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Myosin light chains 9 and 12 are functional ligands for
CD69 that regulate airway inflammation
Koji Hayashizaki,1* Motoko Y. Kimura,1* Koji Tokoyoda,1,2* Hiroyuki Hosokawa,1

Kenta Shinoda,1 Kiyoshi Hirahara,1 Tomomi Ichikawa,1 Atsushi Onodera,1 Asami Hanazawa,1,2

Chiaki Iwamura,1 Jungo Kakuta,3 Kenzo Muramoto,3 Shinichiro Motohashi,4

Damon J. Tumes,1,5 Tomohisa Iinuma,6 Heizaburo Yamamoto,6 Yuzuru Ikehara,7

Yoshitaka Okamoto,6 Toshinori Nakayama1,8†

Recent decades have witnessed a rapid worldwide increase in chronic inflammatory disorders such as asthma.
CD4+ T helper 2 cells play critical roles in the pathogenesis of allergic airway inflammation, and CD69 expression
on activated CD4 T cells is required to induce allergic inflammation in tissues. However, how CD69 mechanisti-
cally controls allergic inflammation remains poorly defined. In lymphoid tissues, CD69 regulates cellular retention
through inhibition of S1P1 expression and requires no specific ligands to function. In contrast, we show herein
that myosin light chain (Myl) 9 and Myl12 are new functional ligands for CD69. Blockade of CD69-Myl9/12 inter-
action ameliorates allergic airway inflammation in ovalbumin-induced and house dust mite–induced mouse
models of asthma. Within the inflamed mouse airways, we found that the expression of Myl9/12 was increased
and that platelet-derived Myl9/12 localized to the luminal surface of blood vessels and formed intravascular net-
like structures. Analysis of nasal polyps of eosinophilic chronic rhinosinusitis patients revealed that Myl9/12 ex-
pression was increased in inflammatory lesions and was distributed within net-like structures in the intravascular
space. In addition, we detected Myl9/12 in perivascular spaces where many CD69+ cells were positioned within
Myl9/12 structures. Thus, CD69-Myl9/12 interaction is a key event in the recruitment of activated CD69+ T cells to
inflamed tissues and could be a therapeutic target for intractable airway inflammatory diseases.

INTRODUCTION
CD69 is a type II transmembrane glycoprotein with C-type lectin do-
mains that is expressed on activated leukocytes, especially on T cells
(1, 2). CD69 expression is rapidly induced upon T cell receptor (TCR)
stimulation (3) and is therefore used as a marker for early activation
of T cells. CD69 is also expressed on developing T cells undergoing
selection in the thymus (2). Furthermore, several recent studies have
shown that CD69 plays important roles in establishing tissue inflammation
by promoting cell recruitment and retention in various sites (4–8). CD69
regulates cellular retention within lymphoid tissues by inhibiting S1P1 ex-
pression through direct interaction (4), whereas it remains unknown
whether there are any specific ligands for CD69 in peripheral tissues.

We have previously reported that CD69 expression on effector
CD4 T cells (5, 8) and neutrophils (6) is crucial for the establishment
of tissue inflammatory responses. For example, CD69-deficient antigen-
specific CD4 T cells failed to migrate into and be retained in the lung,
resulting in reduced airway inflammatory responses after antigenic
airway challenge (5). CD69-deficient mice are resistant to dextran sul-
fate sodium (DSS)–induced colitis, and this is due to the inability of
CD4 T cells to infiltrate the colon mucosa after DSS treatment (8).

Furthermore, CD69-deficient CD4 T cells failed to generate memory
CD4 T cells and to induce secondary antibody responses because of
their inability to relocate into and persist in the bone marrow (BM),
where antigen-specific resting memory CD4 T cells are maintained
(7, 9). These inflammatory responses were efficiently prevented by in
vivo treatment with blocking anti-CD69 antibodies (5, 7, 8), suggest-
ing that CD69 may function through specific interactions with one
or more ligands expressed in inflamed sites. However, such ligands
have not yet been determined.

Accumulation of CD69-expressing leukocytes was observed in a
number of human chronic inflammatory disorders, such as asthma
(10) and eosinophilic pneumonia (11). CD69 expression on eosino-
phils is induced by cytokine stimulation, including interleukin-3
(IL-3), IL-5, granulocyte-macrophage colony-stimulating factor, and
interferon-g (10, 11), suggesting that cytokines in the inflammatory
environment may induce CD69 expression on effector leukocytes
and promote their retention within inflammatory tissues. Accumula-
tion of effector leukocytes in tissues promotes efficient immune re-
sponse but also may result in exacerbation of inflammatory disorders.
The mechanism by which CD69-expressing effector leukocytes are re-
tained at sites of inflammation remains unknown.

An example of chronic inflammatory disorders in humans is chronic
rhinosinusitis (CRS), which is categorized as an upper respiratory in-
flammatory disorder with tissue remodeling of the sinuses and distinct
cytokine production profiles by infiltrating inflammatory cells (12–14).
CRS with nasal polyps often shows T helper 2 (TH2)–type inflam-
mation, and the nasal polyps include infiltration of large numbers of
eosinophils [eosinophilic CRS (ECRS)], lymphocytes, and plasma cells
(12, 13, 15–17). ECRS patients usually undergo surgical resection and
topical or systemic administration of steroids, which improve their symp-
toms; however, the recurrence rate remains very high (16, 18). In addition,
approximately one-third of ECRS patients suffer from asthma, indicating
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some similarities in the pathogenesis of inflammation between ECRS and
asthma (16). Our recent study showed that infiltrating cells in nasal polyps
from ECRS patients highly express CD69 (19), implying that CD69 expres-
sion on effector leukocytes may play roles in
the pathogenesis of ECRS.

We herein identified myosin light chain
(Myl) 9, Myl12a, andMyl12b (Myl9/12) as
new functional ligands for CD69 in in-
flamed lungs. Upon airway inflammation,
Myl9/12 proteins were predominantly de-
tected on the luminal surface of blood ves-
sels and also as net-like structures inside
the vessels. Myl9/12 proteins appeared to
be derived from activated platelets in the
clots. Blockade of the interaction between
CD69 and Myl9/12 by specific antibodies
resulted in reduced leukocyte infiltration
and ameliorated airway inflammation, in-
dicating that Myl9/12 protein detected
on the luminal surface of blood vessels
and net-like structures in the clots may
play an important role as a platform for
CD69-expressing effector leukocytes to
be recruited into and maintained in in-
flamed tissues. A similar localization of
Myl9/12 was observed in the polyps of
ECRS, a human chronic upper airway in-
flammatory disease. This study identifies
a new mechanism by which effector lym-
phocytes are recruited and retained in in-
flamed tissues through CD69-Myl9/12
interaction.

RESULTS
Identification of Myl9/12 as
functional ligands for CD69
To identify potential CD69 ligands, we
decided to use BM cells because previous
studies within our laboratory found that
BM cells constitutively express CD69-
interacting molecules (7). Affinity purifica-
tion, using an anti–glutathione S-transferase
(GST) antibody with a mixture of BM ex-
tracts and recombinant GST–His–CD69
extracellular domain (GST-His-CD69EC)
protein, identified an associated 19-kDa
protein (Fig. 1A, black arrowhead), which
was identified as Myl9 by mass spectrom-
etry (fig. S1A). To determine whether the
Myl9 molecule interacts with CD69, we per-
formed co-immunoprecipitation (IP) assays
(fig. S1B, lanes 1 and 2) and enzyme-linked
immunosorbent assays (ELISAs) (Fig. 1B)
and observed a direct interaction between
Myl9 and CD69EC molecules. Because the
CD69 molecule is known to be highly gly-
cosylated (1), we next examined the im-
pacts of the glycosylation of CD69 on

interaction with Myl9. A stronger interaction of Myl9 with CD69EC
was detected when N-linked glycans were removed by N-glycosidase F
(PNGase F) treatment (fig. S1B, lanes 3 and 4, and Fig. 1B, right).

Fig. 1. Identification of Myl9/12 as interacting proteins for CD69. (A) BM extracts from C57BL/6 mice mixed with
recombinant GST-His-CD69EC proteins were subjected to affinity purification using anti-GST antibody, followed by SDS-
PAGE and Coomassie brilliant blue staining. Black arrowhead indicates CD69EC-interacting proteins (Myl9/12), and white
arrowheads indicate recombinant CD69EC protein. Input was subjected to SDS-PAGE in parallel. (B) ELISAs were used
to detect interactions between GST-His-Myl9 protein and 3×Flag CD69EC protein with or without PNGase F treatment.
(Left) **P = 0.00039, **P = 0.0000015, **P = 0.000003, **P = 0.0000015, and **P = 0.000018 (t test; n = 3). (Right) **P = 0.000001,
**P = 0.0000001, **P = 0.0000001, **P = 0.00000006, and **P = 0.000004 (t test; n = 3). (C) PNGase F–treated 3×Flag-
CD69EC proteins were mixed with GST-His-Myl9 WT or mutant proteins. The mixture was subjected to co-IP with anti-
Flag antibody, followed by IB with anti-His antibody. Input was also subjected to IB in parallel. Schematic representations
of the GST-His-Myl9 WT and mutants are shown (bottom). (D) ELISA was used to detect interaction between PNGase
F–treated 3×Flag CD69EC protein and GST-His-Myl9 in the presence of anti-Myl9/12 antibodies. Red: *P = 0.015, **P =
0.000018, **P = 0.000000099, and **P = 0.00000003 (t test; n = 3). Green: **P = 0.0015, **P = 0.000023, **P = 0.0000045,
and **P = 0.000000075 (t test; n = 3). Blue: *P = 0.024, **P = 0.0045, and **P = 0.000000026 (t test; n = 3). Data are
representative of at least three (A, B, D) or two (C) independent experiments.
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These data demonstrate that Myl9 specifically interacts with CD69
and that this interaction is partially dependent on the glycosylation
status of CD69.

We next examined which regions of Myl9 protein were interacting
with CD69 by co-IP assays with the recom-
binant Myl9 mutant proteins, and we
found that positive charges at the N-
terminal regions (positions 7 to 13) of
Myl9 were required for sufficient interac-
tion with CD69EC (Fig. 1C). Therefore,
we generated polyclonal and monoclonal
anti-Myl9 antibodies specific for the N-
terminal region of Myl9 (positions 1 to
27), with the aim of specifically inhibiting
the interaction between Myl9 and CD69.
The Myl9 amino acid sequence has high
homology to Myl12a (94%) and Myl12b
(94%) (fig. S1C), and CD69EC proteins
were able to interact with Myl9, Myl12a,
and Myl12b proteins in vitro (fig. S1D).
As we expected, both monoclonal and
polyclonal antibodies bound to Myl9,
Myl12a, and Myl12b (fig. S1E); therefore,
we refer to these antibodies as anti-
Myl9/12 antibody. Both monoclonal
and polyclonal anti-Myl9/12 antibodies
efficiently inhibited the interaction between
Myl9 and CD69 (Fig. 1D), as did the anti-
CD69 antibody (fig. S1F). Next, we per-
formed in vitro adhesion assays with in
vitro activated CD69-expressing wild-type
(WT) CD4 T cells and CD69-deficient
CD4 T cells (fig. S1G). WT activated
CD4 T cells adhered to plate-coated
Myl9 at significantly higher levels com-
pared with CD69-deficient activated
CD4 T cells, indicating that CD69 on ac-
tivated CD4 T cells may functionally in-
teract with Myl9 in vitro. These results
indicate that CD69 interacts with Myl9/
12 through their N-terminal regions and
that the generated antibodies efficiently
inhibit the interaction of CD69 with
Myl9/12.

Allergic airway inflammation
ameliorated by administration
of anti-Myl9/12 antibody
To examine the impact of inhibiting CD69-
Myl9/12 interaction on the induction and
exacerbation of in vivo inflammatory re-
sponses, we injected anti-Myl9/12 antibody
into mice with ovalbumin (OVA)–induced
allergic airway inflammation (Fig. 2A).
Injection of either monoclonal (Fig. 2) or
polyclonal (fig. S2) anti-Myl9/12 antibodies
1 day before and after the first OVA in-
halation significantly attenuated airway
inflammation. We detected reduced lung

tissue mononuclear cell infiltration and mucin secretion (Fig. 2B), re-
ducedMuc5acmRNA expression (fig. S2B), and reduced accumulation
of leukocytes in bronchoalveolar lavage (BAL) fluid (Fig. 2C). In ad-
dition, TH2-associated cytokines were undetectable in BAL fluid (Fig. 2D),

Fig. 2. Attenuation of allergic airway inflammation by administration of anti-Myl9/12 antibody. (A) Schemat-
ic outline of the OVA-induced allergic airway inflammation model. (B) Leukocyte infiltration and mucus hyperproduc-
tion in the lung, as assessed by H&E staining (top; scale bars, 50 mm) and PAS staining (bottom; scale bars, 50 mm).
(C) Absolute numbers of eosinophils (Eos.), neutrophils (Neu.), lymphocytes (Lym.), and macrophages (Mac.) in BAL
fluid shown with the SEM (**P = 0.0009, **P = 0.0084, **P = 0.0002, **P = 0.0002, and **P = 0.003, t test; n = 5). (D) Cytokines
in BAL fluid shown with the SEM. (E) Methacholine-induced AHR shown with the SEM (*P = 0.032 and *P = 0.043, t test; n = 5).
RL, lung resistance; ND, not detected. (F) Schematic outline of HDM-induced airway inflammation model. i.n., intranasally.
(G) Leukocyte infiltration in the lung, as assessed by H&E staining (scale bars, 50 mm). (H) Absolute numbers of eosinophils
(Eos.), neutrophils (Neu.), lymphocytes (Lym.), and macrophages (Mac.) in BAL fluid shown with the SEM (**P = 0.009
and **P = 0.0092, t test; n = 7). All data are representative of more than three (A to E) or two (F to H) independent
experiments. At least five mice per group were analyzed.
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and methacholine-induced airway hyperresponsiveness (AHR) was
significantly attenuated (Fig. 2E) after anti-Myl9/12 antibody treat-
ment. The inhibition of OVA-induced allergic airway inflammation
by anti-Myl9/12 antibody treatment was observed to the same extent
as that by anti-CD69 antibody treatment (fig. S2C). To further examine
the impact of anti-Myl9/12 antibody treatment on airway inflammation
induced by a naturally occurring allergen, we next used house dust mite
(HDM) for sensitization and challenge at the mucosal surface of the
airway (Fig. 2F). Anti-Myl9/12 antibody treatment significantly ame-
liorated HDM-induced airway inflammation (Fig. 2, G and H). These
results indicate that blockade of the interaction between Myl9/12 and
CD69 by anti-Myl9/12 antibody inhibits not only OVA-induced aller-
gic airway inflammation but also HDM-induced airway inflammation.

Increased Myl9/12 expression on the luminal surface of
blood vessels in the lungs during airway inflammation
To elucidate the cellular mechanisms by which Myl9/12 regulates
airway inflammation, we next examined whether Myl9/12 protein
expression was induced during OVA-induced allergic airway inflam-
mation and where the protein was located in the inflamed lung. Total
amounts of Myl9/12 protein in the whole lung were increased upon
airway inflammation (Fig. 3A), and immunohistological analysis re-
vealed that Myl9/12 protein was predominantly located around the
luminal surface of blood vessels but not on bronchi in the inflamed lung
(Fig. 3B). Blood vessels that had Myl9/12 present on more than 10%
of their surface were classified as Myl9/12-positive vessels. More than
60% of blood vessels in inflamed lung tissue were Myl9/12-positive,
whereas the lung from control mice (no OVA inhalation) had a limited
number of Myl9/12-positive vessels (Fig. 3C). Because anti-Myl9/12
antibody treatment efficiently prevented OVA-induced airway inflam-
mation (Fig. 2), we next used goat antirabbit immunoglobulin G (IgG)
secondary antibody to detect the in vivo localization of the anti-Myl9/12
antibody that we administered to mice with allergic airway inflamma-
tion. The anti-Myl9/12 antibodies were mainly detected on the lumi-
nal surface of blood vessels (fig. S3A). These results indicate that
Myl9/12 protein becomes detectable on the luminal surface of blood
vessels in the lungs upon OVA-induced
allergic airway inflammation.

Platelet-dependent formation of
Myl9/12 net-like structures during
airway inflammation
Myl9/12 are proteins typically considered
to be restricted to the cytosol under normal
conditions. Therefore, it was essential to
determine how Myl9/12 protein was relo-
cated to the luminal surface of blood ves-
sels during airway inflammation. We first
examined Myl9/12 expression in vascular
endothelial cells. Although expression
of Myl9/12 on lung endothelial cells was
detected by flow cytometry, no obvious in-
crease was detected upon inflammation
(fig. S3B), andMyl9/12mRNA expression
in sorted CD45−TER119−PECAM-1+ lung
endothelial cells was not changed (fig. S3C).
Myl9 is known to form a complex with
nonmuscle myosin IIa (Myh9) (20), which
is highly expressed in megakaryocytes and

platelets (21, 22), and Myl9 can be detected in granules released from
platelets upon activation (23). Platelets are readily activated in the in-
travascular space in inflamed lungs; therefore, we hypothesized that
activated platelets in inflamed lungs release platelet activation me-
diators including Myl9, resulting in Myl9 protein attachment to the
luminal surface of blood vessels. We first confirmed that Myl9/12 pro-
tein was highly expressed in megakaryocytes (Fig. 4A) and platelets
(Fig. 4B). In vitro thrombin stimulation resulted in the relocation of
Myl9/12 to the edge of platelets within 10 min and its disappearance
from platelets in 2 hours (fig. S4A), followed by abundant My9/12
protein detected in the culture supernatant 2 hours after stimulation
(Fig. 4C). We next examined mRNA expression levels of Myl9, Myl12a,
and Myl12b in platelets and endothelial cells with specific primers.
mRNA expression levels of Myl9, Myl12a, and Myl12b were high in
platelets but very low in lung endothelial cells (Fig. 4D). Myl9 mRNA
expression in platelets was extremely high, suggesting that the major
molecule detected by anti-Myl9/12 antibody in the lung is Myl9.

We further examined at which location on the luminal surface of
blood vessels in inflamed lungs was Myl9/12 protein detected by im-
munohistological analysis. Myl9/12 protein was detected on the luminal
surface of blood vessels but was not merged with platelet endothelial
cell adhesion molecule–1 (PECAM-1) staining of vascular endothe-
lial cells (Fig. 4E), indicating that Myl9/12 protein attaches to the luminal
surface of blood vessels but is not expressed in vascular endothelial
cells. Furthermore, with immunohistological analysis using thicker
(20 mm) lung sections, we found that some of the blood vessels in the
inflamed lungs contained clots (thrombus) consisting of TER119+ red
blood cells, CD41+ platelets, and Myl9/12, forming net-like structures
(Fig. 4, F and G, and movie S1). We further addressed the impact of
platelet depletion on inflammation-induced Myl9/12 expression by in-
jecting anti–glycoprotein 1b, alpha polypeptide (GP1ba) antibody (Fig.
4H), which efficiently depleted platelets in the peripheral blood (24) and
lungs (fig. S4B). The levels of Myl9/12 protein attached to the luminal
surface of blood vessels in the lungs of mice treated with anti-GPIba
antibody were reduced (Fig. 4I). The total amounts of Myl9/12 protein
in the lung were also reduced (Fig. 4J). Together, we conclude that

Fig. 3. Increased Myl9/12 expression on the luminal surface of blood vessels in the lungs during airway in-
flammation. (A) Myl9/12 expression in the lung with or without OVA inhalation, as detected by IB. (B) Immuno-
histological analysis of lung sections with or without OVA inhalation, stained as indicated. White square indicates
blood vessels, and asterisk indicates bronchi. (C) Frequencies of Myl9/12-positive blood vessels in the lung (**P =
0.00074, t test; n = 3). Data are representative of at least three (A to C) independent experiments. At least three mice
per group were analyzed in all experiments.
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Myl9/12 molecules are predominantly detected on the luminal surface
of blood vessels, form net-like structures in the thrombus in the
inflamed lungs, and are likely to be derived from platelets.

Detection of CD69+ antigen-specific
CD4 T cells in the lung vasculature
during airway inflammation
Considering that Myl9/12 protein ex-
pression was detected mainly on the lu-
minal surface of blood vessels (Fig. 3)
and that anti-Myl9/12 and anti-CD69
antibodies significantly ameliorated
airway inflammation (Fig. 2), it is likely
that antigen-specific CD69-expressing
T cells in the lung are recruited into tis-
sues by interacting with Myl9/12. Conse-
quently, using an intravascular staining
method, we examined whether there were
any CD69+CD4 T cells in the lung vascu-
lature during airway inflammation (25).
We injected OVA-specific (KJ1+) CD4 T
cells into host mice, induced airway in-
flammation, and examined whether there
were any CD69+ KJ1+CD4 T cells in the
lung vasculature (fig. S5A). No detectable
CD69-expressing KJ1+ cells were observed
in the peripheral blood, whereas about 1%
of injected KJ1+ cells expressed CD69 in
the lung vasculature before OVA inhala-
tion (fig. S5, B and C). The frequency of
CD69-expressing KJ1+ cells in the periph-
eral blood was not increased, whereas that
in the lung vasculature increased substan-
tially and significantly 12 and 24 hours af-
ter OVA inhalation (fig. S5, B and C). The
absolute number of CD69+KJ1+ cells in the
lung vasculature was also increased upon
OVA inhalation (fig. S5C, right). Increased
numbers of CD69+KJ1+ cells were detected
in the lung parenchyma even at 12 hours
after OVA inhalation (fig. S5D). This result
could indicate that CD69+KJ1+CD4+ T
cells in the lung vasculature rapidly migrate
into the lung parenchyma. In addition,
CD69+ TCRb+ T cells were detected, by
immunohistochemistry, inside the blood
vessels 24 hours after OVA inhalation (fig.
S5E). These results indicate that antigen-
specific T cells in the lung vasculature
express CD69 upon airway antigen chal-
lenge and that the expression of CD69
may be important for these T cells to
be recruited into the lung parenchyma.

Effects of anti-Myl9/12 and
antihuman CD69 antibodies on
human CD69-mediated allergic
airway inflammation
To further address the feasibility of using
anti-CD69 and anti-Myl9/12 antibodies

for the treatment of patients, we established a mouse model of hu-
man CD69-mediated airway inflammation (fig. S6A). We generated
mouse CD69-deficient OVA-specific effector TH2 cells with or without

Fig. 4. Platelet-dependent formation of Myl9/12 net-like structures during airway inflammation. (A) Immuno-
histological analysis of megakaryocytes in a BM section, stained as indicated. (B) IB of Myl9/12 protein expression in
purified PRP and splenic T cells. (C) ELISA to detect Myl9/12 protein in the supernatant from the culture where platelets
were stimulated with or without thrombin for 2 hours in vitro (**P = 0.000068, t test; n = 3). (D) mRNA expression ofMyl9,
Myl12a, and Myl12b in platelets and sorted lung endothelial cells. Gene expression levels were normalized to those of
Hprt. (E and F) Immunohistological analysis of lung sections after OVA inhalation, stained as indicated and merged with
differential interference contrast (DIC) as indicated. (G) Three-dimensional image from immunohistological analysis using
20 mm lung sections of mice with OVA inhalation, stained as indicated. (H) Schematic outline of the allergic airway
inflammation model with anti-GPIba antibody treatment. (I) Immunohistological analysis of lung sections after OVA
inhalation with anti-GPIba antibody treatment, stained as indicated. (J) Myl9/12 expression in the lung after OVA inha-
lation with anti-GPIba antibody treatment. Data are representative of at least three (A to F) or two (H to J) independent
experiments. At least three mice per group were analyzed in all experiments.
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human CD69 expression (fig. S6B) and confirmed that human CD69-
expressing TH2 cells efficiently induced airway inflammation in BALB/c
host mice. The amino acid sequences of the N-terminal regions of hu-
man Myl9/12 and murine Myl9/12 are almost identical, and human
CD69 was confirmed to interact with mouse Myl9 almost as efficiently
as mouse CD69 (fig. S6C). Both antihuman CD69 and anti-Myl9/12
antibodies significantly attenuated inflammatory responses (fig. S6, D
and E), indicating that blockade of the interaction between human
CD69 and Myl9/12 inhibits human CD69-mediated airway inflamma-
tion. CD69 expression is known to be induced on many activated
leukocytes (3, 26); therefore, any CD69-expressing leukocytes could in-
teract with Myl9/12 and be targets of anti-Myl9/12 and anti-CD69 anti-
body treatments. However, experiments using the OVA-induced asthma
model described herein show that the
blockade of the interaction between
Myl9/12 and CD69 on TH2 cells was suffi-
cient to attenuate airway inflammation.
Thus, CD69 on TH2 cells appeared to
be the major target of the antibody treat-
ment that prevents airway inflammation
in this model.

Myl9/12 expression in the
polyps of ECRS patients
CRS is a common allergic inflammatory
disease of the upper respiratory tract (27, 28),
and recent reports have suggested the re-
lationship between the pathogenesis of
CRS and abnormal coagulation cascade
(29). Therefore, we examined the expres-
sion of Myl9/12 in human chronic airway
inflammatory lesions such as nasal polyps
of ECRS patients (30, 31). Nasal mucosa
obtained from nonatopic healthy donors
was included as a steady-state control tis-
sue. Myl9/12 expression was significantly
increased in nasal polyps from ECRS pa-
tients, compared to control nasal mucosa,
and was primarily localized in the blood
vessels (Fig. 5A). With a more detailed im-
munohistological analysis using thicker
(20 mm) sections of the polyps, we found
that the luminal surface of most blood ves-
sels contained Myl9/12 and that some of
them formed net-like structures together
with von Willebrand factor (vWF) (Fig.
5B). In addition, a substantial proportion
of the CD69-expressing cells appeared to
directly interact with the Myl9/12 pro-
tein attached on the surface of blood ves-
sels in ECRS polyps (Fig. 5C). About 65%
(64.3 ± 5.4%) of the CD3-expressing cells
that were in contact with Myl9/12-positive
blood vessels were CD69-expressing T cells
(fig. S7, A and B). Furthermore, Myl9/12
was also distributed on the vascular walls
and in perivascular spaces where many
CD69-expressing cells appeared to be en-
tangled in Myl9/12 molecules (Fig. 5D).

These results demonstrate that Myl9/12 expression is significantly
increased and is distributed not only in the intravascular space but also
on the vascular walls and in the perivascular stromal tissue of the nasal
polyps of ECRS patients. Colocalization of CD69-expressing cells and
Myl9/12 protein may suggest that CD69-Myl9/12 interaction
contributes to the long-term feature of inflammation in ECRS polyps.

DISCUSSION
We herein identify a previously unknown mechanism that regulates
airway inflammation. We show that Myl9/12 proteins are previously un-
known functional ligands for CD69 and define CD69-Myl9/12 inter-
action as a key step in the pathogenesis of airway inflammation.

Fig. 5. Myl9/12 expression on polyps from human ECRS patients. (A) Immunohistological analysis of polyps from
patients with ECRS (right) and noninflamed nasal mucosa as controls (left), stained as indicated. Fluorescence intensity of
Myl9/12 staining is shown (right). Five normal mucosae and nine polyps from ECRS patients were analyzed (**P =
0.000039, t test; n = 5 and n = 9). (B to D) Immunohistological analysis of polyps from ECRS patients, stained as indicated.
At least four polyps from ECRS patients were analyzed.
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Within inflamed lungs, Myl9/12 attach to the luminal surface of blood
vessels and form net-like structures inside the vessels. Blockade of the
interaction betweenMyl9/12 and CD69 by specific antibodies ameliorates
lung inflammation, suggesting that the Myl9/12 protein accumulated in
inflammatory vessels may play an important role as a platform for the
recruitment of CD69-expressing leukocytes into inflammatory tissues.

Leukocyte recruitment into inflammatory tissues is the first step of
immune response (32, 33). Innate immune cells, such as monocytes,
neutrophils, and eosinophils, are recruited into inflammatory tissues
through inflammatory vessels (where they are activated), whereas
antigen-specific T cells are thought to be activated in draining lymph
nodes and then recruited into inflammatory tissues (34). Previous studies
have reported that migration of activated leukocytes into inflamma-
tory sites is mediated by inflammatory chemokines and that recruitment
of the cells into inflammatory tissues is mediated by the interaction of
PSGL-1 (P-selectin glycoprotein ligand–1) with P-selectin (35, 36). Here,
we propose a new mechanism, named the “CD69-Myl9/12 system,” that
directs the recruitment of activated T cells into inflammatory tissues. In
the CD69-Myl9/12 system, Myl9/12-containing net-like structures are
created in inflammatory vessels, which play an important role as a plat-
form for the recruitment of CD69-expressing leukocytes into inflamma-
tory tissues. T cells that are activated in the lymph nodes proliferate,
down-regulate CD69 expression, and then leave the lymph nodes to mi-
grate into inflammatory sites in an S1pr1-dependent manner (37). How-
ever, our study revealed that about 10% of antigen-specific CD4 T cells
in the lung vasculature express CD69 upon airway antigen stimulation
(OVA inhalation). This supports the idea that the CD69-Myl9/12 system
is important for the migration and recruitment of CD69+ T cells into the
inflamed lung. However, it is not known how CD69 expression is in-
duced on antigen-specific CD4 T cells in the lung vasculature after
antigen challenge via the airway. One possibility is that the Myl9/12
net-like structures may include antigen-presenting cells that directly
instruct antigen-specific CD4 T cells to express CD69 on their surface.
Another possibility is that the cytokine-rich inflammatory environ-
ment, induced after antigen challenge via the airway, activates CD4
T cells to express CD69. Various cytokines, including those that can
stimulate T cells [such as IL-1b, IL-2, IL-4, IL-6, IL-9, IL-25, IL-33, and
thymic stromal lymphopoietin (TSLP)], were detected in the lungs of al-
lergic asthma models and in human patients (38–41). Further detailed
analyses are required to answer this question.

Recent studies have reported a crucial relationship between abnor-
mal coagulation and allergic airway inflammatory diseases such as
asthma (42). Platelet abnormalities in patients with allergy have been
particularly noticed (43, 44). Although there is accumulating evidence
of the importance of platelets in airway inflammation (42), how platelets
are involved in the process of airway inflammation appears to be complex
and not well defined. The CD69-Myl9/12 system that we herein identified
may be a reason why coagulation abnormalities are often associated with
allergic airway inflammation. Further studies are required to clarify the na-
ture of the stimuli required for the extracellular deposition of Myl9/12 pro-
tein and the molecules involved in the generation of the Myl9/12 nets.

Several humanized antibodies are now undergoing trials for the treat-
ment of asthma patients, and some encouraging results have been ob-
tained (45–48). We reported that anti-CD69 antibody could be a
possible candidate for antibody-based immunotherapy in asthma (5)
and colitis (8). In the current study, we found that anti-Myl9/12 anti-
bodies inhibited allergic airway inflammation as efficiently as anti-
human and antimouse CD69 antibodies did, and the expression of
Myl9/12 was selectively detected in inflamed vessels. Therefore, Myl9/12

could be a new therapeutic target for chronic airway inflammatory dis-
orders for which effective treatments have not been established.

In conclusion, the present study identifies Myl9/12 as previously
unknown functional ligands for CD69 that regulate airway inflammation
and proposes a mechanism called the CD69-Myl9/12 system, which is
necessary for the recruitment of antigen-specific CD69-expressing
CD4 T cells into inflammatory tissues because it interacts with Myl9/12
protein in net-like structures within the blood vessels. Because Myl9/12
are derived from activated platelets that play an essential role in the
blood coagulation system (49), the CD69-Myl9/12 system may also
play a critical role in a range of other inflammatory diseases where tis-
sue damage and blood coagulation occur. Thus, blocking the interac-
tion between Myl9/12 and CD69 could be a new therapeutic target not
only for airway inflammatory disorders but also for other inflammatory
diseases.

MATERIALS AND METHODS
Study design
To elucidate the mechanism that CD69 expression on activated leu-
kocytes contributes to inflammation, we first identified CD69 ligands
by IP with recombinant CD69 protein, followed by mass spectrometry
analysis, and then made specific functional antibodies against the
identified CD69 ligands (anti-Myl9/12 antibodies). Using the specific
antibodies, we (i) assessed the impacts of the administration of anti-
Myl9/12 antibodies on airway inflammation in a mouse model and
(ii) identified where and how Myl9/12 are located on blood vessels
in inflamed tissues, including human polyps from ECRS patients. Dif-
ferential counts of inflammatory cells in BAL fluid (Fig. 2, C and H)
and Myl9/12-positive–expressing vessels (Fig. 3C) were performed
double-blinded by at least two independent researchers. Statistical
significance was determined as P < 0.05 by two-tailed t test for all
experiments.

Mice
C57BL/6 and BALB/c mice were purchased from CLEA Co. (Tokyo,
Japan). CD69-deficient mice were created in our laboratory (6) and
were backcrossed onto both C57BL/6 and BALB/c genetic backgrounds
more than 15 times. All mice, including OVA-specific abTCR transgenic
(DO11.10) mice (50), were maintained under specific pathogen-free
conditions and were used at 6 to 16 weeks of age. All animal experi-
ments were approved by the Chiba University Review Board for Ani-
mal Care.

Purification of recombinant proteins
Recombinant GST-His-CD69EC, GST-His-Myl9, Myl9 mutants, Myl12a,
Myl12b, and Myl3 proteins were expressed in the BL21 (DE3) or Rosetta
(DE3) strains (Novagen) transformed with pET42b-based constructs
and induced by isopropyl-D-thiogalactopyranoside (1 mM) for 4 hours.
GST-His-CD69EC protein was further processed for purification and
refolding as previously described (51). GST-His-Myl9, Myl9 mutants,
Myl12a, Myl12b, and Myl3 proteins were solubilized in a suspension
buffer [50 mM tris-HCl (pH 8.0), 300 mMNaCl, and 10 mM imidazole]
and further lysed by sonication with a Misonix sonicator (Microson).
The recombinant proteins were purified with Ni-NTA Agarose (Qiagen)
according to the manufacturer’s protocol. Recombinant 3×Flag-CD69EC
proteins were expressed in FreeStyle 293-F cells transfected with p3×Flag-
CMV9-mCD69EC plasmid, and the proteins were purified using an
anti-Flag M2 affinity column (A2220; Sigma). After elution with 0.1 M
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glycine-HCl (pH 3.5), purified proteins were concentrated and the
buffer was exchanged for phosphate-buffered saline (PBS) with
Amicon Ultra-4 (Merck Millipore). Protein purity was defined by
SDS–polyacrylamide gel electrophoresis (PAGE), followed by staining
with SimplyBlue SafeStain (Invitrogen).

Identification of CD69-interacting proteins
Adult femurs and tibias were lysed with the following protease inhibitor–
containing lysis buffer [50 mM tris-HCl (pH 8.0), 150 mM NaCl, 10%
glycerol, 0.05% NaN3, 1% Triton X-100, 1 mM phenylmethylsulfonyl flu-
oride, and Protease Inhibitor Cocktail (Roche)]. The cell lysates were
subjected to a preclearing process with Protein G Sepharose (GE Health-
care) at 4°C for 1 hour and then mixed with GST-His-CD69EC or
GST-His (10 mg each) overnight at 4°C. The mixtures were subjected
to IP with an anti-GST antibody (013-21851; Wako) at 4°C for 3 hours,
and then the immunocomplexes were precipitated with Protein G
Sepharose beads at 4°C for 1 hour. Immunoprecipitates were washed
with lysis buffer and eluted from the beads by SDS-containing gel loading
buffer. The eluted samples were separated in 15% polyacrylamide gels
(ATTO), and the specific band was identified by liquid chromatography–
tandem mass spectrometry analysis.

Generation of antibodies against Myl9/12
To generate rabbit polyclonal antibody against Myl9/12, we used as an
immunogen a fusion protein of N-terminal peptides of Myl9 (residues
1 to 27) and keyhole limpet hemocyanin. Serum was further purified
by an affinity column with N-terminal peptides of Myl9 that was orig-
inally used as an immunogen (MBL). Murine monoclonal antibody
(mAb) against Myl9/12 (114-2G9, KAN Research Institute Inc.) and
rabbit mAb against Myl9/12 (F-6, Abwiz bio Inc.) were made by immu-
nization with N-terminal peptides of Myl9 (residues 1 to 27).

IP and immunoblotting
GST-fusion recombinant proteins (Myl9, Myl12a, Myl12b, and Myl3)
were mixed with 3×Flag-CD69EC overnight and then subjected to IP
with an anti-Flag antibody (M2; Sigma-Aldrich) coupled with Dynabeads
(Life Technologies) at 4°C for 3 hours. Binding proteins were eluted
from the beads by 3×Flag peptides (Sigma-Aldrich) and then subjected
to SDS-PAGE and immunoblotting (IB), as described previously (52).
As indicated, recombinant affinity-purified 3×Flag-CD69EC proteins
were treated with PNGase F (NEB P0704) according to the manufac-
turer’s protocol and used for further assays. For detection of Myl9/12
protein expression, cell or tissue lysates were prepared using radio-
immunoprecipitation assay buffer and then used for IB. The antibodies
used for IB were anti-GST biotin (Rockland), anti–Penta·His Biotin
(Qiagen), anti-Flag (M2; Sigma-Aldrich), anti-Myl9/12, anti–tubulin-a
(NeoMarkers), streptavidin–horseradish peroxidase (HRP; Jackson Labo-
ratory), antirabbit IgG-HRP, and antimouse IgG-HRP (GE Healthcare).

Enzyme-linked immunosorbent assay
Purified GST-His-Myl9 or GST-His-Myl3 was directly added to a plate
for coating or was added to a glutathione-coated plate (Thermo Pierce).
After blocking of the coated plates with Block Ace (DS Pharma), PNGase
F–treated or nontreated affinity-purified 3×Flag-CD69EC proteins were
added and incubated at room temperature for 1 hour. The binding
of CD69 to Myl9 was detected by HRP-conjugated anti-Flag antibody
(Sigma) and tetramethylbenzidine (TMB) solution (Bio-Rad Laboratories).
For detection of soluble Myl9 protein, anti-Myl9 mAb (Abcam) was direct-
ly coated on a plate. After blocking, culture supernatants were added and

then reacted with biotinylated anti-Myl9/12 (F-6) mAb. Binding of Myl9
was detected by HRP-conjugated streptavidin (Jackson Laboratory).

Measurement of airway hyperreactivity and
airway inflammation
OVA-induced allergic airway inflammation was induced as previously
described (5, 53). In brief, BALB/c mice were immunized with OVA
in aluminum hydroxide gel (alum) on days 0 and 7, followed by aero-
solized OVA inhalation on days 14 and 16. As indicated, polyclonal
and monoclonal (114-2G9) anti-Myl9/12 or isotype control antibodies
(100 mg) were intraperitoneally injected on days 13 and 15. For platelet
depletion, anti-GPIba antibody (emfret ANALYTICS) was intra-
venously injected (4 mg/g) on days 13 and 15. BAL, AHR assessment,
and immunohistological analysis were performed at 24 hours after the
last OVA challenge. The absolute number of infiltrating cells in BAL
fluid was obtained using percentages of cells and total cell number of
BAL fluid recovered. To measure cytokine production in BAL fluid, we
first removed mononuclear cells by centrifugation and measured specific
cytokine production by BD Cytometric Bead Array (BD Pharmingen).
AHR was assessed by methacholine (Sigma-Aldrich)–induced airflow
obstruction at 24 hours after the last antigen challenge using a computer-
controlled small animal ventilator (SCIREQ). For histological analysis
of asthmatic lungs, the mice were killed at 48 hours after the last OVA
challenge, and hematoxylin and eosin (H&E) or periodic acid–Schiff
(PAS) staining was performed (5).

For HDM-induced allergic airway inflammation, 3-day consecu-
tive intranasal administrations with HDM (50 mg) were performed in
BALB/c mice for 3 weeks. Monoclonal anti-Myl9/12 (F-6) or isotype
control antibodies (100 mg) were intraperitoneally injected 1 day before
HDM administration and on the second day of HDM administration in
each session. BAL and immunohistological analysis were performed at
24 hours after the last HDM administration. HDM were provided by
Torii Pharmaceutical Co., Ltd. (Tokyo, Japan).

Immunofluorescent staining and confocal microscopy
For immunofluorescent staining, cryostat sections of lungs were fixed
in 4% paraformaldehyde and then stained and mounted with fluores-
cent mounting medium (DakoCytomation). For BM analysis, adult
femurs were fixed in 4% paraformaldehyde and equilibrated in 30%
sucrose/PBS. Histological analyses were carried out with a confocal
laser microscope (LSM710; Carl Zeiss). Polyclonal antibodies against
PECAM-1 (Santa Cruz Biotechnology) and vWF (Abcam), and mAbs
against Myl9/12 (F-6), CD41 (MWReg30; BD Pharmingen), TER119
(BD Pharmingen), and human CD69 (FN50; BD Pharmingen) were used.
For secondary antibodies, Alexa Fluor 488–labeled antirabbit antibodies,
Alexa Fluor 555–labeled antigoat antibodies, Alexa Fluor 647–labeled
antimouse IgG antibodies, and Alexa Fluor 546–labeled antisheep IgG
antibodies (Invitrogen) were used. For nuclear and cytoplasmic stain-
ing, 4′,6-diamidino-2-phenylindole (DAPI), TO-PRO-3, and CellMask
Orange (Invitrogen) were used. For quantitative analysis, fluorescence
intensity was measured with a digital microscope (BZ-X710; Keyence).
Data sets were rendered and analyzed with ImageJ and Imaris software
(Bitplane).

Quantitative reverse transcription polymerase
chain reaction
Total RNA was isolated with TRIzol reagent (Invitrogen), and cDNA
synthesis was performed using Superscript II (Invitrogen) with oligo(dT)
primers. Quantitative reverse transcription polymerase chain reaction
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was performed with a TaqMan Universal PCR Master Mix (Applied
Biosystems). The primers for TaqMan probes for the detection of
Myl9,Myl12a,Myl12b,Mac5ac, and Hprt were purchased from Applied
Biosystems. Gene expression levels were normalized to those of Hprt in
the same sample.

Preparation of platelet-rich plasma
Platelet-rich plasma (PRP) was prepared from peripheral blood as pre-
viously described (24). Platelets were activated by thrombin (1 U/ml)
together with CaCl2 (1 mM) in Tyrode buffer [134 mM NaCl, 2.9 mM
KCl, 0.34 mM Na2PO4, 12 mM NaHCO3, 20 mM Hepes, 1 mMMgCl2,
5 mM glucose, and 0.5 mg/ml bovine serum albumin (pH 6.5)] at 37°C
for the indicated times, fixed in 4% paraformaldehyde on a slide glass,
permeabilized (0.3% Triton X-100 and 5% fetal calf serum in PBS),
and then stained with the described antibodies.

Preparation of nasal polyp section from ECRS patients
Nasal polyp tissues were obtained from ECRS patients during endo-
scopic sinus surgery, as previously described (30). Nasal mucosa obtained
from patients with deviation of the nasal septum was used as control.
For histological analysis, cryostat sections of nasal polyp tissues were
fixed in 4% paraformaldehyde, stained, and mounted with fluorescent
mounting medium (DakoCytomation). All patients signed an informed
consent form, and the study was approved by the ethics committee of
the Chiba University Graduate School of Medicine.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/1/3/eaaf9154/DC1
Materials and Methods
Fig. S1. Identification of Myl9/12 as interacting proteins for CD69.
Fig. S2. Impacts of polyclonal anti-Myl9/12 antibodies on OVA-induced airway inflammation.
Fig. S3. Myl9/12 expression in the lung.
Fig. S4. Myl9/12 protein expression in platelets.
Fig. S5. Detection of CD69+ antigen-specific CD4 T cells in the lung vasculature during airway
inflammation.
Fig. S6. Effects of anti-Myl9/12 and antihuman CD69 antibodies on human CD69-mediated
allergic airway inflammation.
Fig. S7. Distribution of CD69+ T cells and Myl9/12 expression in polyps of ECRS patients.
Fig. S8. Unmodified images and isotype control staining in immunohistochemistry.
Movie S1. Myl9/12 form net-like structures in blood vessels of the inflamed lung.
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ZBP1/DAI is an innate sensor of influenza virus 
triggering the NLRP3 inflammasome and 
programmed cell death pathways
Teneema Kuriakose et al. (Thirumala-Devi Kanneganti)

The interferon (IFN)–inducible protein Z-DNA binding protein 1 [ZBP1; also known as 
DNA-dependent activator of IFN regulatory factors (DAI) and DLM-1] was identified as a 
double-stranded DNA sensor, which instigates innate immune responses. However, this clas-
sification has been disputed, and whether ZBP1 functions as a pathogen sensor during an 
infection has remained unknown. We demonstrated ZBP1-mediated sensing of the influenza 
A virus (IAV) proteins NP and PB1, triggering cell death and inflammatory responses via the 
receptor-interacting protein kinase 1 (RIPK1)–RIPK3–caspase-8 axis. ZBP1 regulates NLRP3 
(nucleotide and oligomerization domain, leucine-rich repeat–containing protein family, pyrin 
domain containing 3) inflammasome activation as well as induction of apoptosis, necroptosis, 
and pyroptosis in IAV-infected cells. ZBP1 deficiency protected mice from mortality during 
IAV infection owing to reduced inflammatory responses and epithelial damage. Overall, these 
findings indicate that ZBP1 is an innate immune sensor of IAV and highlight its importance in 
the pathogenesis of IAV infection.

C A N C E R 

Lectin-type oxidized LDL receptor-1 distinguishes 
population of human polymorphonuclear myeloid-
derived suppressor cells in cancer patients
Thomas Condamine et al. (Dmitry I. Gabrilovic)

Polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) are important regula-
tors of immune responses in cancer and have been directly implicated in the promotion of 
tumor progression. However, the heterogeneity of these cells and the lack of distinct markers 
hamper the progress in understanding the biology and clinical importance of these cells. Using 
partial enrichment of PMN-MDSC with gradient centrifugation, we determined that low-den-
sity PMN-MDSC and high-density neutrophils from the same cancer patients had a distinct 
gene profile. The most prominent changes were observed in the expression of genes associated 
with endoplasmic reticulum (ER) stress. Unexpectedly, low-density lipoprotein (LDL) was one 
of the most increased regulators, and its receptor oxidized LDL receptor 1 (OLR1) was one of 
the most overexpressed genes in PMN-MDSC. Lectin-type oxidized LDL receptor-1 (LOX-1) 
encoded by OLR1 was practically undetectable in neutrophils in peripheral blood of healthy 
donors, whereas 5 to 15% of total neutrophils in cancer patients and 15 to 50% of neutrophils 
in tumor tissues were LOX-1+. In contrast to their LOX-1− counterparts, LOX-1+ neutrophils 
had gene signature, potent immunosuppressive activity, up-regulation of ER stress, and other 
biochemical characteristics of PMN-MDSCs. Moreover, induction of ER stress in neutrophils 
from healthy donors up-regulated LOX-1 expression and converted these cells to suppressive 
PMN-MDSCs. Thus, we identified a specific marker of human PMN-MDSC associated with 
ER stress and lipid metabolism, which provides new insights into the biology and potential 
therapeutic targeting of these cells.
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Distinct microenvironmental cues stimulate
divergent TLR4-mediated signaling pathways
in macrophages
Anna M. Piccinini,* Lorena Zuliani-Alvarez, Jenny M. P. Lim, Kim S. Midwood†

Macrophagesexhibit a phenotypic plasticity that enables them toorchestrate specific immune responses to
distinct threats. The microbial product lipopolysaccharide (LPS) and the extracellular matrix glycoprotein
tenascin-C are released during bacterial infection and tissue injury, respectively, and both activate Toll-like
receptor 4 (TLR4). We found that these two TLR4 ligands stimulated distinct signaling pathways in macro-
phages, resulting incellswithdivergentphenotypes.AlthoughmacrophagesactivatedbyLPSor tenascin-C
displayed some common features, including activation of nuclear factor kB and mitogen-activated protein
kinase signaling and cytokine synthesis, each ligand stimulated the production of different subsets of cy-
tokines and generated different phosphoproteomic signatures. Moreover, tenascin-C promoted the gener-
ation of macrophages that exhibited increased synthesis and phosphorylation of extracellular matrix
components, whereas LPS stimulated the production of macrophages that exhibited an enhanced capacity
to degrade the matrix. These data reveal how the activation of one pattern recognition receptor by different
microenvironmental cues generates macrophage with distinct phenotypes.

INTRODUCTION

Macrophages are innate immune sentinels that patrol most tissues in the
body. These cells detect changes in the microenvironment, including path-
ogen invasion and tissue damage, and mediate inflammatory processes, in
response, that destroy microbial interlopers, remove and repair damaged
tissue, and restore homeostasis (1). Macrophages are versatile cells that or-
chestrate both the induction and the resolution of inflammation. They can be
driven toward a proinflammatory phenotype or a tissue repair phenotype by
specific differentiation protocols in vitro. However, a much larger spectrum
of macrophage subsets exists in vivo, enabling a context-dependent re-
sponse to specific types and locations of threat (2). The microenvironment
of these cells is therefore key to defining their behavior; both the
surrounding cocktail of soluble cues (including cytokines, growth factors,
and microbial products) and the network of extracellular matrix molecules
specific to the tissue location of the macrophage affect its function (3, 4).
Accumulating evidence demonstrates howenvironmental factors, including
heme (5), retinoic acid (6), and transforming growth factor–b (TGF-b) (7),
influence the specialization of tissue-resident macrophages. Moreover,
studies of the transfer of tissue-resident macrophages to a different tissue
showed that the microenvironment can reprogram fully differentiated
macrophages (4).

Macrophages have pattern recognition receptors (PRRs), including Toll-
like receptors (TLRs), nucleotide-binding oligomerization domain (NOD)–
like receptors, retinoic acid–inducible gene 1 family members, lectins, and
scavenger receptors, which they use to sense changes in the micro-
environment (8). PRRs detect various threats; although receptor specificity
exists, there is also a surprising amount of overlap in ligand recognition. For
example, TLRs recognize pathogen-derived molecules, ranging from bac-
terial lipoproteins to viral nucleic acids, as well as endogenous molecules
generated upon tissue damage, including self nucleic acids, phospholipids,

small organicmolecules, fatty acids, and various proteins and proteoglycans
(9). This convergence of distinct microenvironmental signals on the same
receptor family has raised the question ofwhether infection and sterile tissue
injury are interpreted equivalently by the innate immune system. Although
the mechanisms of pathogen-mediated TLR activation, signaling, and
downstream inflammatory responses have been extensively investigated,
thosemediated by cues that indicate sterile tissue damage remain enigmatic.

We sought to undertake a systematic analysis of the signaling pathways
and biological outcomes induced by two different stimuli, from infected and
damaged microenvironments, respectively, that activate the same PRR. We
directly compared two TLR4 activators: the Gram-negative bacterial lipo-
polysaccharide (LPS) and tenascin-C, an extracellular matrix glycoprotein
that is produced specifically upon tissue injury (10). The activation of
TLR4 by tenascin-C stimulates cytokine synthesis in various cells, including
macrophages and fibroblasts (11–13). Although it is transiently produced
upon tissue damage, tenascin-C is persistently found in chronic inflammatory
diseases and in tumors (10). We previously demonstrated that the C-terminal
fibrinogen-like globe (FBG) domain of tenascin-C is responsible for TLR4
activation and that this domain is potently arthritogenic, driving persistent
TLR4-mediated disease in models of inflammatory arthritis (11). Here, we
showed that activation of TLR4 by LPS or FBGgeneratedmacrophageswith
two distinct phenotypes, which displayed different activation markers, se-
creted different effector molecules, and induced different phosphoproteomic
profiles underlyingdistinct signalingpathways andprotein-protein interaction
networks and generating macrophages with distinct catabolic and anabolic
abilities. Together, our data provide evidence that the innate immune system
can interpret the context of an inflammatory cue andorchestrate inflammation
accordingly by instructing macrophage behavior.

RESULTS

LPS and the FBG domain of tenascin-C stimulate distinct
macrophage activation phenotypes
LPS recognition by TLR4 induces a well-defined macrophage pheno-
type (2). To determine whether the activation of TLR4 by FBG promotes a

Kennedy Institute of Rheumatology, Nuffield Department of Orthopaedics,
Rheumatology and Musculoskeletal Sciences, University of Oxford, Heading-
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Fig. 1. Activation of M-CSF-MDMs upon stimulation of TLR4 with LPS or the
FBG domain of tenascin-C. (A) Left: M-CSF-MDMs were stimulated for the
indicated timeswith LPS (1 ng/ml) or 1 mMFBG (preincubatedwith polymyxin
B), and the amount of IL-6 secretedwasdeterminedby enzyme-linked immu-
nosorbent assay (ELISA). Data are means ± SEM of nine independent
experiments, each with a different donor. Right: Quantitative reverse
transcription polymerase chain reaction (RT-qPCR) analysis of Arg1 mRNA
in M-CSF-MDMs stimulated for 8 or 24 hours with LPS or FBG. Results are
presented relative to the abundance of Arg1 mRNA in unstimulated cells.
Dataaremeans±SEMof four independent experiments, eachwith adifferent

donor. ns, not significant by one-wayanalysis of variance (ANOVA). (B toD)M-CSF-MDMswere stimulated for the indicated timeswith LPSor FBGasdescribed
in (A) before the amounts of IL-23 and IL-12 (B), IL-8 (C), and TNF-a and IL-10 (D) secreted were determined by ELISA. Data are means ± SEM of five to nine
independent experiments, eachwith a different donor. *P < 0.05, **P < 0.01, ****P < 0.0001 by one-way ANOVA. (E) RT-qPCR analysis ofMRC1mRNA in
M-CSF-MDMs stimulated for the indicated times with LPS or FBG. Results are presented relative to the abundance ofMRC1mRNA in unstimulated cells.
Data aremeans ± SEM of four independent experiments, eachwith a different donor. *P< 0.05 by one-way ANOVA. (F) M-CSF-MDMswere stimulated for
the indicated timeswith LPS or FBG in the presenceor absence of polyclonal anti-humanTLR4antibody (pAb-h TLR4) or isotype control (left) or 3 mMTAK-
242or dimethyl sulfoxide (DMSO) (right). The amounts of TNF-a, IL-6, and IL-10 secretedweredeterminedbyELISA.Data aremeans±SEMof three to five
(left) or threeor four (right) independentexperiments, eachwithadifferentdonor. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001by two-wayANOVA. (G)RT-qPCR
analysis ofMRC1mRNA inM-CSF-MDMsstimulated for 24hourswith LPSor FBG in thepresenceor absenceof 3mMTAK-242orDMSO.Results arepresented
relative to theMRC1mRNA abundance of unstimulated cells. Data are means ± SEM of three independent experiments, each with a different donor.
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macrophage phenotype similar to that induced by LPS, we compared a
combination of markers in LPS- and FBG-treated macrophages. We used
human peripheral blood monocyte–derived macrophages cultured in mac-
rophage colony-stimulating factor (M-CSF-MDMs) and examined macro-
phage markers that are increased in abundance by LPS or by alternative
stimuli, such as interleukin-4 (IL-4) (14). Stimulation with either LPS (1 ng/ml)
or 1 mM FBG domain induced comparable IL-6 secretion and arginase-1
(Arg1) mRNA expression (Fig. 1A), whereas IL-23 and IL-12 secretion

was induced only by LPS (Fig. 1B). At these concentrations of stimuli,
FBG induced statistically significantly more IL-8 production (Fig. 1C)
and less tumor necrosis factor–a (TNF-a) and IL-10 production (Fig.
1D) than did LPS. Finally, 1 mM FBG sustained the expression of the gene
encoding mannose receptor, C type 1 (MRC1), whereas LPS (1 ng/ml)
inhibited MRC1 mRNA synthesis by 24 hours (Fig. 1E).

To rule out any contribution of contaminating LPS in FBG-stimulated
macrophages, we pretreated FBG with polymyxin B, which neutralized
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Fig. 2. Phosphoproteomic profiling of M-CSF-
MDMsstimulatedwith LPSorFBG. (A)Workflow
of phosphoprotein enrichment and analysis in
human M-CSF-MDMs by IMAC and 2D-DIGE.
Cells were left unstimulated or were stimulated
with LPS (1 ng/ml) or 1 mM FBG for 30 min,
and cell lysates were then subjected to IMAC
toenrichphosphoproteins. Fourdifferentdonors
were used for each condition. Phosphoprotein-
enriched fractions from individual samples and
the internal standard (IS; a pool of equal
amounts of each biological replicate) were
labeled with CyDye DIGE Fluor Cy3 (green)
and Cy5 (red) saturation dyes, respectively,
which was followed by 2D-DIGE. 2D analytical
gels were loaded with 5 mg of Cy3-labeled indi-
vidual sample and 5 mg of Cy5-labeled IS. From
each gel, two scanned images were generated
at different wavelengths and overlaid. Differen-
tially expressed protein spots were identified
and quantified with DeCyder 2D Differential
Analysis Software (P < 0.05, as determined by
Student’s t test; average ratio,≥1.5). Represent-
ative 2D analytical gels (pH 3 to 10) from one
donor. MW, molecular weight. (B) Workflow of
protein identification from 2D-DIGE by MS anal-
ysis. Left: A preparative gel was loaded with
120 mg of total phosphoproteins [10 mg of each
phosphoprotein-enriched fraction prepared
from the lysates of cells treated as described
in (A) and then subjected to silver staining]. This
wasmatchedto theanalyticalgelsetwithDeCyder
2D software to identify the differentially abun-
dant protein spots that were determined by
2D-DIGEanalysis. Right: Thedifferentially abun-
dant spots that were selected for automated
spot picking before protein digestion, followed
by nanoscale liquid chromatographic tandem
mass spectrometry (nLC-MS/MS) analysis and
Mascotdatabasesearching. (C)Phosphoproteins
whose abundance was differentially regulated
by LPS or FBG. Histogram shows increased
anddecreased abundanceas an average ratio.
This is thenormalizedratiobetweenLPS-stimulated
cells and unstimulated cells and between FBG-
stimulated cells and unstimulated cells. n = 4
independent donors per group. Phosphopro-
teins are shown with gene names. Data are from
one experiment and are representative of four biological replicates. (D) Venn
diagram displays phosphoproteins shared and specific to LPS- and FBG-
stimulated M-CSF-MDMs. Histogram shows the numbers of phosphopro-

teins whose abundance was statistically significantly increased or de-
creased by LPS or FBG. Data are from one experiment and are representative
of four biological replicates.
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LPS-induced cytokine synthesis but not that induced by FBG (fig. S1A). To
ensure that differences in cell surface marker abundancewere not due to the
loss of viable cells upon stimulation, we assessed cytotoxicity with anMTT
assay and found that neither LPS nor FBG had any effect on cell viability
(fig. S1B). Finally, to confirm that the analyzed markers were directly
increased in abundance in response to TLR4 activation, we stimulated
macrophages with FBG or LPS in the presence or absence of an antibody
that blocks TLR4 function or of TAK-242, an inhibitor of TLR4 signal
transduction. Both TLR4 inhibitors effectively abrogated LPS- and FBG-
induced cytokine synthesis (Fig. 1F) and reestablished basalMRC1 expres-
sion (Fig. 1G). Together, these results suggest that macrophages recognize
FBG and LPS through TLR4 and, in response, change their activation state
toward alternatively [M(IL-4)] and classically [M(LPS)] (14) activated phe-
notypes, respectively.

LPS and the FBG domain of tenascin-C generate distinct
macrophage phosphoproteomic signatures
To further examine differences between LPS- and FBG-activated macro-
phages, we assessed protein phosphorylation as readout of signal transduc-
tion in response to cell stimulation. Fluorescent two-dimensional difference
gel electrophoresis (2D-DIGE) followed by mass spectrometry (MS) anal-
ysis was used to enable an unbiased and quantitative analysis of the global
macrophage phosphoproteome (Fig. 2, A and B) (15). Macrophages were
left unstimulated or were stimulated with LPS or the FBG domain of
tenascin-C, and then immobilized metal ion affinity chromatography
(IMAC) was used to enrich phosphorylated proteins from macrophage ly-
sates.Yields of enriched phosphoproteinwere quantified (fig. S2A), and the
efficiency of phosphoprotein enrichment was verified (fig. S2, B to D).
Phosphoproteins from control and LPS- and FBG-treated cells were each
labeled with the fluorescent dye Cy3, whereas an internal standard,
containing amixture of equal amounts of each experimental protein sample,
was labeledwithCy5. Paired sampleswere separated by 2Dpolyacrylamide
gel electrophoresis (2D-PAGE). Gels were subjected to multiwavelength
fluorescent scanning to identify spots with at least 1.5-fold differences in
intensity (P≤ 0.05) compared to the internal standard, and these spots were
excised from a preparative gel forMS analysis. Sixty-eight phosphoproteins
that were differentially regulated in abundance by stimulation with LPS or
FBG compared to control cells were identified. LPS and FBG led to the
differential regulation of 43 and 23phosphoproteins, respectively, compared
to control. Only two phosphoproteins, dermcidin isoform 2 (DCD-2) and
prelamin-A/C (LMNA isoformQ5TCI8),were identified as being regulated
by both stimuli (Fig. 2, C and D).

A number of proteins were selected for validation by Western blotting
analysis of phosphoprotein fractions from control and LPS- and FBG-
stimulated cells. These data confirmed the changes in abundance revealed
by 2D-DIGE for proteasome subunit a6 (PSMA6), proteasome activator
subunit 1 (PSME1),DCD, and type 1 collagen (COL1), aswell asa-tubulin,
whichwas included as a control because its abundancewas not regulated by
any stimulus (fig. S2E). Whereas Western blotting analysis confirmed the
FBG-dependent increase in p38a [mitogen-activated protein kinase 14
(MAPK14)] phosphorylation that was observed by 2D-DIGE, it also
showed that LPS stimulated the phosphorylation of p38a (fig. S2E). This
signaling event was not identified in the proteomic screen but would be
expected to occur based on what is known about the activation of TLR4
by LPS. Together, these data indicated that we could use the 2D-DIGE ap-
proach to identify subsets of signaling molecules activated by macrophages
in response to different stimuli but do highlight that this technique will not
yield an exhaustive list of all activatedmolecules. These data also emphasize
the importance of independent validation to confirm data from this type of
analysis, particularly when using primary human cells.

LPS- and FBG-stimulated protein phosphorylation drives
divergent signaling pathways
To obtain insight into the types of proteins and the biological pathways in
macrophages thatwere identified by 2D-DIGEas being regulated byLPSor
FBG, we performed a number of in silico analyses. Gene ontology (GO)
analysis examines the cellular location of regulated phosphoproteins, their
class identity based on function and cellular compartment, and the
biological systems to which they contribute. These data revealed that most
of themacrophage phosphoproteins regulated by stimulationwith LPSwere
intracellular, as expected (16), whereas there was an overrepresentation of
extracellular phosphoproteins enriched from cells treated with FBG (fig.
S3A). Chaperone, defense and immunity, and calcium-binding proteins
were among the most highly populated classes of LPS-regulated phospho-
proteins (fig. S3B). Accordingly, metabolic and immunological processes
were well represented among the pathways associated with LPS-regulated
phosphoproteins (fig. S3C). These observations are consistent with previ-
ous studies that investigated LPS-regulated protein phosphorylation in
macrophages (16, 17). FBG-stimulated cells had distinct enriched protein
classes, including extracellular matrix proteins, kinases, nucleic acid–
binding proteins, receptor transporters, and surfactants, which were not ob-
served in LPS-treated cells, and FBG-regulated phosphoproteins were also
associatedwith distinct biological processes, such as apoptosis (fig. S3,BandC).
However, LPS and FBG led to the enrichment ofmany common biological pro-
cesses (for example, immune system processes, cellular processes, and cellular
component organization) and protein classes (for example, defense and immu-
nity proteins, cytoskeletal proteins, transcription factors, enzyme modulators,
transfer or carrier proteins, and proteases), indicating overlap in the biological
outcomes that occur after the activation ofmacrophageTLR4byeach stimulus.

Next, we used the STRING (Search Tool for the Retrieval of Interacting
Genes) database of known and predicted protein-protein interactions to
identify specific pathways targeted by the phosphorylation events induced
by LPS or FBG and to better understand themolecular organization and the
relationships among these phosphoproteins. We first identified the top 15
statistically significantly enriched pathways downstream of LPS and FBG
(Fig. 3, A and B).We next identified LPS-activated pathways that would be
expected based on published data. These include MAPK signaling path-
ways (16, 17); endocytosis (16); immune signaling pathways, such as anti-
gen processing and presentation (18), as well as complement (19) and
coagulation (20) cascades; and infection-related pathways (for example, in-
fluenza A and Epstein-Barr virus infection), which corroborate a role for
TLR4 signaling in response to viral infection (21). We also found represen-
tation of signaling pathways that substantiate emerging observations linking
TLR signaling with endoplasmic reticulum activity in macrophages (22),
estrogen signaling (23), spliceosome (24), thyroid hormone synthesis
(25), and the biosynthesis of amino acids (26) (Fig. 3A). In contrast, distinct
signaling pathways emerged from the analysis of FBG-stimulated cells.
Consistentwith the published literature,we observed enrichment for platelet
activation (27), extracellular matrix–receptor interactions (28), focal adhe-
sions (28, 29), leukocyte migration (30), phosphatidylinositol 3-kinase
(PI3K)–Akt signaling (31), and vascular endothelial growth factor (VEGF)
signaling (32) pathways. However, we also found distinct signaling pathways
in immune defense, including amoebiasis, Epstein-Barr virus infection,
NOD-like receptor signaling, shigellosis, and epithelial cell signaling in
Helicobacter pylori infection. Furthermore, this analysis showed that FBG
stimulation led to thephosphorylationofproteins associatedwith theproteasome.

We then analyzed the protein-protein interaction networks composed of
phosphoproteins thatwere increased in abundance in response toLPS (1ng/ml)
and FBG (1 mM) (Fig. 3, C and D). We noted that 69% of LPS-responsive
and 73% of FBG-responsive phosphoproteins were directly interconnected
with each other in the STRING network. This high degree of connectivity
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suggests that LPS and FBG regulate components of functional pathways or
protein complexes, rather than cause random protein phosphorylation events
in macrophages. Furthermore, upon FBG stimulation of macrophages, this
analysis predicted thatMAPK11 (p38b) andMAPK14 (p38a or p38MAPK)
would act as central kinases and that collagen types I, II, and III would act as
preponderant extracellular matrix molecules (Fig. 3D).

Together, these bioinformatics data highlight the biological outcomes
thatwere common in response toLPS and theFBGdomain of tenascin-C, but
also reveal differences in the macrophage response to these distinct micro-
environmental stimuli. However, although GO, KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathway, and protein interaction network analyses
help to explore experimental data sets and provide testable hypotheses,
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Fig. 3. Regulated pathways and protein
networks in LPS-stimulated versus FBG-
stimulated M-CSF-MDMs. (A and B)
Pathway analysis of phosphoproteins
whose abundance in M-CSF-MDMs was
statistically significantly increased by
stimulation for 30 min with LPS (A) or the
FBG domain of tenascin-C (B). Pie charts
show the top 15 statistically significantly
enriched KEGG pathways (P < 0.05) among
the regulated phosphoproteins after LPS or
FBG stimulation compared to those of unstim-
ulated cells. For each KEGG pathway, pie
chart slices show the percentage of gene
hits against the total number of genes.
KEGG pathway enrichment was performed
with STRING, and the background data set
for the analysis was the Homo sapiens ge-
nome. ECM, extracellular matrix. (C and D)
Interaction networks of phosphoproteins
whose abundance in M-CSF-MDMs was
statistically significantly increased by stimu-
lation for 30 min with LPS (C) or FBG (D).
The networks were constructed with STRING.
Nodes (circles) represent phosphoproteins
regulated by LPS (C) and FBG (D) and are
labeled with gene names. Both connected
and disconnected nodes are shown. Nodes
were clustered and colored with the Markov
Cluster algorithm according to their distance
matrix. Edges (lines) indicate known and
predicted protein-protein interactions and
are drawn with differently colored lines
according to the type of evidence: neighbor-
hood (green), co-occurrence (dark blue), ex-
perimental (purple), text-mining (olive
green), database (blue), homology (light
blue), and coexpression (black). Ovals
highlight proteins that belong to enriched
KEGG pathways that were investigated
here. Proteins in group (i) belong to the
platelet activation, leukocyte transendothelial
migration, Epstein-Barr virus infection, pro-
teoglycans in cancer, amyotrophic lateral
sclerosis, NOD-like receptor signaling, shig-
ellosis, VEGF signaling, and epithelial cell
signaling inH. pylori infection pathways. Pro-
teins in group (ii) belong to the platelet acti-
vation, amoebiasis, protein digestion and
absorption, extracellular matrix–receptor in-
teraction, focal adhesion, and PI3K-Akt
signaling pathways.
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independent experimental validation is required to draw any conclusions.We
chose two pathways to investigate further. The first was theMAPK signaling
pathway, given that FBG-mediated phosphorylation of p38 kinases has not

yet been investigated in macrophages, whereas the second was the phospho-
rylation of collagenmolecules, given that thiswas particular to stimulation by
FBG and, to our knowledge, has not been reported in macrophages.
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Fig. 4. TheFBGdomainof tenascin-
C and LPS stimulate p38a, JNK,
and NF-kB signaling through
TLR4. (A) Schematic representa-
tionofMAPK11(p38b)andMAPK14
(p38a). Theprotein kinasedomain
is shown ingreen, and the flanking
N- and C-terminal regions are in
orange. Peptide sequences that
were found by MS analysis are in
gray. Starred black letters indicate
published phosphorylation sites,
whereas underlined red letters in-
dicate the phosphorylation site
identified in this study (Ser272).
(B to D) Top: M-CSF-MDMs were
treated for the indicated times
with 1 mM FBG or LPS (1 ng/ml),
and cell lysates were then sub-
jected to Western blotting analy-
sis with antibodies specific for
pp38a (B), phosphorylated JNK1
(pJNK1) and pJNK2/3 (C), IkBa
(D), and a-tubulin (B to D). Blots
are representative of four inde-
pendent experiments, each with
a different donor. Bottom: Histo-
grams show quantification of the
abundances of pp38a (B), pJNK1
and pJNK2/3 (C), and IkBa (D)
normalized to that of a-tubulin by
densitometric analysis. Data are
means±SEMof four experiments.
*P < 0.05, **P < 0.01 compared to
the 0-min time point by one-way
ANOVA. (E to G) Top: M-CSF-
MDMs were treated for 30 min
(E), 1 hour (F), or 1 and 1.5 hours
(G) with 1 mM FBG or LPS (1 ng/
ml) in the presence or absence of
pAb-h TLR4 at dosages 1, 10, or
25mg/ml (E) or 25mg/ml (FandG).
Cell lysates were then analyzed
by Western blotting with antibo-
dies specific for pp38a and total
p38a (E), pJNK2/3 and pJNK1
(F), IkBa (G), and b-tubulin (F and
G). Blots are representative of
three or four independent exper-
iments, each with a different do-
nor. Bottom: Histograms show
quantification of the abundances
of pp38a (E), pJNK1 (F), and IkBa
(G) normalized to the abundances of total p38 (E) and b-tubulin (F andG) by
densitometric analysis. Data are expressed as a percentage of the abun-
dance of the indicated proteins in cells stimulated in the absence of pAb-h

TLR4. Data are means ± SEM of three or four independent experiments,
each with a different donor. *P < 0.05, **P < 0.01. ns, not significant by
one-way ANOVA.
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Both LPS and the FBG domain of tenascin-C stimulate
p38, c-Jun N-terminal kinase, and nuclear factor kB
signaling through TLR4 activation
LPS-mediated activation of TLR4 stimulates the phosphorylation (and ac-
tivation) of the MAPKs p38 and c-Jun N-terminal kinase (JNK) and the
activation of nuclear factor kB (NF-kB)–dependent gene transcription.

Phosphorylation of p38a and p38b emerged as a key event after the acti-
vation of macrophages of FBG (Fig. 4A and fig. S4A); however, little is
known about MAPK signaling downstream of this TLR4 stimulus.

Western blotting analysis of phosphoprotein-enriched and unphos-
phorylated protein fractions from FBG-stimulatedmacrophageswith an anti-
body specific for phosphorylated p38a (pp38a; Thr180/Tyr182) confirmed
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Fig. 5. Analysis of the collagen
network in FBG- and LPS-activated
M-CSF-MDMs. (A) Schematic rep-
resentation of COL1A1, COL1A2,
COL2A1, andCOL3A1. Green, sig-
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LPS (1 ng/ml) and then were sub-
jected to RT-qPCR analysis of the
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and COL2A1 mRNAs, which are
expressed relative to their abun-
dances in unstimulated cells. Data
are means ± SEM of three to five
independent experiments, each
with a different donor. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P <
0.0001 by two-way ANOVA. (C) RT-
qPCRanalysisofCOL1A1,COL1A2,
and COL2A1 mRNAs in M-CSF-
MDMs stimulated with FBG or LPS
for 8 (COL1A1 and COL1A2) or
24 hours (COL2A1) in the presence
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DMSO control. Data are means ±
SEM of four or five independent
experiments, each with a different
donor, and are presented as the
percentage increase in mRNA
abundance relative to that in cells
stimulated in the absence of TAK-
242 or DMSO. *P < 0.05, **P <
0.01 by one-way ANOVA when
comparing stimulated to unstim-
ulated cells. (D) RT-qPCR analysis
of the abundances of the indi-
cated collagen-encoding mRNAs
in M-CSF-MDMs stimulated with
FBG or LPS for the indicated times.
The heat map shows suppression (green) and induction (magenta) of expression as fold change in mRNA abundance on a log2 scale relative to that in
unstimulated cells. Connecting lines represent hierarchical clustering of the patterns of variation in expression of collagen-encoding genes. Data are from
three independent experiments, each with a different donor.
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the activation of p38a by FBG (figs. S2E and S4B). We next compared the
LPS- and FBG-stimulated phosphorylation of p38a over time in
experiments with macrophage donors, independent of those used in the
phosphoproteomic screen. Western blotting analysis of macrophage lysates
for phosphoproteins revealed that both FBG and LPS stimulated p38a
phosphorylation. Whereas p38a phosphorylation induced by FBG
appeared to be more transient (maximal by 30 min in macrophages from
all donors), that induced by LPS was sustained for longer times (Fig. 4B).
FBG increased the extent of intracellular staining of pp38a (fig. S4C) and
also stimulated the phosphorylation of MAPK kinase kinase 3 (MKK3)
andMKK6, specific upstream kinases that are necessary for p38a activation
(fig. S4D). Stimulation of cellswith FBGor LPS also induced JNKphospho-
rylation; however, the magnitude of activation of JNK1 and JNK2/3 was
greater in cells treated with LPS than in cells treated with FBG (Fig. 4C).
In addition, FBG stimulated the degradation of a substantial amount of inhib-
itor of NF-kB a (IkBa), with maximal degradation at 90 min (30 min later
than in the case of LPS) (Fig. 4D); however, it activated an NF-kB–driven
reporter gene overexpressed in monocytic cell lines to a similar extent and
with similar kinetics to that of LPS (fig. S4E). FBG-dependent MAPK and
NF-kB activities were inhibited by the TLR4 function–blocking antibody
(Fig. 4, E to G, and fig. S4F). These results suggest that, similarly to LPS,
theFBGdomainof tenascin-C stimulates thep38, JNK, andNF-kBpathways
through the activation of TLR4.

The FBG domain of tenascin-C stimulates macrophages
to synthesize and phosphorylate collagen
Among the phosphoproteins that increased the most in abundance in FBG-
activated macrophages were collagen types I (COL1A1 and COL1A2), II
(COL2A1), and III (COL3A1). These molecules were not phosphorylated
in either unstimulated or LPS-stimulated macrophages (Figs. 2B and 3D).
We confirmed these data by subjecting phosphoprotein-enriched cellular
fractions to Western blotting analysis with a collagen type I–specific anti-
body (fig. S2G). Although collagen phosphorylationwas reported previously
(33–38) [Cell Signaling Technology curation sets (www.PhosphoSitePlus.
org)] (Fig. 5A), the effect of collagen phosphorylation on its structure and
function is unclear, and the biosynthesis of these large fibrillar extracellular
matrix molecules by macrophages is not well characterized.

We examined whether the changes in the abundances of the collagens
observed in our phosphoproteomic screenwere regulated at the mRNA lev-
el after macrophage activation with LPS (1 ng/ml) or 1 mMFBG. COL1A1
and COL1A2mRNA abundances in macrophages were similar in response
to either LPS or FBG. In contrast, COL2A1mRNAwas increased in abun-
dance by FBG, but not by LPS, whereasCOL3A1mRNAwas undetectable
(Fig. 5B). This stimulus-specific collagen production by macrophages was
mediated through activation of TLR4 because the synthesis of COL1A1,
COL1A2, and COL2A1 mRNAs was prevented by TAK-242 (Fig. 5C).
We extended this analysis to examine the expression of the genes encoding
each of the 28 types of collagen inmacrophages upon stimulation with LPS
or FBG and compared the abundance of each collagen mRNA in macro-
phages with that in primary human dermal fibroblasts (DFs), one of the
most prolific cellular sources of collagen.COL10A1,COL11A1,COL16A1,
and COL26A1mRNAs were detected only in DFs, whereas COL20A1 and
COL22A1were not detected in either macrophages or DFs.With the excep-
tion of COL17A1mRNA, which was equally abundant in DFs and macro-
phages, and COL23A1, which was more abundant in macrophages than in
DFs, macrophages had reduced amounts of collagen mRNAs compared to
those in DFs, as expected (Fig. 5D and fig. S5E). The expression of
COL4A2,COL6A1,COL9A1,COL13A1,COL17A1,COL18A1,COL25A1,
and COL27A1 in macrophages was regulated to a similar extent by both
LPS and FBG. Compared to LPS, FBGwas a stronger inducer of COL8A1

expression, which is increased upon injury (39), and of COL23A1 and
COL24A1, which are found in cancer (40, 41), conditions in which tenascin-
C plays an established role (42). In contrast to FBG, LPS induced in-
creased expression of fibril-associated collagens with interrupted triple
helices (FACITs), namely, COL7A1, COL12A1, COL15A1, COL19A1,
and COL21A1, as well as the collagenase-resistant COL5A1 and the collagen-
containing vonWillebrand factorCOL28A1 (Fig. 5D and fig. S5F). Together,
these data show that macrophages can substantially contribute to collagen
synthesis and that pathogenic stimuli drive the synthesis of FACIT col-
lagens that maintain the integrity of the extracellular matrix, whereas
matrix-derived cues instruct macrophages to synthesizeCOL2A1 and phos-
phorylate collagens.

LPS, but not FBG, stimulates the synthesis of
macrophage collagenases
To determine whether the degradation, as well as the synthesis, of collagen
bymacrophageswas differentially affected by the FBGdomain of tenascin-C
and LPS, we investigated key matrix metalloproteinases (MMPs), includ-
ingMMP1 (also known as interstitial collagenase),MMP13 (also known as
collagenase 3), and MMP14, a type I transmembrane MMP that breaks
down collagen, gelatin, and other matrix molecules. MMP1 abundance
was statistically significantly and rapidly increased in response to LPS
(1 ng/ml),whereas FBG(1mM) resulted in amodest increase inMMP1abun-
dance at later time points. At this concentration, FBG did not stimulate
MMP13 synthesis, which was in contrast to LPS, which promptly and tran-
siently increased MMP13 abundance. Furthermore, MMP14 synthesis was
induced 24 hours after stimulation with FBG, but not LPS (Fig. 6A). This
stimulus-specific MMP profile was mediated through the activation of
TLR4 because the synthesis of each enzyme was completely abrogated by
TAK-242 (Fig. 6B).

MMP activity is highly regulated at several levels. To determine whether
the distinct expression ofMMPs induced by the twoTLR4 ligands resulted in
functional differences, we tested the collagenolytic and gelatinolytic activities
of LPS- and FBG-activated macrophages. LPS-activated macrophages effi-
ciently degraded collagen, an activity thatwas reversedby the broad-spectrum
MMP inhibitor GM6001, whereas FBG-activated cells showed little colla-
genolytic activity (Fig. 6C). These results are consistent with the collagenase
expression profiles of each stimulus (MMP1 mRNA and protein in Fig. 6A
and fig. S6;MMP13mRNA in Fig. 6A).Macrophages constitutively degrad-
ed gelatin and continued to do so upon stimulation with FBG. Conversely,
LPS-activated macrophages were unable to degrade gelatin (Fig. 6D, upper
three panels). The gelatinolytic activity of macrophages did not match the
changes inMMP14 mRNA abundance (Fig. 6A), but did correlate with the
cell surface abundance ofMMP14 protein, which was low to undetectable in
LPS-activatedmacrophages but largely unaltered in FBG-activated cells (Fig.
6D, lower panel), suggesting some degree of posttranscriptional regulation of
MMP14 activity. Together, these data indicate that LPS, but not the FBG do-
main of tenascin-C, enables macrophages to degrade collagen but prevents
them from degrading gelatin, thus affecting their substrate specificity.

DISCUSSION

Detection of both pathogen invasion and sterile tissue damage by the
same PRRs has been recognized for over a decade; however, the spec-
ificity of the inflammatory outcomes downstream of infection and injury
remains poorly understood. This study directly compared the molecular sig-
natures induced in primary human macrophages through activation of the
same TLR by distinct microenvironmental stimuli. We showed that the
proinflammatory, extracellular matrix glycoprotein tenascin-C and microbial
LPS activated a common set of signaling pathways, including NF-kB and
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MAPK, but these stimuli also induced different signaling pathways
downstream of TLR4. Although both stimuli resulted in cytokine synthesis,
they differed in the cytokines that were produced. Moreover, the FBG do-

main of tenascin-C promoted a macrophage phenotype that exhibited matrix
molecule synthesis and phosphorylation, whereas LPS promoted a macro-
phage phenotype characterized by an enhanced capacity to degrade matrix.
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Fig. 6. MMP mRNA expression and matrix deg-
radation by FBG- and LPS-activated M-CSF-
MDMs. (A) RT-qPCR analysis of MMP1, MMP13,
and MMP14 mRNA abundances in M-CSF-MDMs
stimulated with LPS (1 ng/ml) or 1 mM FBG for the
indicated times and expressed as a percentage of
the mRNA abundances of unstimulated cells. Data
are means ± SEM of four or five independent ex-
periments, each with a different donor. *P < 0.05,
***P < 0.001 by one-way ANOVA. (B) RT-qPCR anal-
ysis of MMP1, MMP13, and MMP14 mRNA abun-
dances in M-CSF-MDMs stimulated with LPS or
FBG for 4 (MMP13) or 24 hours (MMP1 and
MMP14) in the presence or absence of 3 mM TAK-
242 or DMSO. Data are presented as the percentage
change in mRNA abundance relative to that in cells
stimulated with LPS or FBG in absence of TAK-242.
Data are means ± SEM of three or four independent
experiments, each with a different donor. ****P <
0.0001 by one-way ANOVA. (C) Collagen film deg-
radation by M-CSF-MDMs stimulated with or with-
out (−) LPS or FBG in the presence or absence
of 10 mM GM6001 for 5 days. Digested areas of
collagen are shown as white regions against a
gray collagen background. Images are represent-
ative of three independent experiments, each with
cells from a different donor. (D) Top two rows: Flu-
orescent gelatin film degradation by M-CSF-MDMs
stimulated with or without (−) LPS or FBG in the
presence or absence of 10 mMGM6001 for 64 hours.
Digested areas of gelatin are shown as black re-
gions against a green gelatin background. Bottom
row: Cell surface MMP14 and DAPI (4′,6-diamidino-
2-phenylindole) immunofluorescence staining are
shown in red and blue, respectively. In this panel,
“C” denotes cells stained in the absence of primary
antibody. Third row: merged views of gelatin degra-
dation and MMP14 immunofluorescence. Images
are representative of three independent experi-
ments, each with cells from a different donor.
Scale bar, 18.00 mm.
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Together, these data illustrate how the activation of TLR4 by ligands from
endogenous (host-derived) and exogenous (microbe-derived) sources gener-
ates different macrophage phenotypes (Fig. 7).

Using a combination of markers of activation, we found two distinct
activation phenotypes for macrophages that were exposed to either the
FBG domain of tenascin-C or LPS. These data indicated that tenascin-C
shifted the macrophage activation phenotype toward that induced by IL-4.
Although FBG was unable to induce IL-12 or IL-23 production and in-
duced less TNF-a production than did LPS, it sustained the expression
of MRC1. The genes encoding IL-6 and Arg1, which are expressed
throughout macrophage activation, were equally induced by both stimuli
(14). However, although there was some overlap in the phenotypes gener-
ated by both stimuli, tenascin-C generated a type of macrophage that, in
contrast to IL-4–stimulated macrophages, resulted in less IL-10 produc-
tion than occurred in response to LPS. These data exemplify the diverse
nature ofmacrophage subsets, revealing how themicroenvironment is key
to fine-tuning their phenotypes.

By combining phosphoprotein enrichmentwith 2D-DIGE andMS anal-
ysis,we captured a snapshot of tenascin-C– andLPS-induced changes in the
macrophage phosphoproteome that reflected the first 30 min of receptor
activation. We also used multiple bioinformatics tools to explore the exper-
imental data set. Although there are a fewphosphoproteomic analyses of the
responses of different TLRs to pathogenic ligands (16, 17), here, we com-
pared the phosphoprotein signatures in response to stimulation of a specific

TLR by exogenous and endogenous ligands. Overall, this analysis revealed
two distinct yet overlapping phosphoproteomes. Consistent with this
finding, Western blotting analysis confirmed that, whereas tenascin-C,
and not LPS, stimulated PSMA6 phosphorylation and PSME1 de-
phosphorylation, both tenascin-C and LPS stimulated DCD phosphoryl-
ation. Bioinformatics analysis identified most of the LPS-dependent
phosphoproteins as being intracellular and most of the tenascin-C–
dependent proteins as being extracellular. The latter consisted of several
extracellular matrix molecules, including COL1, which we validated by
Western blotting, suggesting a role for the tenascin-C–mediated activation
of TLR4 in changing the macrophage microenvironment. Along these
lines, the KEGG pathway analysis and protein-protein interaction net-
works highlighted both differences and similarities among LPS- and
tenascin-C–regulated phosphoproteins. On one hand, tenascin-C resulted
in the enrichment of pathways that underlie an interplay between the cells
and the microenvironment, including extracellular matrix–receptor interac-
tions, focal adhesions, and leukocyte migration. Consistent with this, strong
connectivity between matrix molecules emerged from the tenascin-C–
dependent phosphoprotein interaction network. On the other hand, we ob-
served an overlap in the innate immunity– and infection-related pathways
that were activated by both stimuli.

Aswith other TLRphosphoproteomic studies (16, 17, 36), our study did
not identify all of the phosphoproteins that belong to the TLR pathway, in-
dicating that the screen does not completely recapitulate the complex effect
of TLR activation in macrophages. Observational proteomic data sets are
incomplete by nature because of either limited coverage of the regulated
phosphoproteome or the possibility that not all pathway components are
regulated by phosphorylation or have already been dephosphorylated or de-
graded at the time point chosen. However, the following findings strengthen
the validity of our experimental data. First, we identified several phos-
phoproteins that are classically linked to the TLR pathway, including
NF-kB [that is, NF-kB essential modulator (43) and clusterin (44)]
and MAPK (that is, MAPK14 and MAPK11). Second, we detected
the phosphorylation of cytoskeletal and actin-binding proteins, such as
plastin-2 (45), septin-2, septin-11 (46), and vimentin (47), which are es-
sential for macrophagemotility and phagocytosis, as previously reported
for LPS (16, 17). Third, we identified pathways that are linked to tenascin-C
function, such as VEGF signaling (48) and focal adhesions (29). Fourth, we
found phosphoproteins that are implicated in TLR activity [for example,
annexin A1, annexin A2 (49, 50), and SWAP70 (51)] or are implicated
in having a function for TLRs in glycolysis (52), such as a-enolase 1 and
glyceraldehyde-3-phosphate dehydrogenase. Fifth, we identified kinases
that are activated upon TLR4 activation, such as phosphatidylinositol-
5-phosphate 4-kinase type 2a (53–55) and eukaryotic elongation factor
2 kinase (56). Finally, we showed the enrichment of endogenous danger
signals whose expression is induced upon TLR4 activation and can
themselves activate TLR4 if released (57), such as S100A8, fibrinogen
(FGB), and several heat shock proteins, including HSP90AB1, HSPA8,
HSPA5, HSPA1L, and HSPA1A.

Independent experiments to validate tenascin-C–regulated phosphopro-
teins and targeted Western blotting analyses confirmed the activation of
p38aMAPK and revealed the activation of JNK and NF-kB signaling, path-
ways that were also activated by LPS.Moreover,MS analysis revealed that in
addition to Thr180 and Tyr182 (residues of p38a that are phosphorylated in
response to LPS), phosphorylation of the previously uncharacterized
residue Ser272 was induced by FBG. This event may be FBG-specific
and could account, at least in part, for the differences in FBG- and LPS-
stimulated signaling. However, we could not validate the phosphorylation
of Ser272 in cells because a phosphospecific antibody for this site was not
available.

M-CSF-MDMs

TLR4

MAPK
NF-κB

Microenvironment

Tissue
damageInfection

Cytokines
Matrix molecules
Matrix molecule modification

Proinflammatory
cytokines
Proteases

IL-6

IL-8

TNF-α

IL-12

IL-23

MMP1

MMP13 COL2
IL-8

TNF-α
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Fig. 7. Model of the microenvironmental influence on TLR4-mediated in-
nate immune responses in macrophages. TLR4 is exposed to and acti-
vated by ligands from distinct microenvironments, including infected as
well as sterile, but damaged, tissues. Both stimuli equally lead to activa-
tion of the NF-kB and MAPK signaling pathways and secretion of IL-6.
However, whereas infection results in macrophages producing large
amounts of proinflammatory cytokines and tissue-degrading enzymes,
tissue damage promotes the synthesis and posttranslational modifica-
tion of matrix molecules in addition to contributing to cytokine synthesis.
Molecules whose production is stimulated exclusively by pathogens or
tissue damage are shown in blue or red, respectively; those induced by
both stimuli are shown in gray. P, phosphorylation.
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We found that stimulation of macrophages with tenascin-C (1 mM), but
not LPS (1 ng/ml), resulted in the enrichment of phosphorylated collagen.
These data suggest that tenascin-C activates the synthesis and post-
translational modification of other matrix molecules by macrophages, and
they place the production of phosphorylated collagen molecules in macro-
phages downstream of TLR signaling. Phosphorylation of extracellular
matrix molecules, including collagen type I and secreted pro-a1(I) N-
propeptide, by casein kinases was first reported more than 40 years ago
(58, 59). More recently, phosphorylation of collagen type XVII was shown
to inhibit its shedding by TNF-a converting enzyme TACE (34), and phos-
phorylation of other extracellular molecules is implicated in the regulation
of cell adhesion and susceptibility to proteolytic cleavage.Note that the ability
of tenascin-C to regulate the phosphorylation of nonkinase proteins has been
reported. Tenascin-C promotes autophosphorylation of platelet-derived
growth factor receptor A, thereby enhancing its ability to cross-talk with
aVb3 integrin and, in turn, promoting the proliferation and migration of
smooth muscle cells (60).

Hemocytes, the phagocytes of invertebrates, synthesize collagen type
IV in the germline stem cell niche inDrosophila (61). In humans, a handful
of studies have reported the synthesis of collagenmolecules inmacrophages
and have suggested that these proteins may play a role in anchoring macro-
phages to the extracellular matrix and stabilizing atherosclerotic plaques
invivo (62–64). One study looked at collagenmRNAsynthesis bymonocytes
and macrophages; however, it only reported whether expression was de-
tected or not without providing any quantitative data (64). We therefore
screened for the expression of all 28 collagen-encoding mRNAs, including
those found by the proteomic study, in LPS- or tenascin-C–activated and
unactivated macrophages and compared it to that of human DFs, which
are established matrix producers. With the exception of collagen type
XXIII, whose mRNAwas more abundant in macrophages, the abundances
of 21 of the 22 collagen-encoding mRNAs detected in macrophages were
greater in fibroblasts as expected.Note, however, that expression of the gene
encoding collagen type II was substantially induced by tenascin-C, but not
LPS, through the activation of TLR4. This indicates that matrix-derived, but
not pathogenic, microenvironmental cues can instruct macrophages to syn-
thesize collagen type II and reveals different phenotypic signatures of
macrophages activated by distinct stimuli that operate through the same re-
ceptor. This change in the cellular microenvironment may affect the inter-
action between the macrophage and the surrounding extracellular matrix,
given that collagen type II interacts with integrins and proteoglycans (65, 66).
The increased production of collagen type II bymacrophages in response to
tenascin-C may be relevant in diseases, such as rheumatoid arthritis, in
which, on one hand, tenascin-C abundance is increased and sustains inflam-
mation through TLR4 (11) and, on the other hand, antibodies against native
and citrullinated collagen type II are produced (67). In vivo, it is possible
that the production and modification of collagen by tenascin-C–activated
macrophages counterbalances the production of degradative enzymes by
these cells. This is supported by our findings that, upon activation of
TLR4 by LPS, macrophages produced more MMP1 than did those acti-
vated by the FBG domain and that, at these concentrations, only LPS-
activated macrophages produced MMP13 and degraded collagen in vitro.
Thus, whereas tenascin-C enables macrophages to shape the biochemistry
of the matrix, LPS enables macrophages to degrade it.

A number of questions remain to be answered, foremost of which iswhy
distinct gene expression profiles are generated by a matrix-derived micro-
environmental cue and a pathogenic component, given that both activate
NF-kB and MAPK signaling by stimulating TLR4. The answer may lie
in the recruitment of distinct adaptor molecules early in the signaling cas-
cade. This process may be regulated by receptor dimerization, which is es-
sential for signaling by pathogenic components but may not be necessary

for signaling by endogenous molecules. Alternatively, this process may be
explained by the distinct co-receptor and accessory molecule requirements
for pathogenic and endogenous ligands to activate TLR4. For example, LPS
requires the co-receptors MD-2 and CD14 to activate TLR4, whereas
tenascin-C does not (11). In addition, hyaluronan fragments use MD-2
and CD44, but not CD14, and induce patterns of gene expression that are
distinct from that induced by LPS (68).

Another key question relates to how the FBG domain activates macro-
phage TLR4 in vivo. What are the physiologically relevant concentrations
and form(s) of this region of tenascin-C? Note that this study assessed the
response of macrophages to single (and different) concentration of LPS and
of the FBG domain of tenascin-C at a single time point. Thus, we can only
make conclusions about how cells respond under these restricted
conditions. It is also difficult to know how the concentrations of the stimuli
that we examined correspond towhat a macrophage encounters in vivo. Al-
though tissue concentrations of tenascin-C in the range of 0.37 to 1.2 mM
have been reported (69, 70), the amounts of tenascin-C are likely to be
dependent on the tissue location and context. Moreover, here, we focused
on a direct comparison of LPS- and FBG-mediated TLR4 signaling. It is
possible that during tissue injury, tenascin-C is degraded, releasing pro-
teolytic fragments consisting of the FBG domain, which are free to
activate TLR4 in isolation from the rest of the tenascin-C molecule. FBG-
containing tenascin-C fragments have been found in gingival crevicular
fluid from a subset of periodontitis patients (71). Alternatively, macro-
phages could encounter intact tenascin-C that may either be soluble or
incorporated into the tissue matrix. We previously showed that full-
length tenascin-C induces TLR4-mediated cytokine synthesis equally
aswell as the FBG domain does alone (11). However, it will be important
to examine not only how the FBG domain signals when present with
other domains of tenascin-C, which may together synergistically affect
macrophage activation, but also how it signals within the context of an
insoluble 3D multicomponent extracellular matrix.

In conclusion, our data suggest that specific stimuli induce over-
lapping, yet distinct, biological outcomes upon activation of the same
innate immune receptor. This study provides evidence that the innate im-
mune system can interpret qualitatively different challenges and instruct
inflammatory responses accordingly. It also highlights not only the fact
that the microenvironment affects TLR function but also that TLR acti-
vation affects themicroenvironment. Understanding how the cellular mi-
croenvironment regulates macrophage phenotype and behavior may
help address how tomanipulate inflammation in response to tissue injury
and infection.

MATERIALS AND METHODS

Cell culture and stimulation
Primary human monocytes isolated from peripheral blood (London Blood
Bank) were differentiated into macrophages (M-CSF-MDMs) by culturing
them in RPMI 1640 containing 5% (v/v) fetal bovine serum (FBS) (Gibco),
penicillin/streptomycin (100 U/ml; PAA), and recombinant human M-CSF
(100 ng/ml; PeproTech) for 5 days (72). Adherent cells were washed, re-
plated in RPMI 1640 containing 3% (v/v) FBS (Gibco) and penicillin/
streptomycin (100 U/ml; PAA) for 24 hours before stimulation with LPS
(1 ng/ml) [fromEscherichia coli serotypeEH100(Ra), TLR-grade; EnzoLife
Sciences] or 1 mM FBG for 5, 15, or 30 min or for 1, 2, 3, 4, 8, or 24 hours.
Recombinant human FBG was synthesized and purified as previously de-
scribed (11) and, where stated, was preincubated with polymyxin B
(10 mg/ml; Sigma). Primary human DFs were isolated from full-thickness
skin samples. Tissue samples were dissected into small pieces and digested
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in Dulbecco’s modified Eagle’s medium (DMEM)with 1% (v/v) penicillin/
streptomycin, 5% (v/v) FBS (Gibco), type I collagenase (Worthington Bio-
chemical Corporation), and deoxyribonuclease I (Roche Diagnostics) for
up to 2 hours at 37°C. Cells were cultured in DMEM with 10% (v/v)
FBS and 1% (v/v) penicillin/streptomycin. Cells up to passage two were
used for experiments.

Inhibitors
M-CSF-MDMs were stimulated for 30 min or 1, 1.5, 2, or 24 hours
with FBG or LPS in the presence or absence of DMSO, TAK-242 (3 mM;
Invivogen), pAb-h TLR (1, 10, or 25 mg/ml; Invivogen), isotype control
antibody (rat pAb control; 1, 10, or 25 mg/ml; Invivogen), or GM6001
(10 mM).

Cell viability
Cell viability was examined by MTT assay (Sigma-Aldrich), according
to the manufacturer’s instructions.

Enzyme-linked immunosorbent assay
Cell supernatants were analyzed with ELISA kits to quantify TNF-a,
IL-6 and IL-8 (R&D Systems), IL-10 and IL-12 (BD Biosciences),
and IL-23 (eBioscience), according to the manufacturers’ instruc-
tions. Absorbance was read on a spectrophotometric ELISA plate
reader, and the data were analyzed with Ascent Software (Thermo
Labsystems).

Secreted embryonic alkaline phosphatase NF-kB
activity assay
THP1-XBlue cells stably expressing an NF-kB–inducible and activat-
ing protein 1–inducible secreted embryonic alkaline phosphatase
(SEAP) reporter gene (Invivogen) were cultured in RPMI 1640 supple-
mented with 10% (v/v) FBS (Gibco), penicillin (100 U/ml) and strep-
tomycin (100 U/ml) (PAA), Normocin (100 mg/ml; Invivogen), and
blasticidine-S-hydrochloride (10 mg/ml; Sigma). To monitor the activa-
tion of NF-kB signaling, 1 × 105 cells were stimulated with 0.5 mM
FBG or LPS (0.5 ng/ml) for 1, 4, 8, or 24 hours, and the amount of
secreted SEAP was measured by mixing 20 ml of the culture medium
with 180 ml of QUANTI-Blue detection medium (Invivogen) and incu-
bated for 2 hours at 37°C. Absorbance was measured at 620 nm with a
FLUOstar Omega microplate reader (BMG LABTECH).

Phosphoprotein enrichment and CyDye labeling
M-CSF-MDMs (8 × 106) were treated with medium alone or with medium
containing either 1 mM FBG or LPS (1 ng/ml) for 30 min before IMAC
(73) was performed with the PhosphoProtein Purification Kit (Qiagen).
Phosphoprotein-enriched fractions (5 mg) were labeled with 6 nM Cy3,
whereas an internal standard, containing a mixture of equal amounts of
each experimental protein sample, was labeled with 6 nM Cy5 saturation
fluorescent dye, according to the manufacturer’s instructions (CyDye
DIGE Fluor Labeling Kit for Scarce Samples, GE Healthcare) by the pro-
teomic services at the Cambridge Centre for Proteomics (www.bio.cam.
ac.uk/proteomics). Briefly, labeling was optimized by titrating the reduc-
ing agent tris-(2-carboxyethyl)phosphine hydrochloride (TCEP) and
the Cy3 and Cy5 dyes. The molar ratio of TCEP/dye was kept at 1:2
(1.5 nM TCEP and 3 nM dye; 2 nMTCEP and 4 nM dye; 2.5 nM TCEP
and 5 nM dye; 3 nMTCEP and 6 nM dye; and 4 nMTCEP and 8 nM dye).
The internal standard was included on each gel within the experiment. Pro-
teins were reduced with 3 nM TCEP for 1 hour at 37°C in the dark and
labeled with 6 nM Cy3 or Cy5 for 30 min at 37°C in the dark. The labeling
reaction was quenched with 2× sample buffer (7 M urea, 2 M thiourea, and

4% CHAPS) containing 2% Pharmalytes and 130 mM dithiothreitol
(DTT). Rehydration buffer [7 M urea, 2 M thiourea, 4% CHAPS, 1%
Pharmalyte, and 13 mM DTT (broad-range pH 3 to 10)] was added before
the labeled phosphoproteins were subjected to isoelectric focusing.

Two-dimensional difference gel electrophoresis
2D-DIGE was performed by the proteomic services at the Cambridge Cen-
tre for Proteomics, as previously described (15). Briefly, nonlinear immobi-
lized pH gradient strips (13 cm long) (pH 3 to 10) (GE Healthcare) were
rehydrated with CyDye-labeled samples at 20°C for 10 hours at 20 V with
the IPGphor II apparatus (GE Healthcare), according to the manufacturer’s
instructions. Isoelectric focusingwas performed for a total of 40,000V·hour
at 20°C at 50 mA. Before SDS-PAGEwas performed, the strips were equil-
ibrated for 15 min in 100 mM tris (pH 8.8), 30% (v/v) glycerol, 6 M urea,
2% (w/v) SDS, and 0.5% (w/v) DTT on a rocking table. The strips were
loaded onto a 13-cm (1 mm thick), 12% acrylamide gel (pH 8.5) with a
1-cm, 4% stacker gel (pH 6.8). The strips were overlaid with 1% agarose
in SDS running buffer containing 5mg of bromophenol blue. The gelswere
run at 20 mA for 15 min and then at 40 mA at 20°C until the bromophenol
blue dye front had run off the bottom of the gels. A 10× tris/glycine/SDS
running buffer (Bio-Rad)was used.A total of 13 gelswere run, including 12
analytical gels (10 mg of phosphoproteins/gel) representing four biological
replicates and one preparative gel (170 mg of combined phosphoproteins
in total).

Gel imaging and statistical analysis
After 2D-DIGE, CyDye-labeled proteinswere visualizedwith Typhoon 9400
Imager (GE Healthcare) to generate overlaid, multichannel images for each
gel. The Cy3 images were scanned with a 532-nm laser and a 580-nm band
pass 30 (BP30) emission filter. Cy5 imageswere scannedwith a 633-nm laser
and a 670-nm BP30 emission filter. To ensure maximum pixel intensity for
the two dyes (between 40,000 and 60,000 pixels), all gels were scanned at
100-mm pixel resolution, and the photomultiplier tube voltage was set to be-
tween 500 and 700 V. The scanned gel images were then transferred to the
ImageQuant version 5.2 software package (GE Healthcare). After cropping,
the images were exported to the DeCyder Batch Processor and Biological
Variation Analysis module (DeCyder 2D version 5.2 Software, GE Health-
care) for statistical analysis, according to the manufacturer’s recommenda-
tions. To compare protein spots across gels, a master image was picked
from images of the internal standard. The statistical analysis of changes in
protein abundance between different cell stimulations was performed by
the DeCyder–Biological Variation Analysis version 5.2 module. Landmark
spots were manually defined to improve the automated matching results.
The preparative gel was scanned and matched with the master gel to assign
the right correspondence for spot picking. Datawere normalized for comput-
ing the fold changes in abundance. Protein spotswith a statistically significant
variation (P≤ 0.05), showing a difference in volume of 1.5-fold compared to
the same spots from unstimulated cell samples, were considered to be differ-
entially abundant and were analyzed by MS.

Protein identification by MS
The preparative gelwas silver-stained for spot excision. The silver-stained
image was scanned and spot-matched to the fluorescent images to ensure
the accurate excision of proteins of interest. Gel spots were excised from
the gels with a 10-ml pipette tip and were placed into a 96-well PCR plate.
The gel spots were destained, reduced with DTT, and alkylated with iodo-
acetamide before being subjected to enzymatic digestion with sequencing
grade trypsin (Promega) overnight at 37°C. After digestion, the reaction
mixture was pipetted into a sample vial and loaded onto an autosampler
for automated LC-MS/MS analysis. All LC-MS/MS experiments were
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performed with the nanoACQUITY UPLC System (Waters Corporation)
and an LTQ Orbitrap Velos hybrid ion trap mass spectrometer (Thermo
Fisher Scientific). Separation of peptides was performed by reversed-phase
chromatography with a Waters reversed-phase nanocolumn (BEH C18;
75 mmindiameter ×250mm, 1.7-mmparticle size) at a flow rate of 300nl/min.
Peptides were initially loaded onto a precolumn (Waters UPLC Trap
Symmetry C18; 180 mm in diameter × 20 mm, 5-mm particle size) from
the nanoACQUITY sample manager with 0.1% formic acid for 3 min at
a flow rate of 10 ml/min. After this period, the column valve was switched
to enable the elution of peptides from the precolumn onto the analytical
column. Solvent A was water with 0.1% formic acid, and solvent B was
acetonitrile with 0.1% formic acid. The linear gradient used was 5 to 40%
solvent B over 60min. The LC eluantwas sprayed into themass spectrom-
eter bymeans of a NewObjective nanospray source. All mass/charge ratio
values of eluting ions were measured in the Orbitrap Velos mass analyzer,
set at a resolution of 30,000. Data-dependent scans (top 20) were used to
automatically isolate and generate fragment ions by collision-induced dis-
sociation in the linear ion trap, resulting in the generation of MS/MS
spectra. Ionswith charge states of 2+ and abovewere selected for fragmen-
tation. After the run, the datawere processedwith Protein Discoverer (ver-
sion 1.2, Thermo Fisher Scientific). Briefly, all of the MS/MS data were
converted to mgf files, and these were submitted to the Mascot search
algorithm (Matrix Science) and searched against the UniProt human
database, using a fixedmodification of carbamidomethyl, a variable mod-
ification of oxidation, and in specific cases, phosphorylation using a
peptide tolerance of 20 ppm (MS) and 0.1 Da (MS/MS). Peptide identi-
ficationswere accepted if they could be established at a probability greater
than 95.0%.

Bioinformatics analysis
GO annotation enrichment analysis was performed with the PANTHER
version 8.1 classification system (www.pantherdb.org) (74). The back-
ground data set for the analysis was the H. sapiens genome, and the bi-
nomial test (P < 0.05) was used for statistical overrepresentation. KEGG
pathway enrichment and interaction network analyses were performed
with STRING version 10.0 (http://string-db.org/) (75). The background
data set for the analyses was the H. sapiens genome. Experimentally ob-
served protein phosphorylation data mining was conducted with Phospho-
SitePlus (www.phosphosite.org/homeAction.do) (76). Hierarchical
clustering was performed with MultiExperiment Viewer version 4.9
(www.tm4.org).

Phosphoprotein gel staining
Pro-Q Diamond Phosphoprotein Gel Stain (Molecular Probes) was used to
selectively stain phosphoproteins in SDS-PAGE gels, according to theman-
ufacturer’s instructions. Gels were visualized with FLA-5100 Fluorescent
Image Analyzer (Fuji Photo Film Co.) using 532-nm excitation and 580-nm
long pass emission filters. Gelswere then stainedwith silver stain to detect
total protein.

Western blotting analysis
Phosphoprotein-enriched fractions (eluate) and the flow-through after
IMAC-based separation of macrophage proteins were resolved by SDS-
PAGE and analyzed by Western blotting with rabbit antibodies against hu-
man phosphorylated extracellular signal–regulated kinases 1 and 2 (#4370),
human pp38a (#9211), human phosphorylated MKK3/MKK6 (#12280),
human MKK3 (#8535), human MKK6 (#8550, Cell Signaling Technol-
ogy), mouse 4G10 Platinum anti-phosphotyrosine (#05-1050, Millipore),
rabbit anti-human a-tubulin (ab6046), rabbit anti-human PSMA6
(ab97563), rabbit anti-human PSME1 (ab140501), rabbit anti-human

HSPA6 (ab96754, Abcam), rabbit anti-human DCD (PA5-13677, Thermo
Fisher Scientific), and rabbit anti-human COL1 (H-197, Santa Cruz Bio-
technology) antibodies. Cell extracts were analyzed by Western blotting
with goat anti-human actin (I-19, Santa Cruz Biotechnology) and rabbit anti-
human pp38a (#9211, Cell Signaling Technology). Conditioned medium
from LPS- and FBG-stimulated M-CSF-MDMs was analyzed by Western
blotting with mouse anti-human MMP1 antibody (ab25483, Abcam). For
validation experiments, 5 × 105M-CSF-MDMs from new donors were stim-
ulated, and cell extracts were prepared in 60 ml of lysis buffer [1% NP-40,
150mMNaCl, and 20mM tris (pH 7.5)] containing 10mMEDTA, 10mM
EGTA, 1 mM Na3VO4, 5 mM NaF, and a protease inhibitor cocktail.
Extracts were separated on 10% SDS-PAGE gels, and proteins were
transferred to nitrocellulose membrane. The membranes were blocked
in 5% bovine serum albumin (BSA) in tris-buffered saline (TBS) con-
taining 0.1% Tween 20 (TBST) and were sequentially incubated with
antibodies recognizing human pJNK (p46/54; #9521), human pp38a
(#9211), human p38a (#8690, Cell Signaling Technology), human IkBa
(C-15), human a-tubulin (B-7), human actin (I-19, Santa Cruz Bio-
technology), and human b-tubulin (ab6046, Abcam). Blots were stripped
of antibody between analyses with ReBlot Plus Strong Antibody
Stripping Solution (Merck Millipore) and blocked again in 5% BSA-
TBST. Densitometric analysis of bands was performed with Phoretix
1D Software (Totallab), and the results are presented as relative band
volumes.

Immunofluorescence
M-CSF-MDMs were plated on glass coverslips and stimulated with 1 mM
FBG or LPS (1 ng/ml). Cells were then fixed with 4% (v/v) para-
formaldehyde (PFA) in TBS for 15 min at 4°C and permeabilized with
0.1% (v/v) TritonX-100 in TBS for 15min at room temperature. Cells were
incubated with blocking solution [5% (v/v) goat serum and 3% (w/v) BSA
in TBS] for 1 hour at room temperature, which was followed by incubation
for 1 hour at room temperature with anti-pp38a antibody (#9211, Cell
Signaling Technology) diluted in blocking solution. After the cells were
washed four times with TBS, they were incubated for 1 hour at room tem-
perature with Alexa Fluor 568–conjugated secondary anti-rabbit immuno-
globulin G (IgG) (Molecular Probes) diluted in blocking solution, and the
nuclei were stained with DAPI. After the cells were washed four times in
TBS, they were mounted onto glass slides with ProLongGoldAntifade Re-
agent (Invitrogen). Controls thatwere stained in the absence of primary anti-
body were also included. Images were captured by fluorescence
microscopy (Zeiss Axio ScopeA.1 light/fluorescent microscope andAxioCam
HRc camera). Multichannel images were generated with ImageJ software
(http://imagej.nih.gov/ij/).

RNA extraction, quantitative real-time PCR, and RT-PCR
Total RNA was extracted from M-CSF-MDMs (1.5 × 106) with
RNeasy Mini Kit (Qiagen). Complementary DNA (cDNA) was synthe-
sized from equivalent amounts of total RNA with the High-Capacity
cDNA Reverse Transcription Kit using random primers (Applied Bio-
systems). Quantitative real-time PCR was performed in a ViiA 7 ma-
chine (Applied Biosystems) with TaqMan primer sets for human
COL1A1 (Hs00164004_m1), COL1A2 (Hs00164099_m1), COL2A1
(Hs00264051_m1), COL3A1 (Hs00943809_m1), COL4A2
(Hs01098873_m1), COL5A1 (Hs00609133_m1), COL6A1
(Hs01095585_m1), COL7A1 (Hs00164310_m1), COL8A1
(Hs00156669_m1), COL9A1 (Hs00932129_m1), COL10A1
(Hs00166657_m1), COL11A1 (Hs01097664_m1), COL12A1
(Hs00189184_m1), COL13A1 (Hs01103879_m1), COL14A1
(Hs00964045_m1), COL15A1 (Hs01557124_m1), COL16A1
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(Hs00156876_m1), COL17A1 (Hs00990036_m1), COL18A1
(Hs00181017_m1), COL19A1 (Hs00156940_m1), COL20A1
(Hs00612130_m1), COL21A1 (Hs00229402_m1), COL22A1
(Hs01377192_m1), COL23A1 (Hs00297526_m1), COL24A1
(Hs00537698_m1), COL25A1 (Hs00261300_m1), COL26A1
(Hs00294957_m1), COL27A1 (Hs00259829_m1), COL28A1
(Hs00417144_m1) , MMP1 (Hs00899658_m1) , MMP13
(H s00233992_m1) , MMP14 (Hs00237119_m1 ) , MRC1
(Hs00267207_m1) , Arg1 (Hs00968979_m1) , and HPRT1
(Hs02800695_m1). Changes in mRNA abundance in stimulated cells
were calculated by the change-in-threshold (DDCT) method with
HPRT1 as the endogenous control for gene expression and were nor-
malized to results obtained from unstimulated cells.

Collagen film degradation assay
A collagen film degradation assay was performed as described previously
(77). Briefly, M-CSF-MDMs were seeded on six-well culture plates coated
with a thin layer of fibrillar type I bovine collagen (3mg/ml; PureCol) in the
presence or absence of LPS or FBG, and with or without GM6001. Five
days later, the cells were removed by trypsinization, and the plates
were fixed with 3% PFA in TBS for 20 min and stained with Coomas-
sie Brilliant Blue R250. Images were captured with a charge-coupled
device (CCD) camera–equipped microscope (Nikon TE2000-E). De-
graded areas were visualized as white, unstained, and noncollagen-
containing zones.

Fluorescently labeled gelatin film degradation assay
A gelatin film degradation assay was performed as described previously
(77). Briefly, glass coverslips (18 mm in diameter) were coated with Alexa
Fluor 488–conjugated gelatin. M-CSF-MDMs were seeded onto the fluo-
rescently labeled gelatin–coated coverslips in the presence or absence of LPS
or FBG, with or without GM6001, and were cultured for 64 hours. The cells
were then fixed with 3% PFA in TBS for 15 min and immunostained. Cells
were then incubated with blocking solution [5% (v/v) goat serum and 3%
(w/v) BSA in TBS] for 1 hour at room temperature, which was followed by
incubation for 2 hours at room temperaturewith rabbit anti-humanMMP14
(ab51074, Abcam). After the cells were washed four times with TBS, they
were incubated for 1 hour at room temperature with Alexa Fluor 568–
conjugated secondary anti-rabbit IgG (Molecular Probes) diluted in
blocking solution, and the nuclei were stained with DAPI. After the cells
werewashed four timeswith TBS, theyweremounted onto glass slideswith
ProLong Gold Antifade Reagent (Invitrogen). Controls that were stained in
the absence of primary antibody were included. Images were captured with
a CCD camera–equipped microscope (Nikon TE2000-E). Degraded areas
were visualized as dark, nonfluorescent zones.

Statistical analysis
Statistical analysis was performed with paired t test by one-way
ANOVA, or by two-way ANOVA, with Sidak’s multiple comparisons
test, where appropriate, with Prism 6 software (GraphPad software).

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/9/443/ra86/DC1
Fig. S1. FBG-mediated activation of macrophages is not inhibited by polymyxin B.
Fig. S2. Validation of phosphoprotein enrichment.
Fig. S3. Signaling pathway analysis of macrophages activated with FBG or LPS.
Fig. S4. Comparison of LPS- and FBG-stimulated MAPK signaling in macrophages.
Fig. S5. Analysis of LPS- and FBG-stimulated collagen synthesis by macrophages.
Fig. S6. Analysis of the amount of pro-MMP1 protein in macrophages stimulated with LPS
or FBG.
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Bypassing STAT3-mediated inhibition of the 
transcriptional regulator ID2 improves the 
antitumor efficacy of dendritic cells
Haiyan S. Li et al. (Stephanie S. Watowich)

Despite the potent ability of dendritic cells (DCs) to stimulate lymphocyte responses and 
host immunity, granulocyte-macrophage colony-stimulating factor–derived DCs (GM-
DCs) used as antitumor vaccines have demonstrated relatively modest success in cancer im-
munotherapy. We found that injecting GM-DCs into melanoma tumors in mice, or culturing 
GM-DCs with melanoma-secreted cytokines or melanoma-conditioned medium, rapidly 
suppressed DC-intrinsic expression of the gene encoding inhibitor of differentiation 2 (ID2), 
a transcriptional regulator. Melanoma-associated cytokines repressed Id2 transcription in 
murine DCs through the activation of signal transducer and activator of transcription 3 
(STAT3). Enforced expression of ID2 in GM-DCs (ID2–GM-DCs) suppressed their produc-
tion of the proinflammatory cytokine tumor necrosis factor–α (TNF-α). Vaccination with 
ID2–GM-DCs slowed the progression of melanoma tumors and enhanced animal survival, 
which was associated with an increased abundance of tumor-infiltrating interferon-γ–posi-
tive CD4+ effector and CD8+ cytotoxic T cells and a decreased number of tumor-infiltrating 
regulatory CD4+ T cells. The efficacy of the ID2–GM-DC vaccine was improved by combina-
torial treatment with a blocking antibody to programmed cell death protein–1 (PD-1), a cur-
rent immunotherapy that overcomes suppressive immune checkpoint signaling. Collectively, 
our data reveal a previously unrecognized STAT3-mediated immunosuppressive mechanism 
in DCs and indicate that DC-intrinsic ID2 promotes tumor immunity by modulating tu-
mor-associated CD4+ T cell responses. Thus, inhibiting STAT3 or overexpressing ID2 selec-
tively in DCs may improve the efficiency of DC vaccines in cancer therapy.

O X I D A T I V E  S T R E S S 

Reactive oxygen species induce virus-
independent MAVS oligomerization in systemic 
lupus erythematosus
Iwona A. Buskiewicz et al. (Andreas Koenig)

The increased expression of genes induced by type I interferon (IFN) is characteristic of viral 
infections and systemic lupus erythematosus (SLE). We showed that mitochondrial antivi-
ral signaling (MAVS) protein, which normally forms a complex with retinoic acid gene I 
(RIG-I)–like helicases during viral infection, was activated by oxidative stress independently 
of RIG-I helicases. We found that chemically generated oxidative stress stimulated the forma-
tion of MAVS oligomers, which led to mitochondrial hyperpolarization and decreased ade-
nosine triphosphate production and spare respiratory capacity, responses that were not ob-
served in similarly treated cells lacking MAVS. Peripheral blood lymphocytes of SLE patients 
also showed spontaneous MAVS oligomerization that correlated with the increased secretion 
of type I IFN and mitochondrial oxidative stress. Furthermore, inhibition of mitochondrial 
reactive oxygen species (ROS) by the mitochondria-targeted antioxidant MitoQ prevented 
MAVS oligomerization and type I IFN production. ROS-dependent MAVS oligomerization 
and type I IFN production were reduced in cells expressing the MAVS-C79F variant, which 
occurs in 30% of sub-Saharan Africans and is linked with reduced type I IFN secretion and 
milder disease in SLE patients. Patients expressing the MAVS-C79F variant also had reduced 
amounts of oligomerized MAVS in their plasma compared to healthy controls. Together, our 
findings suggest that oxidative stress–induced MAVS oligomerization in SLE patients may 
contribute to the type I IFN signature that is characteristic of this syndrome.
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CANCER

Cytokine-induced memory-like natural killer cells
exhibit enhanced responses against myeloid leukemia
Rizwan Romee,1* Maximillian Rosario,1,2* Melissa M. Berrien-Elliott,1* Julia A. Wagner,1

Brea A. Jewell,1 Timothy Schappe,1 Jeffrey W. Leong,1 Sara Abdel-Latif,1 Stephanie E. Schneider,1

Sarah Willey,1 Carly C. Neal,1 Liyang Yu,3 Stephen T. Oh,3 Yi-Shan Lee,2 Arend Mulder,4

Frans Claas,4 Megan A. Cooper,5 Todd A. Fehniger1†

Natural killer (NK) cells are an emerging cellular immunotherapy for patients with acute myeloid leukemia (AML);
however, the best approach to maximize NK cell antileukemia potential is unclear. Cytokine-induced memory-like
NK cells differentiate after a brief preactivation with interleukin-12 (IL-12), IL-15, and IL-18 and exhibit enhanced re-
sponses to cytokine or activating receptor restimulation for weeks to months after preactivation. We hypothesized
that memory-like NK cells exhibit enhanced antileukemia functionality. We demonstrated that human memory-like
NK cells have enhanced interferon-g production and cytotoxicity against leukemia cell lines or primary human AML
blasts in vitro. Usingmass cytometry, we found that memory-like NK cell functional responses were triggered against
primary AML blasts, regardless of killer cell immunoglobulin-like receptor (KIR) to KIR-ligand interactions. In addition,
multidimensional analyses identified distinct phenotypes of control and memory-like NK cells from the same indi-
viduals. Humanmemory-like NK cells xenografted into mice substantially reduced AML burden in vivo and improved
overall survival. In the context of a first-in-human phase 1 clinical trial, adoptively transferred memory-like NK cells
proliferated and expanded in AML patients and demonstrated robust responses against leukemia targets. Clinical
responses were observed in five of nine evaluable patients, including four complete remissions. Thus, harnessing
cytokine-induced memory-like NK cell responses represents a promising translational immunotherapy approach
for patients with AML.

INTRODUCTION

Acute myeloid leukemia (AML) is a hematologic malignancy primarily
of older individuals that remains a substantial clinical challenge (1).
Currently, less than 30%ofAMLpatients are curedwith standard thera-
pies, and relapsed/refractory (rel/ref) AML patients who are not can-
didates for hematopoietic cell transplantation (HCT) have a poor
prognosis and no curative treatment options (2, 3). Cellular immuno-
therapy mediated by alloreactive T and NK cells administered in the
context of an allogeneic HCT is an effective treatment for AML; how-
ever, most AMLpatients are not candidates for this procedure because
it is associated with substantial treatment-related morbidity and mor-
tality (4,5).Analternative approach thatprovides the immunotherapeutic
benefits of allogeneic HCTwithout severe toxicity is the adoptive transfer
of allogeneic lymphocytes that mediate the “graft versus leukemia” effect.
This strategy may expand the option of cellular immunotherapy to most
AML patients.

Natural killer (NK) cells are innate lymphoid cells that are important
for host defense against pathogens and mediate antitumor immune re-
sponses (6,7).Major histocompatibility complex (MHC)–haploidentical
NK cells exhibit antileukemia responses without causing “graft versus
host disease” (GVHD) afterHCT (8), providing evidence of their utility
as a cellular effector for leukemia patients. Allogeneic NK cell adoptive

transfer is safe and can induce remissions in patients with leukemia
(9–12); however, these studies have been limited by inadequate per-
sistence, expansion, and in vivo antileukemia activity of the adop-
tively transferred NK cells. Thus, one key barrier in the field is the
need for biology-driven approaches to enhance NK cell antitumor
functionality before adoptive transfer.

Although NK cells have traditionally been considered members of
the innate immune system, paradigm-shifting studies in mice have
identified memory-like properties after hapten exposure, virus infec-
tion, or combined interleukin-12 (IL-12), IL-15, and IL-18 cytokine pre-
activation (13, 14). Cytokine-induced memory-like NK cells were
defined by briefly preactivating murine NK cells with IL-12, IL-15, and
IL-18, followed by adoptive transfer into syngeneic mice. Weeks to
months later, memory-like NK cells had proliferated and exhibited
enhanced restimulation responses to cytokines or triggering via activat-
ing receptors (15, 16). This preactivation approach also resulted in anti-
tumor responses to murine NK cell–sensitive cell lines after adoptive
transfer inmice (17). The potential translation of these findings as im-
munotherapy was established by the identification of human IL-12,
IL-15, and IL-18–induced memory-like NK cells (18). Key properties
of human memory-like NK cells include enhanced proliferation, ex-
pression of the high-affinity IL-2 receptorabg (IL-2Rabg), and increased
interferon-g (IFN-g) production after restimulation with cytokines or via
activating receptors (19, 20). However, the ability of humanmemory-like
NK cells to respond to cancer target cells has not been extensively re-
ported. We hypothesized that human cytokine-induced memory-like
NK cells exhibit enhanced antileukemia properties. This was tested
in vitro against primary AML blasts and in vivo in nonobese diabetic
(NOD)/severe combined immunodeficient (SCID)/common gamma
chain−/− (gc−/−) (NSG) mouse xenograft models and in AML patients
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who were administered memory-like NK cells as part of a first-in-human
clinical trial. Our results demonstrate that combined preactivation with
IL-12, IL-15, and IL-18 differentiates cytokine-induced memory-like
NK cells that have potent antileukemia functionality in vitro and in vivo
and thus represent a promising immunotherapy strategy forAMLpatients.

RESULTS

Memory-like NK cells exhibit
enhanced functional responses
against leukemia target cells
Although the enhanced recall response of
human IL-12, IL-15, and IL-18–induced
memory-likeNKcellswaswell established
after cytokine receptor restimulation (18),
their response to leukemia target cells, in-
cluding primary AML blasts, was not ex-
tensively studied. To address this issue, we
preactivated human NK cells with IL-12,
IL-15, and IL-18 or control conditions
(low-dose IL-15 only) overnight and then
differentiated memory-like or control NK
cells from the same individual for 7 days
(Fig. 1A).Memory-like NK cells exhibited
enhanced IFN-g production in response
to restimulation with both K562 leukemia
cells (Fig. 1, A and B) and primary AML
blasts (Fig. 1, A and C). In addition,
memory-like NK cells demonstrated sig-
nificantly higher cytotoxicity compared
to control NK cells from the same donors,
which was dependent on NKG2D and
DNAM-1 (P = 0.02; Fig. 1D and fig. S1).
Consistent with augmented cytotoxicity,
we observed increased expression of the
cytotoxic effector protein granzyme B
(Fig. 1, E and F). To further define the dif-
ferences between memory-like and con-
trol NK cells, we established a mass
cytometry panel that included functional-
ly relevant proteins to deeply immuno-
phenotype NK cells.

Mass cytometry defines the
differences between memory-like
and control NK cells
Mass cytometry allows for high-throughput
analysis of a large number of parameters
on single cells, and it has been used to
deeply immunophenotype and track the
diversity of human NK cells (21, 22). We
developed custom mass cytometry panels
that include NK cell lineage, maturation,
receptor repertoire, and functional capac-
ity (tables S1 and S2), and using the viSNE
clustering and visualization strategy (23),
we identified the differences between con-

trol andmemory-like NK cells (Fig. 2, A and B, and figs. S2 and S3). Con-
trol and memory-like NK cells were localized within separate areas of
the viSNEmap, indicative of distinct cellular islands (Fig. 2A).We con-
firmed significant differences in the expression of a number of markers
that were previously reported (18, 19), including CD94 (P = 0.002),

0

5

10

15

20

25
25
50

0

5

10
10
25
40

0

5

10

15

20

25
25
50

CD56+ CD56bright CD56dim

P = 0.0003 P = 0.0002P < 0.0001

0

10

20

30
40
60

0

20

40

60

Cntl Mem Cntl Mem Cntl Mem Cntl Mem Cntl Mem Cntl Mem
0

20

40

60

CD56+ CD56bright CD56dim

P = 0.0005 P = 0.0005P = 0.0003

A

B  C  

D  

0.0 2.5 5.0 7.5 10.0
0

20

40

60

80

Cntl
Mem

P = 0.02

Effector  /target ratio

P
er

ce
nt

 s
pe

ci
fic

 k
ill

in
g

Pre activated 

Control 

Wash 16 hours 1 week 

IL-15 

NK 

IL-12+  
IL-15+  
IL-18 

C
D

56
 

IFN-γ 

Leukemia 
targets 

Memory-like

6  hours Control 

26.4 

Memory-like 

11.1 

Control 

38.2 

Memory-like 

9.17 

Control 

K562 Primary AML 

Cntl Mem Cntl Mem
0

10

20

30
P = 0.005 P = 0.007

CD56bright CD56dim
G

zm
B

 M
F

I
F E  

GzmB 

E
ve

nt
s 

CD56bright CD56dim 

Cntl Mem Cntl Mem 

P
er

ce
nt

 IF
N

-γ
–p

os
iti

ve
 

6  hours 

P
er

ce
nt

 IF
N

-γ
–p

os
iti

ve
 

Fig. 1. Memory-like NK cells exhibit enhanced functional responses against leukemia targets. Puri-
fied NK cells were preactivated with IL-12, IL-15, and IL-18 or control (cntl; IL-15) for 16 hours, washed, and
then rested in low concentrations of IL-15 to allow for differentiation. (A) Schema of memory-like (mem) NK
cell in vitro experiments and representative flow plots showing enhanced IFN-g production by NK cells
after K562 (left) and primary AML (right) triggering. Inset numbers are the percentages of IFN-g–positive
NK cells within the indicated regions. (B and C) Summary of data showing enhanced IFN-g production by
all memory-like NK cells (CD56+) as well as each of the two major human NK cell subsets (CD56dim and
CD56bright) restimulated with K562 (B) or primary allogeneic AML blasts (C). (D) Increased killing of K562
leukemia target cells by purified memory-like NK cells as compared to control NK cells from the same
individuals. (E) Representative flow cytometry data showing increased granzyme B (GzmB) protein in
memory-like compared to in control NK cells. (F) Summary of data from (E) showing granzyme B median
fluorescence intensity (MFI). Data represent two to six independent experiments and were compared
using Wilcoxon signed-rank test with means ± SEM displayed in all graphs.
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NKG2A(P=0.004),NKp46 (P=0.04), andCD25 (P=0.03) on the viSNE
gated control and memory-like populations. Leveraging mass cytome-
try’s expanded view of NK cell proteins, we observed increases in NKp30,
NKp44, CD62L, CD27, and TRAIL and in the cytotoxic molecules perforin

andgranzymeBandalsodecreases inNKp80, compared to controls (Fig. 2B
and fig. S3). Thus, memory-like and control NK cells were identifiable as
distinct populations when tracked with high NK cell marker dimensionality
by mass cytometry. In addition, mass cytometry confirmed flow cytometry
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Fig. 2. Multidimensional
analyses define the differ-
ences between memory-like
and control NK cells. NK cells
were assessed at baseline or af-
ter in vitro control and memory-
like differentiation at day 7 (Fig.
1A) for the expressionof 36mark-
ers using mass cytometry. (A and
B) Comparison of control and
memory-likeNKcells fromarepre-
sentative healthy individual using
viSNE, clusteredon21NKcell phe-
notypic markers. (A) Memory-like
(orange) and control NK cell (blue)
events overlaid in the tSNE1/
tSNE2 fields (left) show their dif-
ferential localization within the
viSNEmap. Density plots of con-
trol and memory-like NK cells in
the tSNE1/tSNE2 fields (right).
Inset values indicate the fre-
quency of cells that fall within
the control or memory-like gate.
(B) The composite of the con-
trol and memory-like popula-
tions from (A), displaying the
median expression of the indi-
catedmarkers. Dataare represen-
tative of nine individuals. Color
scale indicates the intensity of
expression of each marker sig-
nal. Minimum (min) and maxi-
mum (max) correspond to the
2nd and the 98th percentile val-
ues for each indicated marker,
respectively. For additional sum-
marydata and statistical compar-
isons, see fig. S3. (C) Inhibitory
KIR receptor inverse Simpson di-
versity index of baseline [naïve
(nve)], control, andmemory-like
NK cells from nine individuals;
box with whiskers displaying
minimumtomaximum. (D) Sum-
mary of data showing the per-
cent positive of each indicated
KIR for control and memory-like
NKcells. All summarygraphsdis-
play means ± SEM, unless other-
wise indicated.Comparisonswere
made using Wilcoxon signed-
rank test.
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findings of increased cytotoxic effector proteins, which likely contribute to
the enhanced cytotoxicity ofmemory-likeNKcells against leukemia targets.

Memory-like NK cells respond to AML regardless of
inhibitory KIR to KIR-ligand interactions
Because allogeneic NK cell responses to AML blasts are influenced
by the interaction of the inhibitory killer cell immunoglobulin-like
receptors (KIRs) with their cognate human leukocyte antigen (HLA)
ligands (24–26), we next examined whether memory-like differentiation
altered KIR diversity. We used mass cytometry to examine NK cells at
baseline (naïve) and after control or memory-like differentiation in
vitro at day 7 (table S1 and Fig. 1A). The inverse Simpson diversity index
of KIR expressed by naïve, control (day 7), and memory-like (day 7) NK
cells was unaltered (Fig. 2C) (21, 27), demonstrating that inhibitory
KIR phenotypes present at baseline were stable in vitro. Consistent
with this, the percent of KIR-positive NK cells was similar at day 7
between control and memory-like NK cell populations (Fig. 2D).

In the setting of allogeneicHCT, donorKIR repertoire affects patient
prognosis, highlighting the importance of the KIR to KIR-ligand mis-
match for conventional NK cell anti-AML activity (24–26, 28). To
experimentally identify NK cell subsets that preferentially respond
to primary AML blasts, we restimulated control and memory-like
NK cells for 6 hours with primary AML blasts and assessed the ex-
pression of 36 parameters via mass cytometry (tables S2 to S4).
Memory-like NK cells again produced more IFN-g when triggered
with primary AML blasts compared to controls (Fig. 3, A and B).We
used spanning-tree progression analysis of density-normalized events
(SPADE) to cluster the NK cells according to the expression of core
NK cell markers and assessed each node (representing a distinct NK cell
specificity) for IFN-g expression (Fig. 3C) (29, 30). The KIR-ligand in-
teraction status of each node was defined to investigate their impact on
memory-like and control NK cell responses. For a representative indi-
vidual, we assigned the SPADE nodes as matched if they expressed
KIR2DL2/KIR2DL3, which recognizes HLA-C1 present on the AML
blasts. KIR2DL1 and KIR3DL1 did not have ligands present, and nodes
that lackedKIR2DL2/KIR2DL3were categorized asmismatched. Based
on this approach, we observed the expected increased response in KIR-
mismatched versus KIR-matched node in IFN-g production in the
control cells when triggered with AML blasts (Fig. 3, D to F). However,
memory-like NK cells produced increased IFN-g compared to control
cells in both the KIR-ligand–matched and KIR-ligand–mismatched
situations. Moreover, the IFN-g production by memory-like NK cells
was similar in the KIR-matched and KIR-mismatched setting (Fig. 3,
D and E), which was reproducible across the seven individuals tested
(Fig. 3E). Furthermore, when we expanded our analysis to four dif-
ferent primary AML blasts, we observed a consistent increase in
IFN-g production in KIR-matched memory-like NK cells compared
to KIR-mismatched control-treated cells (Fig. 3F). Because most
memory-like NK cells express NKG2A, we assessed IFN-g production
by NKG2A− or NKG2A+ KIR-ligand–matched or KIR-ligand–
mismatched NK cells and observed increased IFN-g production by
memory-like NK cells compared to controls in both subpopulations
(figs. S4, A to C). Cell surface CD107a, tumor necrosis factor, and mac-
rophage inflammatory protein-1a were also increased on memory-
like NK cells in these assays, compared to controls (fig. S4D). Thus,
memory-like differentiation enhances IFN-g production in response to
primary AML, regardless of whether memory-like NK cells expressed
inhibitory KIR with a ligand present on the target AML blast.

Memory-like NK cells exhibit potent antileukemia
functionality after transfer into NSG mice
To assess whether humanmemory-likeNK cellsmaintainmemory-like
function in vivo, we used an adoptive transfer model with NSG mice
(Fig. 4A). After 7 days, memory-like NK cells were found to localize
in key hematopoietic tissues, including bone marrow (BM), spleen,
and blood (Fig. 4B), and were found in similar numbers compared to
controlNKcells (Fig. 4C). The expressionof selected chemokine receptors
wasminimally changed after IL-12, IL-15, and IL-18 pre-activation, with
the exception of reduced expression of CX3CR1 (fig. S7). Memory-like
NK cells also maintained their enhanced functionality as evidenced by
increased IFN-g production in response to ex vivo restimulation with
K562 leukemia cells after 7 days in NSG mice (Fig. 4, D and E).

To test the ability of human memory-like NK cells to control leuke-
mia in vivo, we engrafted K562-luc (luciferase-expressing) leukemia
cells in NSG mice and adoptively transferred human IL-12, IL-15, and
IL-18–preactivated or control NK cells into groups of NSG mice on
day 4 (Fig. 4F).Memory-likeNK cells were significantlymore effective
in controlling K562 tumor cell growth in vivo using whole-body bio-
luminescence imaging (BLI) (P < 0.001; Fig. 4, G andH). The enhanced
leukemia control afforded by a single injection of human memory-like
NK cells also resulted in improved survival of these mice (Fig. 4I).

Donor memory-like NK cells proliferate and expand after
adoptive transfer into patients with AML
On the basis of these preclinical findings with humanmemory-like NK
cells and those frommouse models evaluating NK cell–sensitive tumor
cell line challenge (17), we initiated a first-in-human phase 1 clinical trial
of allogeneic, HLA-haploidentical, IL-12, IL-15, and IL-18–preactivated
NK cells in patients with rel/ref AML (fig. S5). Here, we report memory-
likeNKcell biology and antileukemia activitywithin the first nine evaluable
patients treated at three different dose levels (Table 1).DonorNKcellswere
purified by CD3 depletion followed by CD56-positive selection (10), pre-
activated for 12 to 16 hours with rhIL-12, rhIL-15, and rhIL-18 in a good
manufacturing practice (GMP) laboratory, washed, and infused into AML
patients who were preconditioned with fludarabine/cyclophosphamide (9)
on day 0. After adoptive transfer, low-dose rhIL-2 was administered to sup-
portmemory-likeNKcells throughtheir inducedhigh-affinity IL-2Rabg (19).

Three patients at dose level 1 (0.5 × 106/kg), three patients at dose
level 2 (1.0 × 106/kg), and three patients at dose level 3 (all NK cells
generated, capped at 10 × 106/kg) were evaluable. Donor memory-like
NK cells were tracked in the blood of all patients with informative HLA
[using donor- or patient-specific anti-HLA monoclonal antibodies
(mAbs)], peaked in frequency at 7 to 14 days after infusion and, as
expected (9), decreased in number after recipient T cell recovery (Fig.
5, A to C). Memory-like NK cells comprised >90% of blood NK cells
at day 7 (Fig. 5, A and B), with an average of 419 ± 166–fold increase
(range, 39 to 1270) comparing day 1 and day 7 counts (Fig. 5C). Donor
memory-likeNKcells had increasedproliferation (Ki-67+) at days 3 and7
(Fig. 5, D and E). Similarly, assessments of the BM at day 8 after infusion
revealed large percentages and absolute numbers of donor memory-like
NK cells (Fig. 5, F toH), although therewas heterogeneity between donor
and recipient pairs, especially between NK cell dose levels (fig. S6).

Donor memory-like NK cells exhibit enhanced functionality
after adoptive transfer into patients with AML
We next assessed donor and recipient blood NK cell IFN-g production
from these patients after a short-term ex vivo restimulation triggered by
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K562 leukemia cells (Fig. 6, A to D). These analyses revealed an increased
frequency of IFN-g–positive donor, compared to recipient, NK cells (Fig.
6A). More strikingly, these experiments revealed that the absolute number
of donor IFN-g–producingNK cells wasmarkedly increased, compared to
the recipient NK cells in these samples (Fig. 6, B toD). Similarly, the num-
ber of IFN-g–positive donor memory-like NK cells was greater than reci-
pient NK cells in BM, although fewer patients had BM samples with
adequate cell numbers for functional analyses (Fig. 6, E to G).

Complete remissions were observed after IL-12, IL-15, and
IL-18–preactivated donor NK cell infusion in patients with
rel/ref AML
Performing a phase 1 study of memory-like NK cell adoptive immuno-
therapy in older patients with active rel/ref AML is a clinical challenge,
but it does permit investigation of anti-AML responses. Thirteen pa-
tients who had progressed after multiple previous treatments were
administered with memory-like NK cells at dose levels 1, 2, and 3. Four
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Fig. 3. Response of memory-
like NK cells to primary AML
blasts is enhanced regardless
of KIR-ligand interactions. Con-
trol and memory-like NK cells
were stimulated with primary
AML blasts for 6 hours and as-
sessed for the expression of
36 markers using mass cytome-
try. (A) Representative bivariate
mass cytometryplotsof IFN-g pro-
duction by control and memory-
like NK cells stimulated at the
bulk population level. Numbers
depict percentages of cellswithin
the indicated regions. (B) Sum-
mary of data (means ± SEM) from
seven individuals showing per-
centages of IFN-g–positive NK
cells. (C toE) NK cellswere further
analyzed on 21 clustering param-
eters using SPADE. (C) Repre-
sentative SPADE diagram of in
vitro–differentiated control and
memory-like NK cells from a
healthy individual. Node size de-
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IFN-g expression for each node.
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patients were not evaluable because of inadequate donor cell collection
caused by apheresis technical failure (n= 1) or death resulting frombac-
teremia with septic shock before day 14 (n = 1) or before day 35 (n = 2).

Of the nine evaluable patients (Table 1), there were four CR/CRi and
one MLFS by the IWG response criteria (31), yielding an overall re-
sponse rate of 55% and a CR/CRi rate of 45%. The changes in leukemia
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blast percentages in the BM of responding and nonresponding patients
are shown in fig. S6. There was no detectable correlation between pre-
therapy BMblast percentage, donorKIR haplotype, the presence of pre-
dictedKIR-ligandmismatch, and the frequency of donorNKcells in the
blood or BM and clinical response, but the number of patients was
small. A complete set of clinical vignettes describing each patient and
his or her clinical course is included in the SupplementaryMaterials and
Methods. Additional parameters of relevant NK cell receptor biology
are shown in table S5. Thus, allogeneic human IL-12, IL-15, and IL-18–
induced memory-like NK cells proliferate, expand, and exhibit anti-
leukemia function after adoptive transfer into rel/ref AML patients
with active disease.

DISCUSSION

Motivated by the need to develop innovative treatment options for
AML patients (4, 5), we investigated the ability of a recently defined
functional class of NK cells, cytokine-induced memory-like NK cells,
to mediate antileukemia responses (20). Here, we demonstrated that
primary human NK cells, differentiated in vitro into memory-like NK
cells via brief preactivation with IL-12, IL-15, and IL-18, exhibit potent
antileukemia responses in the form of IFN-g production and cyto-
toxicity. Usingmass cytometry andmultidimensional analyses to assess
a large number of NK cell relevant proteins simultaneously, we found
thatmemory-likeNKcells were clearly distinguishable fromcontrolNK
cells from the same individual. Despite stable inhibitory KIR receptor
expression, memory-like NK cells responded more robustly to primary
AML blasts, regardless of KIR-ligand interactions. Moreover, human
memory-like NK cells were superior, in terms of both controlling leu-
kemia burden and prolonging survival, in an in vivo NSG xenograft
model. Translating this to the clinic, we examined the biology of the
MHC-haploidentical donor IL-12, IL-15, and IL-18–preactivated NK
cells administered to patients with active rel/ref AML in the context
of a first-in-human NK cell trial. After transfer, memory-like NK cells
were detectable in the blood and BM of patients for weeks, proliferated

extensively, and expanded in vivo. Further, memory-like NK cells that
differentiated in patients in vivo exhibited enhanced functionality
against leukemia target cells. Notably, five of the nine evaluable AML
patients receiving IL-12, IL-15, and IL-18–preactivatedNK cells had clin-
ical responses, suggesting preliminary evidence of in vivo antileukemia
activity. Thus, preactivation of NK cells with IL-12, IL-15, and IL-18 that
results in memory-like NK cell differentiation represents a promising
approach to enhancing adoptive allogeneic NK cell therapy.

Published studies have identified comparable IL-12, IL-15, and IL-18–
induced memory-like NK cell biology in mice and humans (15–19). In
mouse models, preactivation with IL-12, IL-15, and IL-18 has been
shown to improve NK cell responses to lymphoma and melanoma cell
lines in vivo, which required T cell–derived IL-2 (17). Although some
phenotypic differences have been identified (18), a clear approach to
distinguishing memory-like from conventional NK cells from the same
donor was lacking. Through mass cytometry and multidimensional
data reduction algorithms, control and memory-like NK cells were
identified in separate areas of viSNE maps, indicating a distinct pheno-
type and providing an approach to tracking memory-like NK cells
in vivo. Currently, memory-like NK cells that emerge after IL-12, IL-15,
and IL-18 preactivation are thought to result from a differentiation pro-
cess that yields a long-term alteration of functional capacity; however,
the molecular mechanisms that control this process are yet to be
defined. This concept of differentiation is consistent with the distinct
phenotype tracked by multidimensional analyses, and the observations
that enhanced memory-like NK cell responses to restimulation are re-
tained after extensive cell division and persisted for weeks to months
after the initial preactivation (15, 18). The phenotypic changes observed
after IL-12, IL-15, and IL-18 preactivation include increased expression
of inhibitory, activating, and cytokine receptors (CD94/NKG2A,
NKp30, NKp44, NKp46, NKG2D, CD62L, and CD25), whereas other
receptors appear unchanged (KIR, CD57, NKG2C, DNAM-1, CD137,
and CD11b) or decreased (NKp80). Such dynamic changes in activat-
ing, inhibitory, cytokine, and adhesion receptors are also consistentwith
differentiation. Further, prolonged IL-12, IL-15, and IL-18 activation
(for 5 days) resulted in reduced methylation of the IFN-g conserved

Table 1. Summary of clinical characteristics of evaluable patients
treated with cytokine-induced memory-like NK cells. All patients
were Caucasian. KIR-ligand mismatch is reported in the NK cell donor
versus patient vector. Patient 012 was reenrolled at a higher dose level
as patient 019. UPN, universal patient number; WHO, World Health Or-

ganization; DLT, dose-limiting toxicity; M, male; F, female; IWG, Interna-
tional Working Group; TF-PD, treatment failure due to progressive
disease; CR, complete remission; MLFS, morphologic leukemia-free
state; CRi, CR with incomplete blood count recovery; MDS, myelodys-
plastic syndrome.

UPN Dose level Gender Age
(years)

WHO
diagnosis

Number of previous
therapies

Pretreatment
BM blast (%)

KIR-ligand
mismatch

IWG
response

DLT GVHD

001 1 M 73 M2 2 16 Yes TF-PD No No

006 1 M 70 M0 3 28 Yes TF-PD No No

007 1 M 77 M0 1 47 Yes CR No No

008 2 M 76 t-AML 3 17 Yes TF-PD No No

009 2 F 73 M1 3 80 No MLFS No No

012 2 F 71 M5 3 15 Yes CR No No

017 3 M 64 t-AML 3 69 Yes TF-PD No No

019 3 F 71 M5 4 15 Yes CR No No

020 3 M 60 MDS-AML 1 13 Yes CRi No No
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noncoding sequence 1 locus in human NK cells, indicating that cyto-
kines can affect epigenetic control mechanisms (32). One alternative
hypothesis to the differentiation theory is that IL-12, IL-15, and IL-18–

preactivated NK cells exist at an enhanced activation state without a
fundamental change in their molecular programs. Although most pub-
lished data are consistent with the idea of differentiation rather than
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Fig. 5. Donor memory-like NK cells expand and proliferate in vivo in
AMLpatients. (A) Representative flow cytometry data of donor (HLA+) versus
recipient (rcpt) (HLA−) NK cells on the indicated day after infusion. (B) Percen-
tages of the peripheral blood (PB) NK cell compartment composed of donor
versus recipient NK cells at the indicated time points after infusion, summariz-
ing the eight patients with informative HLAmAbs available for all time points.
(C) Absolute numbers of donor NK cells permilliliter of peripheral blood at the
indicated times after infusion for each patient (UPN above individual graphs).
Absolute numbers were calculated by multiplying the number of mono-
nuclear cells obtained per milliliter of blood by the fraction of CD45+ cells
that consisted of donor NK cells. (D) Representative flow cytometry data
showing Ki-67 staining in donor and recipient NK cells from the peripheral

blood on the indicated day after infusion. Isotype control (iso) staining for
Ki-67 is indicated by the gray histogram. (E) Summary of data of the percen-
tagesof Ki-67–positivedonor versus recipientperipheral bloodNKcells at days
3 and 7 after infusion. (F) Representative flow cytometry data of donor (HLA−)
versus recipient (HLA+) NK cells on the indicatedday after infusion. (G) Percen-
tagesof theBMNKcell compartment thatweredonor versus recipientNKcells
at the indicated timepoint after infusion, summarizing the sevenpatientswith
informative HLA mAbs available for all time points. (H) Absolute numbers of
donor and recipient NK cells per milliliter of BM at day 8 after infusion. Ab-
solutenumberswereobtainedas in (C). Statistical comparisonwasperformed
by two-way ANOVA. In representative bivariate flow plots (A and F), numbers
indicate the frequency of cells within the indicated gate.
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activation, elucidation of molecular mechanisms controlling cytokine-
induced memory would provide additional clarification of this issue.

Earlier work has set the stage for the use of allogeneic NK cells
as adoptive immunotherapy for AML patients (9–12), harnessing the
leukemia-targeting potential of NK cell allorecognition of MHC-
mismatched AML first identified after HCT (8). Initial pioneering
adoptive NK cell therapy clinical trials identified that an available
lymphoid niche was essential for donor NK cell engraftment and expan-
sion; however, clinical responses occurred in a minority of patients with
limited duration (9). This modest effect is consistent with the concept
that combined modulatory approaches will be required to fully optimize
NK cell adoptive immunotherapy for cancer patients, including (i) en-
hancement of NK cell targeting of cancer cells, (ii) augmentation of NK
cell functional capacity, and (iii) elimination of inhibitory checkpoints
or cellular negative regulators (33S). In the context of AML, NK cell
allorecognition of MHC-haploidentical blasts has provided an
established mode of targeting NK cells to myeloid leukemia via inhib-
itory receptor mismatch and activating receptor ligation. We discovered
that IL-12, IL-15, and IL-18–induced memory-like NK cells exhibit
enhanced triggering against AML regardless of KIR to KIR-ligand inter-
actions, resulting in an expanded NK cell pool of AML-reactive effector
cells. Because NKG2A is expressed on most memory-like NK cells, the
interaction with HLA-E on AML blasts or bystander cells in the micro-
environment remains a potentially important inhibitory pathway for
memory-like NK cells. The functionality of memory-like NK cells is also
enhanced in terms of cytotoxicity and IFN-g production. Thus, through
brief combined cytokine stimulation, two aspects of the NK cell anti-
tumor response have been improved.

Most adoptive NK cell therapy studies to date use IL-2 or IL-15 to
activate NK cells overnight before transfer. This strategy results in a
short-term priming signal that increases NK cell functional capacity
(33), but the effect is rapidly lost after removal from the in vitro cytokine
milieu and transfer into the patient. Here, we reasoned that the longer-
lasting increase in functional capacity afforded by memory-like NK cell
differentiation, combined with improved AML recognition, would en-
hance in vivo expansion and antileukemia responses, resulting in a sev-
eral week “window of opportunity” to attack AML blasts. Donor
memory-like NK cells consistently expanded to become >90% of blood
NKcells, as well asmost BMNKcells. Because of concerns for cytokine-
release syndrome, our phase 1 study was intentionally initiated with a
starting NK cell dose of 1/10 to

1/20 of the typical adoptive NK cell dose
(9–12). Considering the relatively low doses of highly purified IL-12,
IL-15, and IL-18–preactivated NK cells administered to patients, the
donor NK cell frequencies and numbers observed here in the blood
and BM are remarkable. Two published studies have transferred doses
of CD56+CD3−-purified NK cells similar to our dose level 3 as adoptive
immunotherapy for patients with active AML (11, 12). The overall re-
sponse rate of 55% (5 of 9) and CR/CRi rate of 45% (4 of 9) in our study
compare favorably to 7%(1of 15) observedwithin cohort 2 of Bachanova
et al. (0 of 10) (12) and patients with active AML on the work of Curti
et al. (1 of 5) (11). Because our sample size was limited, this finding is
hypothesis-generating andwill need to be studied inmore patients trea-
tedwith IL-12, IL-15, and IL-18–preactivatedNKcells. Inour small sample
set treated to date, these responses did not segregate with any KIR-
based rules for NK cell allorecognition, althoughmost patients studied
had aKIR toKIR-ligandmismatch in thedonor versus recipient direction.

007 009 019 020
0

500
1000
1500
2000
2500

10,000
30,000
50,000
70,000

BM Dose 
 1 

Dose 
 2 

Dose 
 3 

0

20

40

60

80

100

P < 0.0001

N
or

m
al

iz
ed

 n
um

be
r o

f P
B

IF
N

- γ
– 

p o
si

tiv
e 

N
K

 c
el

ls
/m

l

0

20

40

60

80

100

N
or

m
al

iz
ed

 n
um

be
r o

f B
M

IF
N

-γ 
–

p
o

si
tiv

e
 N

K
 c

e
lls

/m
l

0

5

10

15

20

25

Recipient
Donor

P = 0.006

Unstimulated K562

P = 0.6

P
er

ce
nt

ag
e 

of
 I F

N
-γ

–p
os

iti
ve

IFN-γ  

C
D

56
 

3 

Recipient 
22 

Donor 
Blood 

13 
Donor 

C
D

56
 

IFN-γ  

Recipient 
2 

BM 

B C D 

E F G 

A Blood 

001 007 008 009 012 017 019 020
0

500

1000

3000
5000
7000
9000

Blood Dose 1 Dose 2 Dose 3 

Recipient 
Donor 

N
um

be
r o

f I
FN

-γ
–p

os
iti

ve
 

 N
K

 c
el

ls
/ m

l

N
um

be
r o

f I
FN

-γ
–p

os
iti

ve
  

N
K

 c
el

ls
/m

l
 

P < 0.0001

Fig. 6. Donor memory-like NK cells display enhanced antileukemia re-
sponses at 1 week after adoptive transfer. Freshly isolated peripheral
bloodmononuclear cells (PBMCs) frompatient blood or BMwere stimulated
with K562 leukemia cells at an effector/target ratio of 10:1 for 6 hours and
assessed for IFN-g production by flow cytometry. (A) Percentage of IFN-g–
positive donor versus recipient NK cells in the peripheral blood for all pa-
tients. Data were compared using paired t test. (B) Representative flow
cytometric data showing donor and recipient NK cell IFN-g responses from
theperipheralblood. (C)Absolutenumbersof recipient (blue)anddonor (green)
NK cells producing IFN-g in the blood. (D) Summary of data from (C) depict-

ing relative IFN-g production by recipient and donor NK cells from the blood;
the datawere normalized to donor IFN-g–positive NK cells, whichwere set to
100%. (E) Representative flow cytometry data showing donor and recipient
NK cell IFN-g responses from the BM. (F) Absolute numbers of recipient and
donor NK cells producing IFN-g in the BM. (G) Summary of data from (F) de-
picting relative IFN-g production by recipient and donor NK cells from the
BM; the data were normalized to donor IFN-g–positive NK cells, which were
set to 100%. Normalized control NK cell responses were tested against 100%
(donor) using a one-sample t test. Numbers represent percentage of cells
within the indicated quadrant. All summary data depict means ± SEM.
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Similarly, there were no associations with NK cell number or IFN-g pro-
duction measurements, which had substantial variability within patients
who received different doses of NK cells. Thus, this report provides proof
of concept that human IL-12, IL-15, and IL-18–preactivated NK cells
may be translated into the cancer immunotherapy clinic, with consistent
memory-like NK cell biology in vitro, in xenograft models in vivo and in
AML patients in vivo.

MATERIALS AND METHODS

Study design
Patients treated on an open-label, nonrandomized, first-in-human
phase 1 dose escalation trial (NCT01898793) are included in this study.
The primary objective of the clinical trial was to identify the maximum
tolerated or tested dose of memory-like NK cells administered to pa-
tients with rel/ref AML. Sample size was based on a standard 3 + 3 dose
escalation design. Patients with rel/ref AML who were not candidates
for immediate HCT were eligible to participate. Patients were treated
with fludarabine/cyclophosphamide between days −7 and −2 for immu-
nosuppression, followed on day 0 by allogeneic donor IL-12, IL-15, and
IL-18–preactivated NK cells in escalating doses: 0.5 × 106/kg (dose
level 1), 1.0 × 106/kg (dose level 2), and all NK cells that could be
generated from a single leukapheresis capped at 10 × 106/kg (dose
level 3). After donor NK cell adoptive transfer, patients received low-
dose rhIL-2 (1 × 106 IU/m2) subcutaneously every other day for a
total of six doses. Donor NK cell products were generated by purifying
NK cells from a nonmobilized leukapheresis product using CD3 deple-
tion followed byCD56-positive selection on aCliniMACSdevice (>90%
CD56+CD3−). Purified NK cells were preactivated with IL-12 (10 ng/ml),
IL-15 (50 ng/ml), and IL-18 (50 ng/ml) for 12 to 16 hours under cur-
rent GMP conditions. Samples were obtained from the peripheral
blood (before treatment and at days 1, 3, 7, 8, 14, 21, 30, 60, and
100) and BM (before treatment and at days 8, 14, 30, 60, and 100) after
the NK cell infusions. Clinical responses were defined by the revised
IWG criteria for AML (31). If cell numbers were limiting, analyses of
NK cell number and phenotype were prioritized. All patients provided
informedconsentbeforeparticipating andwere treatedat theWashington
University Institutional Review Board (IRB)–approved clinical trial
(Human Research Protection Office #201401085).

Reagents, mice, and cell lines
AntihumanmAbswere used for flow andmass cytometry (tables S1, S2,
andS6), includingpreviously reported anti-HLAmAbs (34). Endotoxin-
free, recombinant human cytokines are described in the Supplemen-
tary Materials and Methods. NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice
(4 to 8weeks old)were obtained fromThe JacksonLaboratory,maintained
under specific pathogen–free conditions, and used in accordance with our
animal protocol approved by the Washington University Animal Studies
Committee. K562 cells [American Type Culture Collection (ATCC),
CCL-243] were obtained in 2008, viably cryopreserved and stored in
liquid nitrogen, thawed for use in these studies, and maintained for
<2 months at a time in continuous culture according to ATCC instruc-
tions. K562 cells were authenticated in 2015 using single-nucleotide poly-
morphism analysis andwere found to be exactlymatched to theK562 cells
from the Japanese Collection of Research Bioresources, GermanCollection
of Microorganisms and Cell Cultures (DSMZ), and ATCC databases
(2015, Genetic Resources Core Facility at Johns Hopkins University).

NK cell purification and cell culture
Normal donor PBMCswere obtained from anonymous healthy platelet
donors and isolated by Ficoll centrifugation (18, 19, 35). NK cells were
purified using RosetteSep (STEMCELL Technologies; routinely ≥95%
CD56+CD3−). KIR genotyping of donor PBMC was performed by
Kashi Clinical Laboratories. Memory-like and control NK cells were
generated as previously described (see the Supplementary Materials
and Methods for more details) (18).

Patient samples
Patients with newly diagnosed AML provided informed consent under
theWashingtonUniversity IRB-approvedprotocol (2010-11766) andwere
the source of primary AML blasts for in vitro resimulation experiments
(table S4).After informedconsent, patient sampleswere alsoobtained from
the first-in-human phase 1 clinical study of allogeneic donor memory-like
NK cells in rel/ref AML (fig. S5). Patient peripheral blood or BM aspirate
wasobtainedat the indicated timepoint afterNKcell infusion, andPBMCs
were isolatedbyFicoll centrifugationand immediately used in experiments.

Functional assays to assess cytokine production
Control and memory-like NK cells were harvested after a rest period of
7 days to mimic transfer into a patient and to allow memory-like NK
cell differentiation to occur. Cells were then restimulated in a standard
functional assay (18, 19, 35). Cells were stimulated with K562 leukemia
targets or freshly thawed primary AML blasts (effector/target ratio of
5:1, unless otherwise indicated). Further details are provided in the Sup-
plementary Materials and Methods.

Flow-based killing assay
Flow-based killing assays were performed by co-incubating memory-
like or control NK cells with carboxyfluorescein diacetate succinimidyl
ester–labeled K562 cells for 4 hours and assaying 7-aminoactinomycin
D uptake as described (18, 19, 35).

Adoptive transfer of humanmemory-like NK cells into NSGmice
Purified control (5 × 106;≥95% CD56+CD3−) or IL-12, IL-15, and IL-
18–preactivated NK cells were injected retro-orbitally into NSG mice.
Mice received rhIL-2 (50,000 IU) through intraperitoneal injection ev-
ery other day to support the adoptively transferredNKcells. After 7 days,
the mice were sacrificed, and organs (spleen, blood, and BM) were
assessed for the presence of transferred cells. NSG splenocytes were
also examined for intracellular IFN-g production after restimulation
with K562 leukemia targets.

In vivo BLI
ForBLI experiments,micewere treated as described in the Supplementary
Materials andMethods. For imaging,mice were injected intraperitoneally
with D-luciferin (150 mg/g) (Biosynth) in PBS and imaged using the IVIS
100 (Caliper). BLI was performed at the indicated time points.

Flow cytometric analysis
Cell staining was performed as described (18, 19, 35), and data were
acquired on a Gallios flow cytometer (Beckman Coulter) and analyzed
using Kaluza (Beckman Coulter) or FlowJo (Tree Star) software.

Mass cytometry
All mass cytometry data were collected on a CyTOF2 mass cytometer
(Fluidigm) and analyzed using Cytobank (36). Mass cytometry data
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were analyzed using previously described methods (37). For detailed
information, refer to the SupplementaryMaterials andMethods. Diver-
sity was assessed on eight individual donors at baseline (freshly thawed
PBMCs or thawed pure NK cells), after control treatment or memory-
like differentiation (described above) using the Boolean gating strategy
described in fig. S2 (21, 22). Event counts were used to generate inverse
Simpson index for KIR2DL1, KIR2DL1/KIR2DL2, KIR3DL1,
KIR2DS4, and KIR2DL5 expression.

Statistical analysis
Before statistical analyses, all data were tested for normal distribution
(D’Agostino-Pearson omnibus normality test). If datawere not normal-
ly distributed, the appropriate nonparametric tests were used (GraphPad
Prism v5.0), with all statistical comparisons indicated in the figure
legends. Uncertainty is represented in the figures as SEM, except as in-
dicated in the figure legends. All comparisons used a two-sideda of 0.05
for significance testing.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/8/357/357ra123/DC1
Materials and Methods
Clinical vignettes
Fig. S1. Reduction of memory-like NK cell cytotoxicity against K562 leukemia cells by blockade
of NKG2D or DNAM-1.
Fig. S2. Mass cytometry gating strategies.
Fig. S3. Phenotypic marker expression on viSNE gated control and memory-like NK cells.
Fig. S4. Enhanced effector responses of memory-like NK cells compared to control-treated NK
cells.
Fig. S5. Schema of allogeneic memory-like NK cell phase 1 clinical trial (NCT01898793).
Fig. S6. Distribution of BM blast percentages and donor NK cell numbers sorted by clinical
outcomes.
Fig. S7. Chemokine receptor expression on control versus IL-12, IL-15, and IL-18–preactivated
human NK cells.
Table S1. NK cell phenotypic mass cytometry panel design, reagents, and clustering usage.
Table S2. NK cell functional mass cytometry panel design, reagents, and clustering usage.
Table S3. Characteristics of normal donors used in mass cytometry functional experiments.
Table S4. Characteristics of AML samples used for in vitro NK cell functional assays.
Table S5. Patient HLA and donor KIR characteristics for evaluable donor-patient pairs treated in
the phase 1 clinical trial.
Table S6. Flow cytometry mAbs.
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H I V

Nonprogressing HIV-infected children share 
fundamental immunological features of 
nonpathogenic SIV infection
Maximilian Muenchhoff et al. (Philip Goulder)

Disease-free infection in HIV-infected adults is associated with human leukocyte antigen–
mediated suppression of viremia, whereas in the sooty mangabey and other healthy natural 
hosts of simian immunodeficiency virus (SIV), viral replication continues unabated. To bet-
ter understand factors preventing HIV disease, we investigated pediatric infection, where 
AIDS typically develops more rapidly than in adults. Among 170 nonprogressing antiretro-
viral therapy–naïve children aged >5 years maintaining normal-for-age CD4 T cell counts, 
immune activation levels were low despite high viremia (median, 26,000 copies/ml). Potent, 
broadly neutralizing antibody responses in most of the subjects and strong virus-specific 
T cell activity were present but did not drive pediatric nonprogression. However, reduced 
CCR5 expression and low HIV infection in long-lived central memory CD4 T cells were 
observed in pediatric nonprogressors. These children therefore express two cardinal im-
munological features of nonpathogenic SIV infection in sooty mangabeys—low immune 
activation despite high viremia and low CCR5 expression on long-lived central memory 
CD4 T cells—suggesting closer similarities with nonpathogenetic mechanisms evolved over 
thousands of years in natural SIV hosts than those operating in HIV-infected adults.

A U T O I M M U N I T Y

A divergent population of autoantigen-
responsive CD4+T cells in infants prior to β cell 
autoimmunity 
Anne-Kristin Heninger et al. (Ezio Bonifacio) 

Autoimmune diabetes is marked by sensitization to β cell self-antigens in childhood. We 
longitudinally followed at-risk children from infancy and performed single-cell gene ex-
pression in β cell antigen–responsive CD4+ T cells through pre- and established autoim-
mune phases. A striking divergence in the gene signature of β cell antigen–responsive naïve 
CD4+ T cells from children who developed β cell autoimmunity was found in infancy, well 
before the appearance of β cell antigen–specific memory T cells or autoantibodies. The sig-
nature resembled a pre–T helper 1 (TH1)/TH17/T follicular helper cell response with expres-
sion of CCR6, IL21, TBX21, TNF, RORC, EGR2, TGFB1, and ICOS, in the absence of FOXP3, 
IL17, and other cytokines. The cells transitioned to an IFNG-TH1 memory phenotype with 
the emergence of autoantibodies. We suggest that the divergent naïve T cell response is a 
consequence of genetic or environmental priming during unfavorable perinatal exposures 
and that the signature will guide future efforts to detect and prevent β cell autoimmunity. 
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