The Journal of Clinical Investigation RESEARCH ARTICLE

CHI3L1 regulates PD-L1 and anti-CHI3L1-PD-1 antibody
elicits synergistic antitumor responses
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Evasion of the immune response is a hallmark of cancer, and programmed cell death 1 (PD-1) and PD-1ligand 1 (PD-L1)

are major mediators of this immunosuppression. Chitinase 3-like 1 (CHI3L1) is induced in many cancers, where it portends
a poor prognosis and contributes to tumor metastasis and spread. However, the mechanism(s) that CHI3L1 uses in
metastasis have not been defined. Here we demonstrate that CHI3L1 regulates the expression of PD-L1, PD-L2, PD-1,

LAG3, and TIM3 and plays a critical role in melanoma progression and lymphatic spread. CHI3L1 also contributed to IFN-y-
stimulated macrophage PD-L1 expression, and RIG-like helicase innate immunity suppressed CHI3L1, PD-L1, and melanoma
progression. Individual antibodies against CHI3L1 or PD-1 had discrete antitumor effects and additive antitumor responses
in metastasis models and T cell-tumor cell cocultures when administered simultaneously. Synergistic cytotoxic tumor

cell death was seen in T cell-tumor cell cocultures, and significantly enhanced antitumor responses were seen in in vivo
tumor models treated with bispecific antibodies that simultaneously target CHI3L1 and PD-1. CHI3L1 contributes to tumor
progression by stimulating the PD-1/PD-L1 axis and other checkpoint molecules. The simultaneous targeting of CHI3L1and

pulmonary metastasis and progression.

Introduction

One of the most exciting recent discoveries in cancer is the appre-
ciation that evasion of the immune system and suppression of neo-
antigen-induced T cell responses are essential for cancer develop-
ment, progression, and resistance to treatment (1-3). Studies of
these responses have highlighted essential immune checkpoints
(ICPs) that are regulated by inhibitory receptors and their ligands
such as programed death-1 (PD-1) and its ligands PD-1 ligand 1
(PD-L1) and PD-L2; cytotoxic T lymphocyte-associated antigen
4 (CTLA4) and its ligands B7.1 and B7.2; and lymphocyte activa-
tion gene 3 protein (LAG3) and its ligand HLA class II (4, 5). These
advances have led to the development of ICP molecule-blocking
antibodies against PD-1, PD-L1, and CTLA4, which have proven
to be impressively successful therapeutics for a number of malig-
nancies (2, 4). This is particularly important in the lung, because
recent studies demonstrated that ICP antibodies can be useful
therapeutics in lung cancer (6-8). In these and other studies of
ICP inhibitor-based therapeutics, some patients respond impres-
sively while others do not. In many cases responsiveness to inter-
ventions in the PD-1/PD-L1 axis correlates with the expression of
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the PD-1/PD-L1 axis with individual and, more powerfully, with bispecific antibodies represents a promising therapy for

molecules like PD-L1 (6-8). However, the moieties that regulate
the expression of ICP molecules and the complex mechanisms
that they employ (9) have not been adequately identified.

The glycosyl hydrolase family 18 (GH18) proteins are members
of an ancient gene family that exists in species as diverse as plants,
insects, and humans (10, 11). This gene family contains true chiti-
nases, which degrade chitin polysaccharides, and chitinase-like
proteins (CLPs), which bind to but do not degrade chitin. These
GH18 moieties have evolved during speciation with an impres-
sive increase in CLPs coinciding with the appearance of mam-
mals (10). This retention over species and evolutionary time has
led to the belief that these moieties play essential roles in biologic
homeostasis. However, their roles in biology have only recently
begun to be defined. Chitinase 3-like 1 (CHI3L1; also called YKL-
40), the prototypic CLP, was originally discovered in mouse breast
cancer cells (12). It is now known to be expressed by a variety of
cells, including macrophages, neutrophils, and epithelial cells,
and is stimulated by a number of mediators, including IL-13, IL-6,
IL-1B, and IFN-y (13-16). Studies from our laboratory and others
have also demonstrated that CHI3L1 is a multifaceted moiety
that inhibits cell death (apoptosis and pyroptosis), stimulates Th2
inflammation and M2 macrophage differentiation, inhibits oxi-
dant injury, controls inflammasome and caspase activation, reg-
ulates TGF-B1 elaboration, contributes to antibacterial responses,
and activates MAP kinase (MAPK), Akt/protein kinase B, and
Whnt/B-catenin signaling (13, 17-20). They also demonstrated that
many of these responses are mediated by a multimeric receptor
called the chitosome that contains an IL-13 receptor o2 (IL-13Ra2)
subunit and a TMEM219 B subunit (18, 21). In keeping with these
diverse sources and stimuli, elevated levels of CHI3L1 have been
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noted in a wide variety of diseases characterized by inflammation,
fibrosis, and tissue remodeling (14, 22-25). However, the roles of
CHI3L1in these diverse diseases have not been fully defined.

Recent studies demonstrated that the levels of circulating
CHI3LI are increased in many malignancies, including cancers
of the prostate, colon, rectum, ovary, kidney, and breast as well as
glioblastomas and malignant melanoma (26-38). In these diseas-
es, the levels of CHI3L1 frequently correlate directly with disease
progression and inversely with disease-free interval and survival
(26-38). This is particularly striking in lung cancer, in which the
serum and tissue levels of CHI3L1 are impressively increased
and correlate with adverse outcomes (27, 39-41). CHI3L1 may
also play a particularly important role in pulmonary metastasis
and tumor progression; studies from our laboratory and others
have demonstrated that CHI3L1 induction is required for the
generation of a metastasis-permissive pulmonary microenviron-
ment (42), and metastatic spread can be inhibited via RIG-like
helicase (RLH) innate immune inhibition of CHI3L1 elaboration
(43). However, the mechanism(s) by which CHI3L1 contributes
to tumor initiation and spread have not been adequately defined,
and the degree to which CHI3L1 mediates its tumorigenic effects
via activation of ICP pathways such as the PD-1/PD-L1 axis has
not been addressed. In addition, although recent studies reported
that RLH activation is critical for responsiveness to ICP blockade
(44), the possibility that this responsiveness is mediated by RLH
immune inhibition of CHI3L1 has not been considered.

We hypothesized that CHI3L1 contributes to pulmonary metas-
tasis and spread via the regulation of ICP molecules. To address this
hypothesis, studies were undertaken to determine whether CHI3L1
regulates the expression of components of the PD-1/PD-L1 axis,
LAG3, or TIM3. In vivo studies demonstrated that PD-L1, PD-L2,
PD-1, LAG3, and TIM3 are induced by melanoma metastasis and
spread via CHI3L1-dependent mechanisms and that transgen-
ic CHI3L1 stimulates these checkpoint inhibitors. In vitro studies
demonstrated that CHI3L1 stimulates macrophage PD-L1 via a
mechanism(s) that uses IL-13Ro2 and that optimal IFN-y stimulation
of macrophage PD-L1requires CHI3L1. Our studies also demonstrat-
ed that RLH innate immune activation suppressed CHI3L1, PD-L1,
and pulmonary metastasis. From a therapeutic perspective, antibod-
ies against CHI3L1 or PD-1 had discrete antitumor effects, and at
least additive antitumor effects when administered simultaneously,
in metastasis models. Synergistic cytotoxic T lymphocyte-induced
(CTL-induced) tumor cell death was seen in T cell-tumor cocul-
tures, and significantly enhanced antitumor responses were seen in
in vivo tumor models when treated with bispecific antibodies that
simultaneously target CHI3L1 and PD-1. These studies demonstrate
that CHI3L1 contributes to the development and/or progression of
metastatic tumors in the lung via regulation of the PD-1/PD-L1 axis
and other ICP molecules. They also strongly support the concept
that the simultaneous inhibition of CHI3L1 and components of the
PD-1/PD-L1 axis with monospecific antibodies and, even more pow-
erfully, with bispecific antibodies represents an attractive therapeu-
tic strategy for melanoma progression and spread.

Results
Pulmonary melanoma stimulates PD-L1. Studies were undertak-
en to determine whether the expression of ICP molecules was
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altered by the spread of melanoma to the lung. In these experi-
ments, 8-week-old C57BL/6 mice were challenged with freshly
prepared B16-F10 (B16) melanoma cells or vehicle control, and
the pulmonary expression of ICPs was evaluated 2 weeks later.
These studies demonstrated that melanoma progression to the
lung was associated with significantly increased expression of
multiple ICP moieties, including PD-1, PD-L1, and PD-L2 (Figure
1A and Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI137750DS1).
This induction was not specific for the PD-1/PD-L1/PD-L2 axis,
since LAG3 and TIM3 were similarly induced (Supplemental Fig-
ure 1). Among these events, the induction of PD-L1 mRNA and
protein was particularly prominent in comparisons of lungs from
B16- and vehicle-challenged mice (Figure 1, A and B). FACS anal-
ysis demonstrated that this enhanced expression of PD-L1 was
seen in a variety of cells, including airway and alveolar epitheli-
al cells (CC10* and SP-C* cells, respectively), CD3* T cells, and
CD11b"CD68* macrophages (Figure 1, C and D, and Supplemental
Figure 2 for gating strategy). PD-L1 expression in lung-resident B
cells (CD19"B220" cells) was not significantly altered by B16 tumor
progression (Supplemental Figure 3). Double-label immunohisto-
chemical staining using antibodies against cell-specific markers
and PD-L1 further reinforced the enhanced expression of alveolar
epithelial cell and macrophage PD-L1 (Figure 1E). These studies
demonstrate that pulmonary melanoma metastasis is associated
with significantly enhanced expression and accumulation of ICPs
including PD-1/PD-L1 and PD-L2.

CHI3LI plays a critical role in B16 melanoma stimulation of pul-
monary PD-L1. Studies were next undertaken to define the poten-
tial role(s) of CHI3L1in the induction of PD-L1 during the course of
B16 tumor cell pulmonary progression. As noted above, the levels of
mRNA encoding PD-L1 were significantly increased in lungs from
melanoma-challenged mice compared with lungs from PBS con-
trols (Figure 2A). This induction was significantly reduced in lungs
from mice with null mutations of CHI3L1 (Figure 2A). Accordingly,
PD-L1 protein accumulation was also increased in lungs from mice
challenged with B16 cells compared with vehicle controls, and
this induction was significantly decreased in lungs from CHI3L1-
null animals (Figure 2B). B16 cell stimulation of PD-L1 expression
was also significantly diminished in lungs from mice treated with
monoclonal anti-CHI3L1 antibody (called FRG antibody; Figure
2C). In accord with these findings, the ability of B16 cells to induce
the accumulation of PD-L1 protein was also diminished by treat-
ment with anti-CHI3L1 antibody (Figure 2D). These studies were
reinforced by double-label immunohistochemical evaluations,
which highlighted the impressive induction of PD-L1 in CD68*
macrophages in lungs from B16-challenged mice and the decrease
in PD-L1 accumulation in similarly challenged CHI3L1-null ani-
mals (Figure 2E). The importance of CHI3L1 in these inductive
events was not unique to PD-L1, since null mutations of CHI3L1
and treatment with anti-CHI3L1 had similar effects on PD-1, LAG3,
and TIM3 (Supplemental Figure 4). When viewed in combination,
these studies demonstrated that CHI3L1 plays an essential role in
melanoma stimulation of PD-L1 and other ICPs.

CHI3LI plays an important role in local tumor progression and
lymphatic spread. Although the B16-F10 tail vein injection mod-
el is commonly used in studies of tumor spread and metastasis,
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Figure 1. Pulmonary melanoma metastasis stimulates PD-L1. Eight-week-old WT mice were challenged with B16-F10 (B16) melanoma cells or control

vehicle (PBS) via tail vein injection and evaluated 2 weeks later. (A) Real-time reverse transcriptase (RT) PCR was used to quantitate the levels of mRNA

encoding PD-L1in the lungs from mice treated i.v. with PBS (B16 -) or B16 cells (B16 +). Each dot represents an evaluation in an individual animal. (B)

Western blot evaluations of PD-L1accumulation in lungs from mice treated with PBS (B16 -) or B16 cells (B16 +). (C and D) FACS evaluations quantitating
the accumulation of PD-L1in cell populations from lungs of mice treated with B16 cells (B16-F10 +) or vehicle control (B16-F10 -). These evaluations used
specific markers of airway epithelial cells (CC10), alveolar epithelial cells (surfactant apoprotein C [SP-C]), T cells (CD3), and macrophages (CD68). (E) Rep-
resentative double-label fluorescent immunohistochemical evaluations in lungs from mice challenged with B16 melanoma cells using cell-specific markers
(alveolar epithelial cells, SP-C; macrophages, CD68) (red) and anti-PD-L1 (green). The arrows highlight cells that stained with both antibodies. The values
in A represent the mean + SEM of the noted evaluations represented by the individual dots. B-E are representative of a minimum of 2 similar evaluations.
*P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t test). Scale bars: 50 um.

J Clin Invest. 2021;131(21):e137750 https://doi.org/10.1172/)C1137750

:


https://www.jci.org
https://doi.org/10.1172/JCI137750

:

RESEARCH ARTICLE

The Journal of Clinical Investigation

A 151 *okk B Figure 2. CHI3L1 plays a critical role in B16 melanoma stimulation
. BI6-F10 - _ N of pulmonary PD-L1. Eight-week-old WT (Chi3/1*/) and CHI3L1-null
£ Chi3l1  +/+ - 44+ (Chi3I17) mice were given B16 melanoma cells or vehicle control.
8 1.0 PD-L1 ‘ ‘ They were also treated with an anti-CHI3L1 antibody (FRG) or
< ® . — - - isotype control antibodies, and PD-L1 expression was evaluated 2
3 0.5 B-Actin ‘ T D WD — ‘ weeks later. (A) RT-PCR was used to quantitate the levels of mMRNA
a encoding PD-L1in the lungs from mice treated i.v. with PBS vehicle
004 (B16-F10 -) or B16 cells (B16-F10 +). WT and CHI3L1-null mice were
B16-F10 — _ + + used. Each dot represents an evaluation in an individual animal.
Chi3l1 ++ —— ++ —/— (B) Western blot evaluations of PD-L1 accumulation in lungs from
WT and CHI3L1-null mice treated with vehicle (B16-F10 -) or B16
cells (B16-F10 +). (C) RT-PCR was used to quantitate the levels
C 25- *x D of mRNA encoding PD-L1in the lungs from mice treated i.v. with
c 20 e®e B16-F10 - - + vehicle (B16-F10 -) or B16 cells (B16-F10 +). The mice were then
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7 or B16 cells (B16-F10 +) and treated with antibodies against
0.0 anti-CHI3L1 (FRG +) or isotype control (FRG -) antibodies. (E)
B16-F10 -— - + + Double-label immunohistochemical comparison of lungs from WT
FRG - + — + and Chi3/17- mice challenged with B16 melanoma cells using a mac-
rophage-specific marker (CD68; green) and anti-PD-L1 antibodies
E (red). The plotted values in A and C represent the mean + SEM of

Chi3I1+ B16-F10

PD-L1/CD68/DAPI

others have proposed using more malignant melanocytes such as
B16-BL6 cells in studies of tumor progression. In our studies with
B16-BL6 cells, the cells were injected into a murine footpad (2 x
10* cells per mouse), and the mice were randomized 2 weeks lat-
er to receive FRG or its antibody control (200 pg/mouse twice a
week 1.p.). Three weeks later, footpad tumor accumulation and
popliteal lymph node size were assessed. As can be seen in Figure
3, at the end of this 5-week experiment, FRG inhibited local tumor
progression and the spread of tumor to popliteal lymph nodes.
Thus, CHI3L1 plays an important role in local tumor progression
and lymphatic spread.

Transgenic CHI3LI stimulates PD-L1 in the normal lung. The
studies noted above demonstrate that pulmonary melanoma
metastasis stimulates PD-L1 and other ICPs and that CHI3L1 plays
a critical role in these inductive events. However, because null
mutations of CHI3L1 and treatment with anti-CHI3L1 decrease
metastatic spread (42, 43), the studies do not determine wheth-
er the decreased induction of PD-L1 and other ICPs that is seen
in CHI3L1-null mutant mice or mice treated with anti-CHI3L1 is
due to the direct effects of CHI3L1 or the importance of CHI3L1
in melanoma spread. To address this issue, studies were undertak-
en to determine whether CHI3L1 stimulates pulmonary PD-L1 in
the absence of B16 cell administration. In these experiments, we
compared the expression and accumulation of PD-L1 in lungs from
WT mice and transgenic mice in which CHI3L1 is overexpressed

the noted evaluations represented by the individual dots. B, D, and
E are representative of a minimum of 2 similar evaluations. **P <
0.01, ***P < 0.001 (Student's t test). Scale bars: 100 pum.

in a lung-specific manner. These experiments demonstrated that
CHI3L1is a potent stimulator of PD-L1 mRNA and protein in lungs
from transgenic mice compared with WT controls (Figure 4, A and
B). FACS evaluations also demonstrated that transgenic CHI3L1
stimulated PD-L1 expression in macrophages (Figure 4, C and D).
This effect was not PD-L1 specific, since transgenic CHI3L1 also
stimulated PD-1, PD-L2, LAG3, and TIM3 (Supplemental Figure
5). These studies demonstrate that the stimulation of PD-L1 and
other ICPs in pulmonary melanoma metastasis and spread is medi-
ated, at least in part, by a tumor-independent effect of CHI3L1.
CHI3LI stimulates pulmonary macrophage PD-L1. Because
macrophages were the major cells expressing PD-L1 in response
to transgenic CHI3L1, studies were undertaken to further under-
stand the mechanism(s) of this inductive event. As can be seen in
Figure 5A, the recovery of CD45'CD11b*CD68'PD-L1* cells was
increased in lungs from CHI3L1-transgenic (YKL-40-transgenic)
mice and decreased in lungs from CHI3L1-null animals compared
with WT controls. In addition, the stimulatory effect of transgen-
ic CHI3L1 (YKL-40) on CD45'CD11b"*CD68* macrophages was
significantly decreased in mice treated with anti-CHI3L1 anti-
body (FRG) compared with animals treated with an isotype anti-
body control (Figure 5B). We also compared the levels of mRNA
encoding PD-L1 and PD-L1 protein in bone marrow-derived
macrophages from WT mice treated with recombinant CHI3L1 or
vehicle control. In these experiments recombinant CHI3L1 was a
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potent, dose-dependent stimulator of PD-L1 mRNA and protein
(Figure 5, C and D). PD-L2 was similarly stimulated (Figure 5E).
These studies demonstrate that CHI3L1 stimulates the expression
and accumulation of PD-L1 mRNA and protein in macrophages in
vivo and in vitro.

CHI3LI plays a critical role in IFN-y stimulation of macrophage
PD-L1. Previous studies reported that IFN-y is a potent stimula-
tor of PD-L1 in macrophages and other immune cells (45, 46).
Thus, studies were undertaken to define the role(s) of CHI3L1
in IFN-y stimulation of PD-L1. In these experiments, bone mar-
row-derived macrophages were obtained from WT and CHI3L1-
null mutant mice and were incubated with recombinant IFN-y
(rIFN-y) or vehicle control for up to 72 hours. As shown in Fig-
ure 6A, rIFN-y increased the levels of mRNA encoding PD-L1
in a time- and dose-dependent manner in WT cells (Figure 6, A
and B). rIFN-y also stimulated macrophage CHI3L1 mRNA and
protein expression in a dose- and time-dependent manner (Fig-
ure 6, C and D). Interestingly, the levels of rIFN-y-stimulated
PD-L1 protein were significantly decreased in CHI3L1-null mac-
rophages compared with macrophages from WT animals (Figure
6E). A similar decrease in the number of macrophages expressing
PD-L1 was seen in FACS evaluations of IFN-y-stimulated cells
from CHI3L1-null mice versus WT controls (Figure 6F). Similar
CHI3L1 regulation of PD-L1 was noted in the lung-resident mac-
rophages (Supplemental Figure 6). IFN-y also stimulated mac-
rophage PD-L2 in a CHI3L1-dependent manner (Supplemental
Figure 7). Null mutations of IL-13Ra2 also significantly reduced
IFN-y stimulation of macrophage PD-L1 (Figure 6G). In contrast,
significant changes were not noted in the cells with null muta-
tions of, or cells treated with inhibitors of, other putative CHI3L1
receptors or interacting partners such as TMEM219, galectin-3,
or CRTH2 (Figure 6G and refs. 21, 23, 47). In combination, these
studies demonstrate that CHI3L1 and IL-13Ra2 play critical roles
in IFN-y stimulation of macrophage PD-L1.
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Figure 3. CHI3L1 regulates local footpad lymphatic
spread of B16-BL6 cells. B16-BL6 cells (2 x 10%)
were injected into the right footpad. Two weeks
later the mice were randomized to FRG or isotype
control antibodies. After an additional 3 weeks the
footpad lesions and popliteal lymph nodes were
compared. (A) Treatment scheme used in these
experiments. (B) Representative photographs of
* popliteal lymph nodes. The top panels compare
the popliteal regions (indicated by arrows) of mice
treated with control IgG versus FRG. The bottom
panel compares popliteal lymph nodes from the
right foot of mice treated with control IgG versus
oJ® FRG. (C) Size (diameter and surface area) quan-
tification of popliteal lymph nodes (P-LN). The
values in Crepresent the mean + SEM of the noted
evaluations represented by the individual dots.
*P < 0.05 (Student’s t test).

IgG FRG

RLH activation inhibits CHI3L1 and PD-L1. We previously
demonstrated that poly(I:C), a strong activator of retinoic acid-
inducible gene I (RIG-I) and the RIG-like helicase (RLH) innate
immune response, prominently inhibits CHI3L1 expression and
melanoma lung metastasis (43). Recent studies also demonstrat-
ed that RIG-I activation and mitochondrial antiviral signaling
molecule (MAVS) are essential for many antitumor respons-
es induced by ICP inhibitor blockade (44). Thus, studies were
undertaken to determine whether RLH activation with poly(I:C)
altered the ability of CHI3L1 to stimulate PD-L1. As shown in
Figure 7A, poly(l:C) ameliorated melanoma-stimulated PD-L1
mRNA expression. Poly(I:C) similarly inhibited B16 cell stimu-
lation of CHI3L1 and PD-L1 protein accumulation (Figure 7B).
FACS analysis also demonstrated that macrophage expression of
PD-L1 was prominently reduced by poly(I:C) treatment (Figure
7C). The suppressive effect on PD-L1 induced by poly(I:C) was at
least partially dependent on CHI3L1, since the transgenic overex-
pression of CHI3L1 using a promoter that is not regulated by the
RLH pathway ameliorated poly(I:C)-induced inhibition of PD-L1
and enhanced B16-stimulated expression of PD-L1 (Figure 7D).
These studies highlight the ability of RLH activation to inhibit
CHI3L1 and, in turn, inhibit PD-L1.

Anti-CHI3L1 and anti-PD-1 interact to augment antitumor
responses. Since CHI3L1 stimulates PD-L1 and other inhibitory ICP
molecules, studies were undertaken to determine whether anti-
CHI3L1 and anti-PD-1 interact in inducing antitumor respons-
es. In these experiments, mice were treated with the antibodies
individually and in combination. As can be seen in Figure 8, FRG
and anti-PD-1 individually inhibited melanoma progression in a
dose-dependent manner when compared with isotype controls
(Figure 8, A and B). Importantly, when mice were treated with
50 pg doses of the 2 antibodies, the antitumor responses induced
by the antibodies in combination exceeded the effects that were
seen when the antibodies were used individually (Figure 8, A and
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Figure 4. Transgenic CHI3L1 stimulates PD-L1in the normal lung. Eight-week-old WT (-) and CHI3L7-transgenic (+) mice were used to evaluate the expres-
sion and accumulation of PD-L1in the lung. (A) RT-PCR was used to quantitate the levels of mMRNA encoding PD-L1in the lungs from WT mice (CHI3L1

Tg -) and mice in which CHI3L1was overexpressed in the lung in a transgenic manner (CHI3L1Tg +). Each dot represents the evaluation in an individual
animal. (B) Western blot evaluations of PD-L1 accumulation in lungs from WT (CHI3L1Tg -) and CHI3L1-transgenic (CHI3L1 Tg +) mice. (C and D) FACS eval-
uations quantitating the accumulation of PD-L1in cell populations from lungs from WT and CHI3L7 Tg + mice. These evaluations used cell-specific markers
of airway epithelial cells (CC10), alveolar epithelial cells (surfactant apoprotein C [SP-C]), dendritic cells (CD11c), and macrophages (F4/80). The values in A
and D represent the mean + SEM of the noted evaluations represented by the individual dots. B is representative of a minimum of 2 similar evaluations.

*P < 0.05, ***P < 0.001 (Student’s t test).

B). These effects appeared to be at least additive in nature. They
demonstrate that anti-CHI3L1 and anti-PD-1 interact to augment
antitumor responses in lung melanoma metastasis.

Bispecific antibodies that simultaneously target CHI3L1 and
PD-1 synergistically induce CTL differentiation, PTEN expression,
and tumor cell death. In recent years it has become clear that com-
bination therapy with ICP blockers can induce particularly potent
responses in a variety of tumors, including lung cancers (48-50).
Recent studies have also demonstrated that bispecific antibodies
can have powerful and/or unique biologic effects compared with

their individual component antibodies, alone and in combina-
tion (51). The studies noted above suggest that antibodies against
CHI3L1 and PD-1 interact to enhance antitumor responses in mel-
anoma metastasis. Thus, studies were undertaken to determine
whether bispecific antibodies that simultaneously target CHI3L1
and PD-1 elicit even more impressive antitumor responses. To
address this question, we made bispecific antibodies in which
anti-PD-1 was linked to the IgG1 Fc portion of FRG via its light
chain (Supplemental Figure 8A). This antibody, termed FRGxPD-1,
manifested high affinities to both CHI3L1 and PD-1 (K, =1.1x10")
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that were comparable to the affinities of the individual antibody
moieties (Supplemental Figure 8B). We then compared the effects
of FRGxPD-1with those of FRG and anti-PD-1, alone and in combi-
nation, in a coculture system containing activated TALL-104 T cells
and A357 human melanoma cells. In these coculture experiments,
FRG and anti-PD-1 individually caused a significant increase in
tumor cell apoptosis (Figure 9A). When FRG and anti-PD-1 were
administered simultaneously, an additional increase in tumor cell
death was seen. This effect appeared to be at least additive in nature
(Figure 9A). Importantly, the highest levels of tumor cell apopto-
sis were seen when the bispecific antibody FRGxPD-1 was used
(Figure 9A). This effect appeared to be synergistic in nature, since
the levels of tumor cell death that were seen greatly exceeded the
effects of FRG and anti-PD-1 when administered individually or in
combination (Figure 9A). In all cases, the tumor cell death that was

J Clin Invest. 2021;131(21):e137750 https://doi.org/10.1172/)C1137750

seen appeared to be mediated by CD8* cytotoxic T cells, since FRG
and anti-PD-1, alone and in combination, heightened T cell expres-
sion of CD8, perforin, and granzyme, and these effects were syner-
gistically enhanced in cocultures treated with FRGxPD-1 (Figure 9,
B-D). Surprisingly, FRG and anti-PD-1, alone and in combination,
also heightened the expression of the tumor suppressor PTEN, and
these effects were synergistically enhanced in cocultures treated
with FRGxPD-1 (Figure 9E). Quantification of each evaluation is
represented in Figure 9F. Identical results were seen in experiments
that used these antibodies and the murine B16-F10 melanoma cell
line (Supplemental Figure 8, C-G). When viewed in combination,
these studies demonstrate that bispecific antibodies that simul-
taneously target CHI3L1 and PD-1 have impressive, synergistic
antitumor effects that are mediated by their ability to induce CD8*
cytotoxic T cells and enhance tumor cell expression of PTEN.
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Figure 6. IFN-y stimulates macrophage PD-L1 via a CHI3L1-dependent mechanism. Bone marrow-derived macrophages (BMDMs) prepared from 6- to
8-week-old WT, Chi3/17/-, IL-13Ra2”-, Tmem219~-, and galectin-3-null (Gal37/-) mice were used to evaluate the importance of CHI3L1in recombinant IFN-y
(rIFN-y) stimulation of PD-L1. (A and B) Dose and time dependency of IFN-y stimulation of PD-L1 mRNA in BMDMs. BMDMs from WT mice were incubated
with the noted concentrations of rIFN-y for the noted periods of time. (C) RT-PCR evaluation of the expression of CHI3L1in BMDMs after stimulation with
rIFN-y for 24 hours. (D) Western blot evaluations of the dose and time dependency of IFN-y stimulation of macrophage CHI3L1accumulation. (E) Western
blot evaluations of rIFN-y-stimulated PD-L1accumulation in BMDMs prepared from WT and Chi3/1/- mice. (F) FACS evaluations of the ability of IFN-y to
stimulate PD-L1in BMDMs prepared from WT and Chi3/17/- mice. (G) FACS evaluations of the ability of IFN-y to stimulate PD-L1 accumulation in BMDMs
prepared from WT, IL-13Ra2/-, Tmem219~/-, and Gal3”- mice and WT BMDMs treated with vehicle (5% DMSO) or the selective CRTH2 inhibitor (CAY10471,
20 ug/mL in 5% DMSO0). The values in A-C represent the mean + SEM of the evaluations represented by the individual dots. D-G are representative of a
minimum of 2 similar evaluations. **P < 0.01, ***P < 0.001 (1-way ANOVA with Tukey's post hoc test).

Bispecific antibodies that simultaneously target CHI3L1 and PD-1
synergistically induce antitumor responses in vivo. The studies cited
above demonstrate that the bispecific antibody that simultane-
ously targets CHI3L1 and PD-1 (FRGxPD-1) has synergistic tumor
cytotoxic effects in the T cell coculture system when compared
with the individual antibodies, alone and in combination. To see

whether similar synergy was seen with this bispecific antibody in
vivo, we compared the effects of FRGxPD-1 with the effects of the
individual antibodies, alone and in combination. As can be seen in
Figure 10, FRG and anti-PD-1 individually had discrete antitumor
responses and interacted in an additive manner when combined
in these assays. Importantly, even more impressive antitumor
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Figure 7. RIG-like helicase (RLH) activation inhibits the induction of CHI3L1and PD-L1. WT mice were given B16-F10 (B16) melanoma cells or PBS control
and treated with poly(l:C) or its vehicle control and evaluated 2 weeks later. (A and B) RT-PCR and Western evaluations were used to quantitate the levels
of mRNA encoding PD-L1and CHI3L1and PD-L1 proteins in lungs from WT mice challenged with B16 cells (B16 +) or their PBS vehicle control (B16 -) that
were treated with poly(l:C) or its vehicle control. (C) FACS evaluations of PD-L10on CD68* macrophages from lungs from WT mice that received B16 cells or
their PBS controls and were treated with poly(l:C) or its vehicle control. (D) RT-PCR was used to quantitate the levels of mRNA encoding PD-L1in the lungs
from WT mice and CHI3L1Tg + mice that were treated i.v. with vehicle (B16 -) or B16 cells (B16 +) and randomized to receive poly(l:C) or vehicle control.
Each dot represents an evaluation in an individual animal. The plotted values in A and D represent the mean + SEM of the evaluations represented by the
individual dots. B and C are representative of at least 3 similar evaluations. *P < 0.05, **P < 0.01, ***P < 0.001 (1-way ANOVA with Tukey's post hoc test).

responses were seen with FRGxPD-1, since it manifested antitu-
mor responses that were significantly greater than what was seen
with the individual antibodies alone or in combination.

Discussion

The immune surveillance hypothesis proposed in the 1950s that
the immune system could recognize and reject cancer cells as for-
eign, in the same way that it reacts to microbes and transplanted
organs (52). It has become clear over the last two decades that
there is validity to this hypothesis and that tumors become shield-
ed from immune elimination by aberrantly expressing ligands that
normally interact with inhibitory immune receptors that protect
“self” (52). To further understand the mechanisms that mediate
these immunosuppressive responses, we tested the hypothesis
that CHI3L1 plays a critical role in these tumor-inhibitory events.
These studies highlighted the ability of pulmonary metastasis to
stimulate components of the PD-1/PD-L1 axis and other ICP mol-
ecules. Importantly, they also highlighted a relationship between
CHI3L1 and ICPs by demonstrating that CHI3L1 stimulates
PD-L1, PD-1, PD-L2, and other ICPs in vivo and in vitro. In vivo,
null mutations of or treatment with antibodies that target CHI3L1

J Clin Invest. 2021;131(21):e137750 https://doi.org/10.1172/)C1137750

abrogated the induction of PD-L1 and other ICPs by progressing
tumors. Interestingly, transgenic CHI3L1, in the absence of tumor,
reproduced these events, demonstrating that the effects of CHI3L1
are, at least partially, tumor independent. In vitro, CHI3L1 was
shown to stimulate macrophage PD-L1, and IFN-y stimulation of
PD-L1was shown to be mediated, in part, by its ability to stimulate
CHI3LI. These findings provide a potential mechanism(s) for the
immunosuppressive effects of CHI3L1 that have been described in
the context of breast cancer (53). They also describe a potentially
important mechanism by which type I immune responses can be
co-opted to shut down antitumor immune responses (4, 6). These
studies also have important therapeutic implications because they
demonstrate that the simultaneous administration of anti-CHI3L1
and anti-PD-1 antibodies generate at least additive antitumor
responses in vivo. Importantly, they also demonstrate that bispe-
cific antibodies that simultaneously target CHI3L1 and PD-1 syn-
ergistically induce CD8* CTL differentiation and tumor cell death
in vitro and in vivo.

Early concepts of tumor immunity highlighted the importance
of tumor cell expression of ligands like PD-L1 that bind to T cell
PD-1 and suppress T cell activation (54). However, it is now clear
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that tumor-infiltrating immune cells can be the most common
cells expressing PD-L1 in tumor specimens (6) and that tumor cell
expression of PD-L1 does not always predict patient responsive-
ness to PD-1/PD-L1-based therapeutic interventions (6). In fact, in
some settings the levels of PD-L1 on immune cells are a better pre-
dictor of responsiveness to anti-PD-1 than the levels of PD-L1 on
tumor cells (6). In accord with this complexity, our studies demon-
strate that metastatic B16-F10 cells and transgenic CHI3L1 stimu-
late PD-L1 in a variety of nontumor pulmonary cells. Macrophages
were particularly prominent in these responses, and CHI3L1 was a
powerful stimulator of macrophage PD-L1 in the murine lung and
cultured bone marrow-derived macrophages. Studies of tumor-
associated macrophages have demonstrated that some have an M1
(classic activation) phenotype. However, the majority appear to
have an M2 (alternatively activated) phenotype with M2 cells pre-
dominating when the tumor metastasizes (55, 56). Previous stud-
ies from our laboratory and others have demonstrated that CHI3L1
contributes to macrophage diversity via the induction of M2 differ-
entiation (15, 16, 53). PD-L1 is now known to also play a regulatory
role in M1/M2 polarization with PD-L1 increasing M2 differenti-
ation (55). When viewed in combination, these studies allow for
the overall hypothesis that CHI3L1 stimulates macrophage PD-L1,
which augments the accumulation of M2 macrophages and gener-
ates a microenvironment that fosters tumor growth and metastasis.

IFN-y is a multifunctional type I cytokine that is known to
induce antitumor responses via a number of mechanisms, includ-

noma lung metastasis. WT mice were given
B16-F10 melanoma cells or control vehicle and
treated with control IgG, FRG, and/or anti-PD-1
antibodies, alone or in combination. Melanoma
tumor burden was evaluated 2 weeks later. (A)
Representative lungs from mice treated with
control IgG, FRG, and/or anti-PD-1 antibodies,
alone or in combination. As noted, the antibod-
ies were given at doses of 100 pg every other
day by i.p. injection from 1 day after melanoma
cell challenge. (B) The number of pleural mel-
anoma colonies was quantitated in the lungs
from the mice in A. Each dot is representative
of an individual animal. A is representative of
at least 3 similar evaluations. The values in B
represent the mean + SEM of the evaluations
represented by the individual dots in the lungs
from the experiment representatively illustrat-
edin A. ***P < 0.001, ****P < 0.0001 (1-way
ANOVA with Tukey's post hoc test).

ing the activation of macrophages and monocytes (46). In accord
with this concept, the secretion of IFN-y by stimulated blood
mononuclear cells from patients with advanced cancer has been
reported to be significantly decreased in comparison with cells
from healthy controls (46, 57). In contrast, in certain settings,
IFN-y also acts to induce tumor progression (46). Although the
mechanisms that underlie the tumor-permissive effects of IFN-y
have not been fully defined, recent studies suggest that IFN-y
does this, in part, by inducing immune escape via the induction
of PD-L1 (46). Our studies support this concept by demonstrating
that IFN-y stimulates PD-L1 in macrophages and other cells. They
also demonstrate that IFN-y stimulation of CHI3L1 is a critical
event in this PD-L1-inductive response. To enhance the antitumor
effects of IFN-y, it has been suggested that rIFN-y be administered
to patients with low IFN-y activity and that anti-PD-1/PD-L1 be
coadministered in these circumstances (46, 57). Our studies add
to this concept by suggesting that patients who are being treated
with IFN-y or who have high levels of IFN-y activity could be treat-
ed with CHI3L1 inhibitors or FRGxPD-1 to maximize the thera-
peutic efficacy of IFN-y. Further experimentation will be required
to address these possibilities.

Because CHI3L1lacks enzymatic activity when compared with
true chitinases, studies were undertaken to determine whether it
mediated its functions via novel receptors. These studies demon-
strated that CHI3L1 binds to, signals, and confers tissue respons-
es via IL-13Ra2 and CRTH2, a known prostaglandin D, receptor

J Clin Invest. 2021;131(21):e137750 https://doi.org/10.1172/JCI137750
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Figure 9. Bispecific antibodies that simultaneously target CHI3L1 and PD-1 induce synergistic CTL-mediated tumor cell death responses and tumor cell
PTEN expression. The antitumor effects of the FRGxPD-1 bispecific antibody were evaluated in a coculture system containing TALL-104 cells and A375
human melanoma cells. TALL-104 cells were activated by pretreatment with anti-CD3 and anti-CD28 (1 ug/mL each; incubation for 2 hours in 5% CO, and
air at 37°C). The TALL-104 cells were then cocultured with A357 human melanoma cells for 24 hours. These cocultures were undertaken in the presence

of the following antibodies: isotype control antibody (5 ug/mL), anti-PD-1 or anti-CHI3L1 (FRG) alone (5 pg/mL) or in combination (2.5 pg/mL each), and
the bispecific FRGxPD-1 antibody (5 pg/mL). (Row A) Representative demonstration of apoptotic tumor cell death using the In Situ Cell Death Detection
Kit with fluorescein-dUTP. TUNEL* cells are stained green. (Rows B-D) Representative demonstration of TALL-104 T cell expression of CD8 (B), perforin

(€), and granzyme (D). Tumor cells are green, and positive-staining TALL-104 cells are yellow-orange. (Row E) Representative demonstration of tumor cell
PTEN. Tumor cells are green, and PTEN is yellow-orange. (F) Quantification of the evaluations in A-E. The percentage of TUNEL* tumor cells (row A), per-
centage of TALL-104 cells expressing CD8 (row B), perforin (row C), and granzyme (row D) adherent to tumor cells, and percentage of tumor cells expressing
PTEN (row E) are illustrated. These evaluations were done using fluorescent microscopy (original magnification, x20). In these quantifications, 5 randomly
selected fields were evaluated. The values in F are the mean + SEM of the noted 5 evaluations. **P < 0.01, ***P < 0.001 (1-way ANOVA with Tukey's post
hoc test). Scale bar: 10 um (applies to all subpanels of A-E).
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vations raise the interesting
possibility that Wnt/B-catenin
pathway activation plays a major
role in this CHI3L1 stimulatory
event. We cannot, however, rule
out contributions from MAPK or
Akt signaling, because they have
been implicated in the regulation
of PD-L1 in other circumstances.
Activation of the RIG-I/RLH

x signaling pathway in tumors and

150

Figure 10. Bispecific antibodies that simultaneously target CHI3L1 and PD-1induce synergistic antitumor
responses. WT mice were given B16-F10 (B16) melanoma cells or control vehicle and treated with control IgG,
FRG, and/or anti-PD-1 antibodies (alone or in combination) and bispecific FRGxPD-1 antibody. Melanoma lung
metastasis was evaluated 2 weeks later. (A) Schematic illustration of antibody treatment protocol in the course
of B16 melanoma cell challenge and mouse sacrifice. (B) Representative lungs from mice treated with control
IgG, FRG, and/or anti-PD-1 antibodies (alone or in combination) and bispecific FRGxPD-1 antibody. The antibod-
ies were given at the noted doses by i.p. injection. (C) The number of pleural melanoma colonies was quantitated
in the lungs from the mice in A. Each dot is representative of an individual animal. B is representative of at least
3 similar evaluations. The values in C represent the mean + SEM of the evaluations represented by the individual
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dots in the lungs from the experiment representatively illustrated in B. *P < 0.05, ***P < 0.001 (1-way ANOVA

with Tukey's post hoc test).

(18, 23). They also demonstrated that IL-13Ro2 plays a central role
in a multimeric receptor complex called the chitosome that has
an IL-13Ra2 subunit and at least one B subunit called TMEM219
(TMEM) (18, 21). The other B subunit may be CD44 (variant 3),
which is now known to bind IL-13Ra2 (58). These studies also
demonstrated that CHI3L1activatesthe MAPK, Akt/proteinkinase
B, and Wnt/B-catenin signaling pathways with optimal MAPK and
Akt activation requiring IL-13Ra2 and TMEM and Wnt/p-catenin
signaling being mediated via a TMEM-independent mechanism
(18, 21). To further understand the mechanisms by which CHI3L1
regulates PD-L1, we compared the ability of CHI3L1 to stimulate
PD-L1in macrophages from WT mice, mice with null mutations of
IL-13Ro2 or TMEM, and WT cells treated with a specific CRTH2
inhibitor. These studies demonstrated that IL-13Ra2 plays a criti-
cal role in CHI3L1 stimulation of macrophage PD-L1. In contrast,
CHI3L1 induction of PD-L1 was not altered by null mutations of
TMEM or by treatment with the CRTH2 inhibitor. These obser-

present studies demonstrate
that RLH inhibition of CHI3L1,
in turn, inhibits PD-L1 and oth-
er ICPs. They also demonstrate
that at least additive antitumor effects are seen when mice with
B16-F10 melanoma metastasis are treated simultaneously with
anti-CHI3L1 and anti-PD-1 individually and that synergistic
tumor cell death responses are seen in tumor-T cell cocultures
treated with the bispecific antibody FRGxPD-1. These studies pro-
vide an additional mechanism that can explain how RIG-I/RLH
activation fosters ICB antitumor responses. Specifically, they sug-
gest that the antitumor effects of RIG-I/RLH activation are due to
its ability to inhibit CHI3L1 and that CHI3L1 is a critical regulator
of ICB. This raises the exciting possibility that interventions that
inhibit or block CHI3L1 can be used to maximize the therapeutic
efficacy of ICB.

LAG3 was cloned in 1990 and shown to have 20% homology
with CD4 and bind to and inhibit T cell activation via MHC class
II. It is upregulated as a feedback mechanism on activated and
exhausted T cells (4). Our studies define, for the first time to our
knowledge, a relationship between LAG3 and CHI3L1 by demon-
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strating that CHI3L1 is a potent stimulator of LAG3. In so doing
they demonstrate that the effects of CHI3L1 on ICPs are not spe-
cific for components of the PD-1/PD-L1 pathway. They also pro-
vide a potential explanation for the synergy between interventions
that target CHI3L1 and PD-1, because LAG3 and PD-1 are known
to interact synergistically to suppress T cell activation (4, 59).

Lung cancer is the leading cause of cancer-related mortality
worldwide (60). In keeping with its importance, our knowledge
of tumor immunology and ICP inhibitors has led to the develop-
ment of a number of new therapeutics that have been assessed in
metastatic and primary lung cancers (52). In contrast to the prior
therapeutic dogma that focused initially on tumor resection fol-
lowed by chemotherapy and/or radiation therapy, ICP inhibitors
are now first- or second-line therapeutics (61). When these agents
are used, remarkable responses are seen in some individuals.
However, overall, only a minority of patients respond to these
therapies, and the responses that are seen are often not durable
(62). To address these issues, combination immunotherapy has
been attempted. The simultaneous treatment with anti-PD-1
and anti-CTLA4 has been most commonly employed (63). This
combination has engendered interesting effects in some malig-
nancies. However, it has not proven successful in lung cancers. In
addition, its use is limited by toxicities such as the pneumonitis
that is caused by the exaggerated immune response that the anti-
body combination induces (63). In keeping with the concept that
combination immunotherapy may be therapeutically useful, we
evaluated the effects of anti-CHI3L1 (FRG) and anti-PD-1, alone
and in combination. These studies demonstrate that the simul-
taneous treatment with antibodies that target CHI3L1 and PD-1
individually results in additive antitumor responses. Based on our
finding that RLH activation inhibits CHI3L1, we can also envision
similarly augmented anticancer response if RLH activators and
anti-PD-1 are coadministered. Whether the safety profile of these
immunotherapeutic combinations is better or worse than that of
anti-PD-1 plus anti-CTLA4 will need to be determined.

Bispecific antibodies are a growing class of immunotherapies
with the potential to further improve clinical efficacy and safety
(51). In some cases, the targeted moieties redirect cytotoxic effec-
tors. In others they simultaneously target immunomodulators
and tumor antigens (51). Most recently, bispecific antibodies have
been generated that simultaneously target more than one immu-
nomodulatory pathway (reviewed in ref. 51). To address the possi-
bility that bispecific antibodies that simultaneously target CHI3L1
and PD-1 might be particularly effective, bispecific antibodies
were generated and their effects in vivo and in a T cell-melano-
ma cell coculture system were evaluated and compared with the
effects of individual antibodies, alone and in combination. These
studies demonstrated that FRGxPD-1 was a remarkably effective
inducer of tumor cell death in vitro and in vivo. They also demon-
strated that these antitumor responses were synergistic when
compared with the effects of the individual antibodies. Lastly,
they demonstrated that the tumor cell death responses were due
to the ability of FRGxPD-1 to induce CD8", perforin’, and gran-
zyme* cytotoxic T cells. These findings agree with a fundamental
principle of tumor immunology, that cancer cells can be elimi-
nated by host cytotoxic T cells (64). The synergistic nature of the
responses induced by FRGxPD-1 further supports our contention
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that multiple different immunoregulatory pathways are involved
in this response. In addition to the ability of anti-PD-1 to block
the interactions of PD-1 with PD-L1 and/or PD-L2, interventions
that diminish the production and/or effector functions of CHI3L1
inhibit the ability of CHI3L1 to inhibit cell death (apoptosis and
pyroptosis), and augment the accumulation of IFN-0,/p, chemer-
in and its receptor ChemR23, phosphorylated cofilin, and LimK2
(43). CHI3L1-based interventions also augment the expression of
the tumor suppressor PTEN, and decrease M2 macrophage dif-
ferentiation and augment type I immune responses (43). One can
understand how the effects on PTEN contribute to tumor control
because PTEN is a tumor suppressor whose functional loss leads
to the activation of PI3K/Akt signaling, the inhibition of apoptosis,
abnormal cell proliferation, angiogenesis, and melanoma devel-
opment, invasion, and progression (65). When viewed in combi-
nation, these studies demonstrate that bispecific antibodies that
simultaneously target CHI3L1 and PD-1 have impressive syner-
gistic antitumor effects while simultaneously inducing CD8* CTL
differentiation and tumor cytotoxicity. When viewed in combina-
tion, these findings highlight the potentially exciting therapeutic
effects of this antibody construct.

In conclusion, these studies demonstrate that CHI3L1 stimu-
lates PD-L1 and other ICP moieties in vivo and in vitro. They also
demonstrate that the simultaneous treatment of progressive pul-
monary melanoma with individual antibodies against CHI3L1 and
PD-1 generates an additive antitumor response and that bispecific
antibodies that simultaneously target CHI3L1 and PD-1 synergis-
tically induce antitumor responses in vivo and CD8* CTL-mediat-
ed tumor cell death. These findings predict that interventions that
simultaneously target CHI3L1 can augment the efficacy of ICP
blockade in response to anti-PD-1 in lung cancer and potentially
other malignancies. Additional investigations of the biology and
therapeutic consequences of interactions between CHI3L1 and
ICP inhibitors are warranted.

Methods
Genetically modified mice. Mice with null mutations of CHI3L1
(Chi3l17") and TMEM219 (Tmem21977) and transgenic mice in which
human CHI3L1 was targeted to the lung with the CC10 promoter
(CHI3LI-Tg) were generated and characterized by our laboratory as
previously described (16, 21). Mice with null mutations of IL-13Ra2
(IL-13Ra2”") were a gift from Michael J. Grusby (66) and were back-
crossed for more than 10 generations onto a C57BL/6 background.
Galectin-3-null mutant mice (Gal37") on a C57BL/6 background and
wild-type C57BL/6] mice were purchased from The Jackson Labora-
tory. These mice were between 6 and 12 weeks old when used in these
studies. All animals were humanely anesthetized with 100 mg/kg ket-
amine and 10 mg/kg xylazine per mouse before any intervention. The
protocols used in these studies were evaluated and approved by the
Institutional Animal Care and Use Committee at Brown University.
Western blot analysis. Protein lysates from macrophages and whole
mouse lungs were prepared with RIPA lysis buffer (Thermo Fisher
Scientific) containing protease inhibitor cocktail (Thermo Fisher Sci-
entific) per the manufacturer’s instructions. Twenty to thirty micro-
grams of lysate protein was subjected to electrophoresis on a 4%-15%
gradient mini-Protean TGX gel (Bio-Rad). It was then transferred to a
membrane using a semi-dry method with a Trans-Blot Turbo Trans-
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fer System (Bio-Rad). Membranes were blocked with Tris-buffered
saline with Tween-20 (TBST) with 5% nonfat milk for 1 hour at room
temperature. After blocking, the membranes were incubated with the
following primary antibodies overnight at 4°C in TBST and 5% BSA:
anti-mouse PD-L1 (10F.9G2, Bio X Cell), anti-mouse CHI3L1 (clone
321924, MAB2649, R&D Systems), anti-human PD-L1 (MIH1, Ther-
mo Fisher Scientific), and anti-human/mouse B-actin-HRP (4967,
Cell Signaling Technology). The membranes were then washed
3 times with TBST and incubated with secondary antibodies in TBST
with 5% nonfat milk for 1 hour at room temperature. After 3 addi-
tional TBST washes, SuperSignal West Femto Maximum Sensitivity
Substrate Solution (Thermo Fisher Scientific) was added to the mem-
brane, and immunoreactive bands were detected using a ChemiDoc
(Bio-Rad) imaging system.

RNA extraction and real-time quantitative PCR. Total cellular RNA
was obtained using TRIzol reagent (Thermo Fisher Scientific) fol-
lowed by RNA extraction using RNeasy Mini Kit (Qiagen) according
to the manufacturer’s instructions. mRNA was measured and used for
real-time reverse transcriptase (RT) PCR as described previously (16,
20). The primer sequences used in these studies are summarized in
Supplemental Table 1. Ct values of the test genes were normalized to
the internal housekeeping gene B-actin.

Generation of anti-CHI3L1 and humanized bispecific antibodies
against CHI3L1 and PD-1. The murine monoclonal anti-CHI3L1 anti-
body (FRG) was generated using peptide antigen (FRGQEDASPDREF,
amino acids 223-234 of human CHI3L1) as its immunogen. This
monoclonal antibody specifically detects both human and mouse
CHI3L1 with high affinity (KD =~1.1x107). CHI3L1 (FRG) x PD-1 bispe-
cific antibodies were generated with the Fc portion of FRG antibody
(IgGlisotype) in which anti-PD-1 was linked to FRG via its light chain
(Supplemental Figure 8A). HEK293T cells were transfected with the
bivalent FRGxPD-1 construct using Lipofectamine 3000 (L3000015,
Invitrogen). Supernatant was collected for 7 days, and the antibody
was purified using a protein A column (89960, Thermo Fisher Sci-
entific). Ligand binding affinity and sensitivity were assessed using
ELISA techniques. The affinities of this bispecific antibody to recom-
binant human CHI3L1 and PD-1 were both in the nanomolar ranges
(K, = 1.1 x 10”) by competitive ELISA (Supplemental Figure 8B). The
original murine anti-PD-1 monoclonal antibody (67) was a gift from
Lieping Chen (Medical Oncology, Yale School of Medicine). At the end
of the preparation of the bispecific antibody, endotoxin levels were
below the limits of detection of the Limulus amebocyte lysate assay.

Melanoma lung metastasis and antibody treatment. B16-F10, a
mouse melanoma cell line, was purchased from ATCC (catalog CRL-
6475) and maintained in DMEM supplemented with 10% FBS and
1% penicillin and streptomycin. When the cells formed an 80% con-
fluent monolayer, they were collected, adjusted to the concentration
of 10¢ cells/mL, and injected into the mice via their lateral tail veins
(2 %103 cells per mouse in 200 pL of DMEM). As previously described,
i.p. injection of the noted doses of anti-CHI3L1 (FRG) and anti-PD-1,
alone and in combination, and isotype control IgG (IgG2b) was started
on the day of the B16 tumor cell challenge and continued every other
day for 2 weeks (42, 43). Metastasis was assessed and quantified by
counting of the melanoma colonies (black dots) on the pleural surface
as previously described (42, 43).

Experiments with B16-BL6 cells. B16-BL6 cells were obtained from
the Korean Cell Line Bank (no. 8006) and grown to confluence. They
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were then injected into the right hind footpad of C57BL/6 WT mice at
a dose of 2 x 10* cells per mouse. Two weeks later the mice were ran-
domized to FRG or its isotype control administered twice a week via
ani.p. route. After an additional 3 weeks, footpads and popliteal lymph
nodes were compared. The size (radius and surface area) of popliteal
lymph nodes was assessed using the Motic Images (v3.0) analysis pro-
gram (Motic Microscopes) and a stereomicroscope (Olympus SZX12).

FACS analysis. Single-cell suspensions from whole mouse lungs
were prepared using the Lung Dissociation Kit (Miltenyi Biotec) per
the manufacturer’s instructions. Cells were stained with fluorescently
labeled antibodies directed against CD45 (30-F11, 103126, Thermo
Fisher Scientific), PD-L1 (MIH5, 12-5982-8, Thermo Fisher Scientific),
PD-L2 (TY25,12-5986-82, Thermo Fisher Scientific), CC10 (E-11, San-
ta Cruz Biotechnology), surfactant apoprotein C (SP-C; H-8, Santa Cruz
Biotechnology), CD3-APC (145-2C1, MA1-10186, Thermo Fisher Sci-
entific), CD68-PE (FA-11, Bio-Rad), CD11b-FITC (M1/70, 11-0112041,
Thermo Fisher Scientific), and MHC-II (M5/114.15.2, 14-5321-82,
Thermo Fisher Scientific). Flow cytometry data were collected using
the BD FACSAria I1Iu and analyzed with FlowJo (v10) software.

Immunohistochemistry. Formalin-fixed paraffin-embedded lung
tissue blocks were serially sectioned at 5 pm thickness and mounted
on glass slides. After deparaffinization and dehydration, heat-induced
epitope retrieval was performed by boiling of the samples in a steam-
er for 30 minutes in antigen unmasking solution (Antigen Retrieval
Buffer, 100x citrate buffer, pH 6.0, Abcam). To prevent nonspecific
protein binding, all sections were blocked in a ready-to-use serum-
free protein blocking solution (Dako/Agilent) for 10 minutes at room
temperature. The sections were then incubated with primary antibod-
ies —anti-PD-L1 (10F.9G2, BE0101, InVivoMADb antibody, Bio X Cell),
anti-CC10 (E-11, Santa Cruz Biotechnology), anti-SP-C (M-20, Santa
Cruz Biotechnology), and anti-CD68 (ab125212, Abcam) — overnight
at 4°C. After 3 washings, fluorescence-labeled secondary antibodies
were incubated for 1 hour at room temperature. The sections were
then counterstained with DAPI, and coverslips were added.

Double-label immunohistochemistry. Double-label immunohisto-
chemistry was used as previously described by our laboratory (21).

Macrophage preparation and treatment. Murine peritoneal and
bone marrow-derived macrophages were prepared as previously
described (68). They were then incubated with the noted concen-
trations of recombinant mouse CHI3L1 or IFN-y (R&D Systems)
or CAY10471 (Cayman Chemical). After incubating for the desired
periods of time, the macrophages were collected and evaluated by
RT-PCR, Western blotting, or flow cytometric assays as noted above.

T cell culture and activation. TALL-104 T cells (1 x 10%) were grown
in complete RPMI (10% FBS and 1% penicillin and streptomycin).
They were then activated by incubation with anti-human CD3 anti-
body (5 pg/mL; BioLegend) and anti-human CD28 antibody (5 pg/
mL; MABF408, Millipore) simultaneously for 2 hours in 5% CO,
and air at 37°C. After the incubation, the cells were washed twice to
remove the extra antibody.

Melanoma cells and TALL-104 cell cocultures. Human melano-
ma A375 cell line (CRL-1619) and B16-F10 mouse melanoma cells
(CRL-6475) were purchased from ATCC and cultured according to
the instructions provided by the vendor. The TALL-104 cells (1 x 10°)
were cultured and activated as described above. After incubation, the
cells were washed, and B16 melanoma and activated TALL-104 cells
were resuspended together at a 1:6 ratio in complete RPMI media, dis-
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pensed into the multi-well slide chambers, and incubated in 5% CO,
and air at 37°C. One hour later, the cocultured cells were treated with
the isotype control antibody or test antibodies. The effects of the iso-
type control antibodies were compared with the effects of antibodies
against CHI3L1 (FRG; 5 pug), PD-1 (5 pg), FRG plus PD-1 administered
simultaneously (2.5 pg each), and FRGxPD-1 (5 pg). After incubation
for an additional 48 hours, cells were subjected to TUNEL evaluations
and immunofluorescence evaluations of CD8, perforin, granzyme B,
and PTEN as described below.

Measurement of cellular apoptosis and cytotoxic cell death responses.
TUNEL staining using fluorescein-labeled dUTP was used to assess
apoptosis and cytotoxic cell death responses. After 48-hour incubation
with test and control antibodies, cocultured cells of prestained TALL-
104 (cyanin blue) and tumor cells (red) were fixed in 4% paraformal-
dehyde in PBS, permeabilized, and blocked. In between each step, the
cells were washed twice with PBS (1x). The cells were then stained
with the In Situ Cell Death Detection Kit, Fluorescein (Roche), per the
manufacturer’s instructions.

Immunofluorescence staining. To evaluate the activation and differ-
entiation of cocultured T cells and expression of the tumor suppressor
PTEN, immunofluorescence staining was carried out using antibodies
against perforin (1:1000; B-D48, BioLegend), granzyme B (1:1000;
GB11, BioLegend), CD8 (1:1000; HIT8a, BD Biosciences), and PTEN
(1:1000; 9552, Cell Signaling Technology). After 48-hour incuba-
tion with test and control antibodies, cocultured cells were fixed in
4% paraformaldehyde in PBS, permeabilized, and blocked. Then the
cells were incubated overnight at 4°C with primary antibodies noted
above, washed twice with PBS (1x), and incubated for 2 hours at 37°C
with secondary detection antibodies (1:500) and phalloidin (1:3000)
(Invitrogen) for cytoskeleton staining. The cells were then washed,
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mounted with VECTASHIELD Antifade Mounting Medium (Vector
Laboratories Inc.), and evaluated at x20 via fluorescence microscopy.

Statistics. Statistical evaluations were undertaken with GraphPad
Prism software. As appropriate, groups were compared with 2-tailed
Student’s ¢ test or with nonparametric Mann-Whitney U test. Values
are expressed as mean + SEM. One-way ANOVA with Tukey’s post hoc
test was used for multiple-group comparisons. Statistical significance
was defined as a level of Pless than 0.05.

Study approval. The protocols used in these studies were evaluat-
ed and approved by the Institutional Animal Care and Use Committee
at Brown University.
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