-lived plasma cells in the bone marrow.

Limitations of our study include the incomplete characterization 
of the plasma cell populations and the limited analysis of the speci-
ficity and functions of the residual IgMlo B cells in the CAR T cell–
treated mice. Similarly, the long-term potential of CD19-targeted 
CAR T cells may not yet have been fully revealed, in part, because of 
the short life span of the host species used here. However, the results 
of the current study provide a blueprint to address most of these 
limitations.

CD19-targeted CAR T cells may alleviate lupus manifestations 
over an extended period of time because CAR T cells proliferate in 
the host and thus offer the potential for a permanent suppression of 
CD19 B cell production (43). In addition, cell-based therapies en-
sure that CD19 B cells are depleted from different tissues to which 
CAR T cells have access, such as the spleen and bone marrow of 
treated mice. Thus, we presume that B cell depletion starts as soon 
as CD19-positive, pro–B cells arise in the bone marrow and extend 
to more mature CD19+ B cells present in the spleen or the blood. 
This complete and sustained eradication of all CD19+ cells may lead 
to a more effective B cell depletion than that obtained with mono-
clonal antibody therapy. We confirmed that the CAR T cells re-
mained functional for several months because CAR T cell–treated 
mice rapidly depleted transferred autologous CD19+ B cells, whereas 
such cells persisted in control animals. Moreover, we were able to 
transfer splenic CD8+ T cells from a CAR T cell–treated MRL-lpr 
mouse to a second cohort of recipient mice and determine that the 
transferred T cells depleted CD19+ B cells in the recipients. Together, 
these results validated the anti-CD19 CAR T cell approach, which 
ensured a stringent and complete CD19+ B cell depletion and de-
creased anti-DNA antibodies by one to two orders of magnitude rel-
ative to control mice.

The sustained suppression of autoantibody production may have 
contributed to the observed recovery in kidney function because 
proteinuria that was initially present in recipient mice returned to 
baseline. Although experiments with TLR-9−/− MRL-lpr mice impli-
cate autoantibody specificities other than for DNA or chromatin 
in glomerulonephritis (44), anti-DNA antibodies that bind directly 
to glomerular basement membrane initiate glomerulonephritis in 
the absence of other autoimmune specificities (45). Therefore, it is 
likely—albeit unproven—that elimination of anti-DNA antibody- 
producing cells contributed to the reduction of proteinuria and miti-
gated lupus pathogenesis in both MRL-lpr and NZB/W mice.

Before this study, it was unclear whether a CAR transgene could 
function appropriately in T cells from an autoreactive mouse strain. 
The long-term efficacy of B cell depletion in our study may have 
benefited from the use of a second-generation CAR in which the 
CD3 signaling domain was attenuated. Previous studies had demon-
strated that dampened CAR signaling extended in vivo persistence 
of CAR T cells (21, 22). In addition, we also determined that A-MLV 
retrovirus is a preferable means of CAR gene delivery to mouse CD8+ 
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T cells as compared to VSV-G–pseudotyped MLV or LV. The two fea-
tures, in combination, may have resulted in stable CD19+ B cell 
depletion that continued for more than 1 year in both NZB/W and 
MRL-lpr mice. Using these approaches, we established that CD8+ 
T cells from NZB/W and MRL-lpr mice correctly carry out the cy-
totoxic function of the CD19-directed CAR.

Over time, the CAR T cell–treated mice accumulated a CD62Lhi CD44hi 
double-positive CD8+ T cell population, which we observed in the 
initial and in the secondary recipients of the transduced T cells. In 
humans, this combination of markers serves to identify a stem cell–
like T cell memory population, which has the capacity for self- 
renewal and differentiation into effector T cells (46, 47). Because 
central memory CD8+ T cells maintain cytotoxic activity over an 
extended time, we predict that the CD62L+CD44+ double-positive 
cells identified here are particularly relevant for the efficacy of our 
treatment. In support, we showed that CD62LhiCD44hi double- 
positive CD8+ T cells express the CD19-targeted CAR, which argues 
for their contribution to sustained B cell depletion.

In summary, advances in CAR T cell technology promise new 
and more effective treatment options for autoimmune diseases. An 
antigen-directed CAR that depleted desmoglein-specific B cells in a 
mouse model of pemphigus was recently described (48). The efficacy 
of the CD19-targeted CAR T cell approach used here illustrates the 
potential of CAR therapies in polyantigenic diseases such as lupus. 
Therapeutic B cell depletion by CD19-targeted CAR T cells for lupus 
does carry risks: Patients will potentially be susceptible to humoral 
immunosuppression. Yet, current therapies also suppress the im-
mune system and yield an increased risk of infections. On the basis 
of 8 years of clinical trial experience with CAR T cells in humans, 
however, many of the risks associated with CAR T therapy may be 
manageable. Cancer survivors treated with CD19-targeted CAR 
T cells retain circulating, protective antibodies and B cells (35). In 
addition, strategies are available to mitigate toxicity and serious side 
effects of CD19-targeted CAR T cells. Applications of CD19-targeted 
CAR T cells to lupus may take advantage of methods for T cell 
transfer that do not require aggressive patient conditioning (49) that 
treat excessive cytokine release (50) and that use self-inactivating 
versions of CAR T cells (51). Confounding risks that are particular 
to lupus include the potential for autoreactive T cells to be carriers 
of the activating CAR gene. For the lifetime of recipient mice in our 
experiments, CAR T cells remained effective without overt side ef-
fects. We suggest that CD19-targeted CAR T cells represent a viable 
strategy for treatment of lupus that may overcome current limita-
tions inherent in the use of monoclonal antibodies. Although 
caution in extending observations from animal models to humans 
is essential, our data encourage initial application of CD19-targeted 
CAR T cells in the most difficult to treat patients with lupus.

MATERIALS AND METHODS
Study design
The goal of this study was to test CD19-targeted CAR T cell treat-
ment in two autoimmune mouse models. Figure 1 shows the CAR 
protocols. The efficiencies of the treatments are compared in table 
S1. Mice were followed over time to compare the efficacy of treat-
ments by flow cytometry for CD19+ B cells in blood and by isotype 
and anti-DNA serology. The effects of the treatment on lupus mani-
festations were evaluated by overall survival, circulating lymphocyte 
populations, proteinuria at the beginning and after 5 months of 

treatment, splenomegaly and kidney immunofluorescence in NZB/W 
F1 mice, and skin pathology in MRL-lpr mice. At the termination of 
the experiment, kidney pathology in both strains and gene tran-
scripts in target organs of NZB/W mice were analyzed, and plasma 
proteomics of MRL-lpr mice was performed. The long-term poten-
tial for CAR T cells to deplete CD19+ B cells was tested by transfer 
of fluorophore-labeled CD19+ B cells into previously CAR T cell–
treated recipients and by adoptive transfer of CD8+ T cells from 
CAR T cell–treated MRL-lpr mice into naïve MRL-lpr mice. Primary 
data are reported in data file S1.

Animals
Animal welfare was monitored, and euthanasia was induced in strict 
accordance with University of Tennessee Health Science Center 
(UTHSC) Institutional Animal Care and Use Committee–approved 
protocol (15-007). Female NZB/W (at 7 months of age; the Jackson 
Laboratory) or MRL-lpr mice (7 to 10 weeks old; the Jackson Labo-
ratory) were used in all studies. Two days before the injection of 
CAR virus injected or control T cells, mice were irradiated with 
5 grays to achieve transient myeloablation.

Antibodies
To phenotype mouse lymphocytes in blood or tissues, we used phyco-
erythrin (PE)–conjugated anti-mouse CD3 (no. 50-0031, Tonbo 
Biosciences), anaphase-promoting complex (APC) anti-mouse CD8a 
(no. 20-0081, Tonbo Biosciences), PE-Cy7 anti-mouse CD4 (no. 60-
0041, Tonbo Biosciences), redFluor 710 anti-mouse CD19 (no. 80-0193, 
Tonbo Biosciences), PE-CF594 anti-mouse CD197 (no. 563596, BD 
Horizon), BV605 anti-mouse CD62L (no. 563252, BD Horizon), anti- 
mouse IgM (no. 1021-01, SouthernBiotech), and APC-Cy7 anti-mouse 
CD44 (no. 560568, BD Horizon). To detect CD19-targeted CAR, we 
used Alexa Fluor 488–conjugated AffiniPure mouse anti-rat Fab- 
fragment specific reagent (no. 121-545-106, Jackson ImmunoResearch).

Construction and use of retrovirus and lentivirus  
transfer vectors
All recombinant DNA protocols were approved by the UTHSC 
Institutional Biosafety Committee. All plasmid constructs were 
grown in recombination-deficient Escherichia coli (K12 derivative 
strains) using standard molecular biology techniques. The MSGV-
1D3-28Z.1-3 retroviral transfer plasmid (GenBank account no. 
HM754222) was constructed, as previously described (21). Briefly, 
this transfer genome contains a CAR consisting of the anti-mouse 
CD19 scFv derived from the 1D3 IgG2a/ rat hybridoma linked 
in frame to a transmembrane domain of mouse CD28 and to two 
intracellular signaling domains, one derived from CD28, the other, 
an optimized version of the CD3 signaling domain. The FEW 
1D3-28Z.1-3 lentiviral transfer plasmid was constructed for this 
study as follows. The FUWG plasmid was obtained from Addgene 
and its PacI—AgeI restriction fragment containing a ubiquitin C 
promoter was replaced by a PacI—AgeI fragment containing a 
human elongation factor 1 (EF-1) promoter to create the FEWG 
plasmid. The sequences downstream of the EF-1 promoter were 
then replaced with the entire anti-mouse CD19 CAR to create the 
lentiviral transfer plasmid FEW 1D3-28Z.1-3.

MLV-based retroviral vectors were produced by cotransfection 
of 293FT cells (Invitrogen) with the MSGV-1D3-28Z.1-3 retroviral 
transfer plasmid and two additional plasmids that complement in 
trans the assembly of the virus. One plasmid, the pCAGGS-Gag-Pol, 
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encoded a codon-optimized gag-pol gene from the retrovirus Moloney 
MLV, the second encoded either the surface glycoprotein of ampho-
tropic 4070A MLV (gift of M. Eiden, National Institutes of Health) 
or the glycoprotein G of vesicular stomatitis virus. Lentiviral vectors 
were produced by cotransfection of the FEW 1D3-28Z.1-3 transfer 
plasmid and the ViraPower packaging mix (Invitrogen). Transfec-
tions of 293FT cells were carried out using Lipofectamine 2000 
(Invitrogen). Virus was collected at 24, 48, and 72 hours after trans-
fection, and cell supernatants were passed through a 0.45-m sterile 
filter units and then further concentrated to yield high-titer stocks. 
Retroviral stocks were prepared using sterilized Centricon Plus-70 
concentration devices as recommended by the manufacturer. Aliquots 
of concentrated virus were stored at −80°C, and all retroviral stocks 
tested negative for replication-competent virus. Lentivirus were 
centrifuged at 28,000 rpm at 4°C for 90 min and resuspended in 
sterile phosphate-buffered saline (PBS) at 1/200 of the original volume, 
and aliquots were stored at −80°C until used for transductions.

Purification of CD8+ T cells from spleen
Spleens were harvested from age- and strain-matched donor mice, 
minced, and dispersed into single cells in RPMI-10 (RPMI-1640 with 
10% fetal bovine serum) by pressing between sterile frosted glass slides. 
Cells were filtered through a 40-m pore-size cell strainer and washed 
in RPMI-10, and red blood cells (RBCs) were lysed using the mouse 
erythrocyte lysis kit (catalog no. WL2000, R&D Systems). CD8+ T cells 
were enriched by negative selection on a MagCellect mouse CD8+ 
T cell isolation kit (catalog no. MAGM203, R&D Systems) as in-
structed by the manufacturer. The yield of CD8+ T cells was about 
107 per spleen, and 95% of the isolated cells expressed CD8a. 
The cells were cultured at 1 million/ml of RPMI-10 medium with re-
combinant mouse interleukin-2 (IL-2) (no. 402-ML, R&D Systems) 
at 30 IU/ml and CD28/CD3 beads (Mouse T-activator anti-CD3/
CD28 Dynabeads, Gibco) that were added at a 1:1 ratio with the 
CD8+ T cells.

Transduction of CAR transgenes
The T cells were exposed to two consecutive virus infections. The 
first infection was carried out at 6 hours after plating of cells with 
activator beads, and the second infection was at 24 hours. Six-well 
tissue culture plates were coated with 2.5 ml per well of RetroNectin 
(no. T100B, Clontech) in sterile PBS, without Ca and Mg, at a final 
concentration of 9 g/ml. After coating, plates were washed with 
sterile PBS and blocked with 2% bovine serum albumin (BSA) 
in PBS for 30 min. After another wash, plates were incubated 
with 1.5 ml of RPMI-10 per well to which 40 l of 200× con-
centrated virus were added just before dispensing into wells. 
The plate was centrifuged at 2000 rpm at room temperature for 
2 hours.

After centrifugation, about 0.5 ml of the media was left in the 
well, and 1 ml of the activated T cells along with the activator beads 
was added. The second infection was performed exactly as the first, 
with freshly prepared tissue culture plates. Cells were fed fresh media 
containing 30 IU of IL-2 every other day and reached a fivefold 
expansion from the initial cell numbers on the 5th day of culture. 
At that time, remaining activator beads were magnetically removed 
and discarded, and CD8+ T cells were washed, counted, and sus-
pended at 1.2 × 107/ml in RPMI-1640 containing 10% syngeneic 
mouse serum just before injections into recipients. An aliquot of the 
cells was assayed for CAR expression by anti-rat Fab antibody, and 

5 to 15% of cells were stained positive (fig. S1). About 100 l of cell 
suspension was injected into the retro-orbital sinus of each mouse 
with appropriate sedation and administration of analgesics. Imme-
diately after the injection, the mice were administered 45,000 IU of 
IL-2 into the scruff of their neck.

Flow cytometry
After the injection of CD8+ T cells, mice were bled at periodic intervals 
from the retro-orbital plexus, starting at about 3 weeks after T cell 
injection, and blood was collected into heparinized tubes. Seventy 
microliters of blood was used to phenotype circulating lymphocytes 
using antibodies for CD3e, CD4, CD8a, and CD19, following stan-
dard procedures. Cells were incubated with 2 l of mouse Fc block 
(no. 14-0161, Affymetrix), before addition of antibody cocktail. After 
labeling, RBCs were lysed with 750 l of high-yield lyse solution 
(no. HYL250, Life Technologies). Cytometry was performed on a 
Bio-Rad ZE5. CAR expression on primary T cells was determined 
by staining with Alexa Fluor 488–conjugated mouse anti-rat Fab 
fragment–specific antibodies (catalog no. 121-545-106, Jackson 
ImmunoResearch). Ghost Dye Red 710 (no. 13-0871, Tonbo Biosciences) 
was used to differentiate between live and dead cells.

Serology and ELISA
Plasma was prepared by centrifugation of blood for 10 min at 2000g 
and used to determine total IgG, IgM, and anti-DNA antibodies. 
Total amounts of immunoglobulins in the mouse plasma were de-
termined using ELISA in 96-well plates coated with AffiniPure goat 
anti-mouse IgG (H + L) (no. 115-005-003, Jackson ImmunoResearch) 
or, alternatively, with goat anti-mouse IgM (H + L) (SouthernBiotech) 
in coating buffer [0.1 M NaHCO3 (pH 9.6)] at 4°C overnight. Coated 
plates were washed and incubated for 1 hour at room temperature in 
blocking buffer (1% BSA in PBS with 0.02% NaN3).

For mouse IgG and IgM detection, 10-fold serial dilutions of the 
plasma were prepared in blocking buffer (range 10−2 to 10−7), added 
to the plates, and incubated at room temperature for 3 hours. The 
plate was washed four times with PBS containing 0.05% Tween 
20 (PBS-T). The detection antibody (alkaline phosphatase–labeled 
goat anti-mouse IgG, or anti-mouse IgM, at 1:1000 dilution in 
blocking buffer) was added and incubated for 1 hour at room tempera-
ture. The plates were washed four times with PBS-T. Phosphatase 
detection substrate (no. S0942, Sigma-Aldrich) at 1 mg/ml was added 
for color development. Absorption in plates was read at 405 nm. 
With each ELISA, a positive standard mouse IgG (no. 015-000-0030, 
the Jackson Laboratory), or mouse IgM was used to control for inter-
experimental variation. Anti-DNA IgG and IgM antibody titers 
were determined using ELISA plates coated with calf thymus DNA 
(no. D3664, Sigma-Aldrich) at 10 g/ml of PBS, supplemented with 
1 mM EDTA. Titers were calculated as the inverse of dilutions at 
which optical density equaled twice background readings. The 
detection of bound antibodies was performed as for isotype ELISAs 
except that threefold serial dilutions were prepared starting at a 1:30 
initial dilution (range, 1:30 to 1:7290).

Plasma proteome analysis
Plasma was collected from CAR T cell–treated and control MRL-lpr 
mice and depleted of the most abundant mouse plasma proteins by 
chromatography on mouse ProSep 10 columns (Sigma-Aldrich), as 
instructed by the manufacturer. After depletion, 50 l of plasma 
samples were mixed with 10 l of 50 mM NH4HCO3 and 25 l of 
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0.2% RapiGest SF (no. 186001861, Waters). The samples were heated 
at 80°C for 15 min, 2.5 l of 100 mM dithiothreitol solution was 
added, and the samples were incubated at 60°C for 30 min. After 
cooling to room temperature, 2.5 l of 300 mM iodoacetamide solu-
tion was added and incubated for 30 min in the dark. After protein 
denaturation and alkylation, the samples were mixed with 10 l of 
sequencing-grade trypsin solution (0.05 g/l; no. V511A, Promega). 
Trypsin digestion was carried out overnight at 37°C. The digested sam-
ples were acidified by addition of 1 l of concentrated trifluoroacetic 
acid (TFA) and dried in a speed vacuum centrifuge. The dried peptide 
digests were reconstituted with a solution of H2O/ACN (acetonitrile)/
TFA (98:2:0.1) and desalted with a C18 micro tip column (ZipTip, 
Millipore). The peptides were diluted 2:1 (v/v) with an internal 
standard solution containing 37.5 fmol/l of yeast alcohol dehydro-
genase (ADH) tryptic digest (Waters). All peptide separations were 
performed on a nanoUPLC liquid chromatography system (Waters 
ACQUITY M-Class UPLC System). Mobile phase A was H2O con-
taining 0.1% formic acid; mobile phase B was ACN containing 0.1% 
formic acid. Peptide samples were injected, 2 l of partial loop injec-
tion onto a Symmetry C18 (5 m, 180 m × 20 mm trap column; 
Waters). After preconcentration, the peptides were eluted from the 
trap column to the analytical column, HSS T3 C18 (1.8 m, 75 m × 
250 mm; Waters), and separated with a gradient of 2 to 40% mobile 
phase B over 90 min at a flow rate of 0.3 l/min. The column tem-
perature was maintained at 45°C. The eluted peptides were an-
alyzed online on a Synapt G2-Si (Waters) high-resolution ion 
mobility mass spectrometer (IMS). The lock mass peptide, [Glu1]- 
fibrinopeptide B, was delivered by infusion through the instrument 
fluidics system. The quadrupole radio frequency was set for effi-
cient transmission of ions with mass/charge ratio of 300 to 2000. 
Data were acquired in a data-independent acquisition mode with 
ion mobility separation and optimized transfer collision energy, 
ultra-definition MS [UDMS(E)] (52). The time-of-flight analyzer was 
operated in resolution mode (resolution of ≥20,000 full width at 
half maximum, with average mass error of 5 parts per million or 
less), a scan time of 0.6 ms, MS(E) range of 50 to 2000 Da, and IMS 
separation. Protein identification and label-free quantification was 
performed with Progenesis QI (Nonlinear Dynamics/Waters) (53). 
The MS(E) data were searched against a mouse protein database 
(no. UP000000589, UniProt) with static modification on cysteine 
(carbamidomethylation), variable modification on methionine (ox-
idation), and allowing up to one missed cleavage per peptide. Label- 
free quantification was performed using the top three Hi-N method 
(54) with ADH as internal standard.

Tissue preparation and pathology
Kidneys and spleens were flash-frozen in optimal cutting tempera-
ture (OCT) compound (no. 23-730-571, Fisher Biotec) and sectioned 
at 5-m thickness on a cryotome. Frozen sections were thawed, 
blocked in blocking buffer, and incubated with goat anti-mouse IgG 
isotype antibodies for fluorescence microscopy. Skin sections were 
formalin-fixed, paraffin-embedded, sectioned, and stained with 
H&E stain to evaluate skin pathology. Renal pathology was assessed 
as described by Singh et al. (55) based on the histology of kidneys 
fixed in 4% paraformaldehyde and embedded in paraffin. Sections 
were stained with H&E and scored on a 0 to 3 scale, indicating no to 
severe manifestations. Separate scores were assigned to glomerular 
hypercellularity, necrosis, karyorrhexis, cellular crescents, and hyaline 
deposits to indicate acute lesions in glomeruli. Similarly, interstitial 

inflammation, tubular cell necrosis, and tubular cell casts were 
scored to determine acute tubule-interstitial disease. Chronic kidney 
lesions were scored for glomerulosclerosis, glomerular scars, fibrous 
crescents, tubular atrophy, and interstitial fibrosis. The scores were 
averaged to obtain a mean score for glomerular, tubule-interstitial, 
and chronic components, and the three subscores were added to 
generate an overall kidney biopsy score. Skin sections were evaluated 
for acanthosis, hyperkeratosis, cellular infiltration, vascular dila-
tion, ulceration, and scar formation, scored on a scale from 0 to 3 
for severity; scores were averaged over all categories, expressed for 
head versus body; and average scores were computed. Proteinuria 
was measured by placing a 5-l drop of freshly collected urine onto 
an Albustix indicator strip (no. 2191, Siemens) and comparing the 
observed color to a standard color scale provided by the manufac-
turer. The classification proposed by Adelman et al. (56) was used 
to define high-grade proteinuria.

RT-PCR and qPCR
To detect CAR T cell expression in various tissues, we isolated total 
RNA from spleen, bone marrow, kidney, and blood using TRIzol 
reagent (no. 15596018, Invitrogen). Kidney and spleen RNA were 
also prepared from kidneys and spleens of four CD19-d and CD19-s 
NZB/W mice that were stored frozen in OCT. Those samples 
were obtained by sectioning tissues into 50-m-thick sections with 
a cryotome, removing the OCT by a quick rinse in ice-cold PBS 
and transferring the slices to tubes containing TRIzol reagent. Con-
taminating DNA was removed by deoxyribonuclease treatment, 
and total RNA was quantified using spectrophotometry. The RNA 
was converted to complementary DNA (cDNA) using transcriptor 
first-strand cDNA kit (no. 04379012001, Roche), and qPCR was per-
formed on a Lightcycler 480 instrument (Roche) using gene-specific 
primers and probes designed using Roche’s Universal ProbeLibrary 
Assay Design Center. For details of primers and probes used in this 
study, see table S2.

Statistical analysis
Data for the CAR T cell–treated and control experimental groups 
were analyzed by one or two-tailed t test, as appropriate for pair-
wise comparison of groups with divergent sample distributions. 
Proteinuria was measured between treated and control mice by 
one-way ANOVA, and survival curves were compared by Mantel- 
Cox log-rank test. The statistics features of Microsoft Excel and 
GraphPad Prism data analysis software suites were used.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/11/482/eaav1648/DC1
Fig. S1. Analysis of CAR expression at the cell surface.
Fig. S2. Transient depletion of CD19+ B cells from one NZB/W mouse.
Fig. S3. Immunofluorescence images of representative glomeruli from CAR T cell–treated and 
control MRL-lpr mice.
Fig. S4. Comparison of alopecia and skin lesions between CAR T cell–treated and negative 
control MRL-lpr mice.
Fig. S5. Analysis of CAR T cell cytotoxicity in vivo.
Fig. S6. qPCR of transcripts expressed in sorted CD8+ T cells.
Fig. S7. Reverse transcription qPCR of CAR RNA in bone marrow and spleen of CD19+ depleted 
and CD19+ intact NZB/W mice.
Fig. S8. Typical gating strategy.
Table S1. Comparison of viral vectors used to transduce T cells.
Table S2. List of oligonucleotide primers used for RT-PCR.
Table S3. CD4+ T cell subsets.
Data file S1. Primary data.
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