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ABSTRACT

Immunotherapy with immune checkpoint molecule-specific monoclonal antibody have obtained encouraging
results from preclinical studies and clinical trials, which promoted us to explore whether this kind of
immunotherapy could be applicable to head and neck squamous cell carcinoma (HNSCC). Lymphocyte
activation gene-3 (LAG-3) is an immune checkpoint control protein that negatively regulates T cells and immune
response. Here, using the human tissue samples, we report these findings that LAG-3 is overexpressed on tumor-
infiltrating lymphocytes (TILs; p < 0.001) and its overexpression correlates with the high pathological grades,
lager tumor size and positive lymph node status in human primary HNSCC. Survival analysis identifies LAG-3 as a
prognostic factor independent of tumor size and pathological grades for primary HNSCC patients with negative
lymph node status (p = 0.014). Study in immunocompetent genetically defined HNSCC mouse model reports
that LAG-3 is upregulated on CD4* T cells, CD8™ T cells and CD4*Foxp3™ regulatory T cells (Tregs). In vivo study,
administration of LAG-3-specific antibody retards tumor growth in a way associated with enhanced systemic
antitumor response by potentiating the antitumor response of CD8* T cells and decreasing the population of
immunosuppressive cells. Taken together, our results offer a preclinical proof supporting the
immunomodulatory effects of LAG-3 and suggest a potential therapeutic target of immunotherapy for HNSCC.

Abbreviations: aLAG-3, anti-mouse LAG-3 group; HNSCC, head and neck squamous cell carcinoma; LAG-3, lympho-

cyte activation gene-3; MDSCs, myeloid-derived suppressor cells; mLN, metastatic lymph nodes; OS, overall survival;
PH, primary HNSCG; RH, recurrent HNSCC; RT, HNSCC with pre-radiotherapy history; TAMs, tumor-associated macro-
phages; TILs, tumor-infiltrating lymphocytes; TPF, HNSCC with inductive TPF chemotherapy; Tregs, regulatory T cells
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is one of
the most common human malignancies and is frequently
attributed to smoking, alcohol and human papillomavirus
(HPV) infection."”” Currently, HNSCC is characterized as a
paradigm of immunosuppressive disease, with impaired func-
tion of effector cells, accumulated immunosuppressive cells and
abnormalities in antigen-presenting function.” Discovery in
cancer immunology has marked the arousal of increased inter-
est toward the exploration and investigation of immunotherapy
in HNSCC.*

Targeting inhibitory checkpoints such as PD-1 (pro-
grammed death-1) and CTLA-4 (cytotoxic T lymphocyte-asso-
ciated antigen-4) has led to clinically encouraging antitumor
response.”® Lymphocyte activation gene-3 (LAG-3), one of the
next generation of inhibitory checkpoints to be translated to
the clinic, are highly expressed on exhausted or dysfunctional T
cells in infection and cancer.” LAG-3 binds to major histocom-
patibility complex class II (MHC II) with a higher affinity than

CD4".® Another ligand for LAG-3 is the LSECtin, which is a
member of the C-type lectin receptor superfamily.” LSECtin is
expressed on tumor cells and interacts with LAG-3 to limit the
CD8™ T cells signaling in melanoma.'® The blockade of LAG-3
leads to increased accumulation and effector function of CD8*
T cells in prostate cancer and ovarian cancer.'"'> Recent stud-
ies have demonstrated that LAG-3 regulated inhibitory effect
on T cells by collaborating with PD-1.">'* Meanwhile, clinical
trial of LAG-3 monoclonal antibody (BMS-986016) alone and
in combination with anti-PD-1 monoclonal antibody (Nivolu-
mab, BMS-936558) for advanced solid tumors is currently
recruiting participants.

Immunosuppressive cells, such as tumor-associated macro-
phages (TAMs), myeloid-derived suppressor cells (MDSCs)
and regulatory T cells (Tregs), have been illustrated to be the
key negative regulators of the immune system in various dis-
eases including HNSCC.">'® Accumulation of these immuno-
suppressive cells during tumor progression could dampen T
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cells response and promote the development of tumor.'” "’

LAG-3 is expressed on Tregs and the blockade of LAG-3 could
inhibit the activity of Tregs.”® But whether the blockade of
LAG-3 could reactivate the antitumor response of T cells and
impact the immunosuppressive cells in HNSCC needs to be
further proved.

We aimed to analyze the relationship of LAG-3 with clinico-
pathological parameters in HNSCC patients and to explore the
alteration of tumor micro-environment (tumor) and macro-
environment (spleen, lymph nodes and peripheral blood) in
immunocompetent genetically defined HNSCC mouse model
after the blockade of LAG-3.

Results

LAG-3 is highly expressed on tumor-infiltrating
lymphocytes and correlated with high pathological
grades, larger tumor size and positive lymph node status
in human HNSCC

To determine whether LAG-3 expression was associated with
human HNSCC, we examined the Tissue Cancer Genome Atlas
(TCGA) dataset and Oncomine database. 2"*? In a meta-analy-
sis of five datasets of head and neck cancer gene expression pro-
filing for LAG-3, the LAG-3 gene expression was increased in
HNSCC (Fig. S1A). And the DNA copy number and mRNA
level of LAG-3 is significantly higher in HNSCC samples as
compared with oral mucosa or blood (All p < 0.05; Figs. S1B-
E). And immunofluorescence analysis in human HNSCC tissue
sample detected expression and localization of LAG-3 predom-
inantly in membrane of tumor-infiltrating lymphocytes (TILs),
while there appeared to be some LAG-3 in the cytoplasm
(Fig. S2). To further confirm the overexpression of LAG-3 in
HNSCC, we perform immunohistochemical staining on human
HNSCQC tissue samples, which contains 27 oral mucosa, 43 dys-
plasia (Dys) and 122 primary HNSCC (PH) for LAG-3 with
anti-LAG-3 antibody recognizing the aa 450 to the C-terminus.
Consistently, LAG-3 expression on TILs was upregulated in
tumor tissue compared with control oral mucosa (Fig. 1A). Of
particular note, the high expression of LAG-3 was significantly
associated with high pathological grade (I vs. II, p < 0.05),
larger tumor size (T1 vs. T3, p < 0.05, T1 vs. T4, p < 0.05) and
positive lymph nodes status (NO vs. N1, p < 0.05; Fig. 1B).
These results indicated that the LAG-3 expression on TILs cor-
relates with advanced HNSCC.

Increased LAG-3 expression in human HNSCC is
independent of HPV infection and other risk factors

HPYV has been identified as the causative agent of subgroup of
HNSCC.”* To determine whether LAG-3 expression was corre-
lated with HPV infection, we examined the expression of LAG-
3 in HPV negative (HPV—) group and HPV positive (HPV+)
group. P16 immunostaining and DNA in situ hybridization
technique were used to monitor HPV infection as previously
reported.”* As shown in Fig. S3A, no difference of LAG-3
expression was found between and HPV — subgroup or HPV+
subgroup. To further identify this result, paired ¢ test was used
to eliminate the influence of TNM stage and pathological

grades. Similarly, there was no significant difference in LAG-3
expression observed between HPV— group and HPV+ group
(Fig. S3B). Additionally, we searched for HPV-related HNSCC
TCGA dataset and Oncomine database.”"*> There were no sig-
nificant differences in the LAG-3 DNA copy number or the
mRNA level in HPV-related HNSCC (All p > 0.05; Figs. S3C-
E). Besides, we further investigated the association of LAG-3
with other risk factors. And no significant association was
found between the expression of LAG-3 and alcohol consump-
tion, cigarette smoking, age or gender in primary HNSCC (All
p > 0.05; Table S1). These observations revealed that the
expression of LAG-3 on TILs is a common event in human pri-
mary HNSCC.

LAG-3 expression is upregulated in recurrent HNSCC,
metastatic lymph nodes and HNSCC with pre-radiotherapy

The majority of HNSCC patients with recurrence and metasta-
sis remain poor outcomes, indicating the urgent need to
develop novel therapeutic strategies that prolong survival and
optimize quality of life.>> Immunotherapy for HNSCC disrupt-
ing PD-1/PD-L1 axis has yielded encouraged responses, which
seem to be durable in patients with refractory disease.”” In the
present study, the expression of LAG-3 significantly increased
in recurrent HNSCC (RH, n = 8, p < 0.001; Fig. 1C), meta-
static lymph nodes (LN, n = 41, p < 0.001; Fig. 1D) and pre-
radiotherapy HNSCC specimen (RT, n = 12, p < 0.05; Fig. 1E)
as compared to primary HNSCC (PH, n = 122). However, no
significant association of LAG-3 expression was found between
primary HNSCC and HNSCC with inductive TPF chemother-
apy (TPF, n = 11, p > 0.05; Fig. 1F). These data suggest that
LAG-3 expression on TILs may function in tumor recurrence
and metastasis in HNSCC and targeting LAG-3 may be an
effective approach in recurrent and metastatic HNSCC.

Highly expression of LAG-3 confers poor prognosis in
human primary HNSCC with negative lymph node status

To further investigate the clinical significance of LAG-3 in
human HNSCC, we explored the prognostic value of LAG-3.
As shown in Table S2, we first confirm that the pathological
grades, tumor size and lymph node status were significantly
associated with poor prognosis in the present cohort of primary
HNSCC patients. And a Kaplan-Meier curve showed that the
primary HNSCC patients with high expression of LAG-3
(LAG-3") had borderline poor overall survival (OS) rate than
those with low expression of LAG-3 (LAG-3'% p = 0.0739;
Fig. 1G). Furthermore, we investigated the prognostic value of
the LAG-3 expression within primary HNSCC subgroups
(pathological grades and TNM stage). Although we did not
observe any significant differences in OS of patients subgroup-
ing by pathological grades (Fig. S4A) and tumor size (Fig. S4B),
the survival curve with high expression of LAG-3 was lower
than the counterpart subgroup with low expression. More
interestingly, in the patients with negative lymph node status
(N7), high infiltration of LAG-3 positive lymphocytes (N~H)
was significantly associated with poorer OS than low expression
of LAG-3 (N™"% p = 0.0108), but the survival curve of patients
with positive lymph node status (N*) did not differ (Fig. 1H).
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Figure 1. LAG-3 is highly expressed on tumor-infiltrating lymphocytes and correlated with clinicopathological parameters in human HNSCC. (A) Hematoxylin and Eosin (HE)
staining and LAG-3 immunostaining of human primary HNSCC (PH) (left panel). Scale bar, 50 um. The histoscore of LAG-3 expression in normal mucosa (Muc, n = 27), dys-
plasia (Dys, n = 43) and PH (n = 122) are quantified (right panel). Data were presented as Mean + SEM, One-way ANOVA with post Tukey test, **“p < 0.001. (B) The quanti-
tative analysis of LAG-3 histoscore is performed in pathological grades (I-ll, left panel), tumor size (T1, T2, T3, T4, middle panel) and lymph node status (negative, NO;
positive, N1, N2+N3, right panel), One-way ANOVA with post Tukey test, “p < 0.05. (C) Representative images of HE and LAG-3 immunostaining in recurrent HNSCC (RH, left
panel). Scale bar, 50.4m.The quantitative analysis of LAG-3 histoscore in PH and RH (right panel). Unpaired t test, “**p < 0.001. The quantitative analysis of LAG-3 histoscore
is performed in (D) metastatic lymph nodes (mLN vs. PH), (E) HNSCC with pre-radiotherapy history (RT vs. PH), or (F) HNSCC with inductive TPF chemotherapy (TPF vs. PH).
Data is analyzed by unpaired t test, “p < 0.05, ***p < 0.001, ns, no significance. p value and the number of each group or subgroup were displayed in Table S1. (G) Kaplan-
Meier survival analysis and Log-rank test displayed overall survival (OS) of PH patients with high LAG-3 expression (LAG-3") vs. low LAG-3 expression (LAG-3"). p (LAG-3"
vs. LAG-3'°) = 0.0739. (H) Prognostic role of LAG-3 expression level (High vs. Low) in PH with negative lymph node status (N~) and positive lymph node status (N*). P (NH
vs. N7 = 0.0108; p (N*H vs. NT1°) = 0.9229. All p value, Hazard ratio and 95% confidence interval were displayed in Table S2. For the variation of LAG-3 expression in dif-
ferent groups, all PH or PH subgroups were evenly categorized as LAG-3 high group and LAG-3 low group by the level of LAG-3 expression.
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Table 1. Multivariate analysis for overall survival in primary HNSCC patients with
negative lymph node status.

Parameters HR (95%(Cl) p value
Age 1.458 (0.417-5.094) 0.555
Grade

| 1.000 1.000

Ilvs. | 8.202 (1.069-62.944) 0.043£

vs. | 10.725 (1.186-96.971) 0.049£
Tumor size

T3 T4 vs. T17T2 2.101 (0.735-6.000) 0.166
LAG-3 expression

High vs. low 4.160 (1.322-12.993) 0.014£

Note: Cox proportional hazards regression model.
HR: Hazard ratio; 95%Cl: 95% confidence interval.
£p < 0.05.

Furthermore, the multivariate analysis showed the high expres-
sion of LAG-3 on TILs was identified as an independent progno-
sis factor for OS (p = 0.014) in primary HNSCC patient with
negative lymph node status (Table 1). These data indicated the
expression of LAG-3 may indicate the poor prognosis in human
primary HNSCC patients with negative lymph node status.

LAG-3 expression is closely correlated with CD8* and
immunosuppressive cells in human HNSCC

On the basis of the closely relationship of LAG-3 with immu-
nosuppressive status, we searched the publicly available data-
base to explore whether LAG-3 is associated with CD8* and
immunosuppressive cells markers. As mentioned in silico pre-
diction of LAG-3 related genes by GenesLikeMe and STRING
database, LAG-3 may correlate with s numerous immune mole-
cules, such as CD8™, Foxp3, CD33, CD11b (ITGAM), CD68
and CD163 (Table S3; Fig. S5). This result promotes us to ana-
lyze whether LAG-3 expression is associated with the expres-
sion of CD8", Tregs marker (Foxp3), human MDSCs markers
(CD33 and CD11b) and M2-type TAMs markers (CD68 and
CD163) in serial sections of HNSCC tissue samples (Fig. 2A).
The Pearson’s statistics results showed the expression of LAG-3
was positively correlated with CD8* (p < 0.001, r = 0.3284),
Foxp3 (p < 0.001, r = 0.3637), CD33 (p < 0.001, r = 0.3404),
CD11b (p < 0.001, r = 0.2703), CD68 (p < 0.001, r = 0.2434)
and CD163 (p < 0.001, r = 0.3056) in oral mucosa (n = 27),
dysplasia (n = 43) and primary HNSCC (n = 122; Fig. 2B).
Hierarchical clustering analysis offered the intuitive intensity of
correlation of LAG-3 with CD8*, Foxp3, CD11b, CD33, CD68
and CD163 (Fig. 2C). Our data suggest that LAG-3 is closely corre-
lated with CD8" and immunosuppressive cells in human HNSCC.

LAG-3 expression is significantly upregulated in Tgfbr1/
Pten 2cKO mouse model

Both transforming growth factor-8 (TGF-B) and PTEN/
PI3K/Akt/mTOR pathways are frequently deregulated sig-
naling routes in the oncogenesis of HNSCC.?® Pten deletion
in the mice head and neck epithelia give rise to the activa-
tion of PI3K/Akt pathway, and loss of Tgfbrl in the head
and neck epithelia enhances paracrine effect of TGF-8 on
the tumor stroma.”’ Meanwhile, conditional deletion of
Pten and Tgfbrl (2cKO) in head and neck epithelia could

result in SCC in mice with complete penetrance and immu-
nocompetent.”” Given the multiple molecular alternation
and pathology of the 2cKO mice tumor resembling human
HNSCC, the 2cKO mouse model is suitable for studying
the development of cancer and strategies for prevention of
HNSCC, especially for immunotherapy.**** To confirm the
upregulation of LAG-3 in HNSCC mouse model, we quanti-
fied LAG-3 expression on CD4" and CD8" T cells by flow
cytometry. As expected, the expression of LAG-3 in 2cKO
tumor-bearing mice was dramatically elevated on both
CD4" (Fig. 3A) and CD8" (Fig. 3B) T cells compared with
WT mice. Given the close relationship of LAG-3 with
immunosuppressive cells in human HNSCC samples, we
also measured the expression of LAG-3 in CD4*Foxp3*
Tregs, CD11b"Gr1*MDSCs and CD11b*F4/80" TAMs.
And 2cKO tumor-bearing mice had a higher proportion of
LAG-3" cells on Tregs compared with WT mice (Fig. 3C).
However, results reported in Fig. 3D and E showed that
MDSCs and TAMs expressed extremely low level of LAG-3.
We then evaluated LAG-3 expression in lymphocytes by
flow cytometry in wild-type (WT) mice and 2cKO tumor-
bearing mice. The result showed that LAG-3 expression was
significantly higher in 2cKO tumor-bearing mice compared
with WT mice (Fig. S6A). We further investigated the
expression of LAG-3 on lymphocytes of the mouse tumor,
using paraffin-embedded tissue sections. As shown in the
representative images (Fig. S6B), positive LAG-3 staining
was observed in the 2cKO HNSCC but not the WT tongue
mucosa. Similar to immunohistochemistry, the Western blot
showed a gradually increased protein level of LAG-3 in WT
tongue, 2cKO mice tongue and 2cKO mice tongue squa-
mous cell carcinoma (TSCC; Fig. S6C). These findings sug-
gested that LAG-3 was increased in 2cKO tumor-bearing
mice. We speculated that the upregulation of LAG-3 during
tumor progression might reflect the immunosuppressive sta-
tus and blockade of LAG-3 might enhance antitumor
response and retard tumor growth.

The blockade of LAG-3 retards tumor growth in HNSCC
mouse model

To validate the efficacy of the blockade of LAG-3 in vivo, we tested
the chemopreventive effect of the blockade of LAG-3 in the immu-
nocompetent Tgfbrl/Pten 2cKO mouse model. As schematically
shown in Fig. 4A, tamoxifen was applied to Tgfbr1"*™%; pten
flox, K14-CreER™™ "'~ mice by oral gavage in five consecutive days
for the conditional deletion of Tgfbrl and Pten in head and neck
epithelia, resulting in HNSCC.*> A week later, in vivo anti-mouse
LAG-3 antibody (aLAG-3 group, clone: C9B7W; 10 mg/kg) or iso-
type control (control group, clone: MOPC-21; 10 mg/kg) was
infused by intraperitoneal injection every other day for next 10 d
(Fig. 4A). Based on the measurements of tumor volume, the tumor
growth was mainly restricted in the head neck area (Fig. 4B; quanti-
fication in Fig. 4C). Likewise, administration of aLAG-3 delayed
the tongue tumor development and growth (Fig. 4B). The cytotox-
icity of antibody was evaluated by the weight of mice being treated
and the less toxicity was observed in aLAG-3 group as indicated by
a slight gain of weight as compared with significant loss of weight
in control group (p < 0.01; Fig. 4D). The expression of LAG-3 was
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Figure 2. LAG-3 expression is closely associated with CD8" and immunosuppressive cells in human HNSCC. (A) Representative HE and immunohistochemical staining of
LAG-3, CD8™, Foxp3, CD33, CD11b, CD68 and CD163 in serial sections of HNSCC tissue samples. Scale bar, 50 zzm. (B) The Spearman rank correlation coefficient test and
linear tendency test showed that LAG-3 was positively correlated with CD8" (p < 0.001, r = 0.3284), Foxp3 (p < 0.001, r = 0.3637), CD11b (p < 0.001, r = 0.2703), CD33
(p < 0.001, r = 0.3404), CD68 (p < 0.001, r = 0.2434) and CD163 (p < 0.001, r = 0.3056) in oral mucosa (n = 23), dysplasia (n = 47) and primary HNSCC (n = 122). (C)
Hierarchical clustering presented the correlation of LAG-3, CD8™, Foxp3, CD11b, CD33, CD68 and CD163 expression in oral mucosa, dysplasia and primary HNSCC.

distinctly reduced as indicated by flow cytometry (Fig. 4E), West-
ern blot (Fig. 4F) and immunostaining (Fig. 4G) in aLAG-3 group
as compared with control group, which indicate the possible on-
target effect of LAG-3 blockade. Taken together, these data sup-
ported that the blockade of LAG-3 suppressed the tumor develop-
ment in immunocompetent HNSCC mouse model.

The blockade of LAG-3 potentiates antitumor response of
CD8™" T cells in HNSCC mouse model

Given the downregulated CD4" and CD8" T cells in 2cKO
tumor-bearing mice during carcinogenesis, we examined
whether the blockade of LAG-3 affected CD4" and CD8" T
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Figure 3. LAG-3 expression is significantly upregulated in HNSCC mouse model. (A, B) Dot plots showed the expression of LAG-3 in the (A) CD4" gated population and (B)
CD8™" gated population. The percentage of LAG-3 in the CD4" gated population and CD8" gated population compared between WT mice and 2cKO tumor-bearing mice
were shown in bar graph. Cells were harvested from LN, spleen and peripheral blood. Data are shown as Mean =+ SEM. *p < 0.05, “p < 0.01, **p < 0.001. (C) The gating
strategy for LAG-3 in CD4" Foxp3™ gated population (left panel). The percentage of LAG-3" cells in CD4"Foxp3™ gated population compared between WT mice and
2cKO tumor-bearing mice were shown in bar graph. Cells were harvested from LN, spleen and peripheral blood. Data are shown as Mean + SEM. “p < 0.05, “*p < 0.01.
(D, E) Flow cytometry plots of (D) CD11b™Gr1% gated population and (E) CD11b*F4/80" gated population subjected to isotype control (left panel) and LAG-3 (right panel)

in 2cKO tumor-bearing mice.

cells. The blockade by aLAG-3 treatment resulted in a signifi-
cantly increased percentage of CD8" T cells in spleen, lymph
nodes and tumors as compared with control (Figs. 5A and B).
We next tested whether the blockade of LAG-3 could enhance
CDS8* T cells response. As shown in Fig. 5C, the blockade of
LAG-3 significantly enhanced IFNy"CD8" T cells responses
compared with control. Indeed, the CD4" T cell population
decreased in tumor-bearing mice as compared with WT

counterpart. The comparison of control group with the aLAG-
3 group did not highlight any significant differences in the per-
centage of CD4™ T cells, although a slightly higher variation is
observable within the aLAG-3 group (Fig. 5D). We also
observed the enlarged lymph nodes (Fig. 5E) and splenomegaly
(Fig. 5F) in 2cKO tumor-bearing mice by gross biopsy, which
indicated an immune dysregulation. The size of spleen and
lymph nodes, to some extent, could be reduced after the
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HE (upper panel) and LAG-3 immunostaining (lower panel) in tumors from control mice or aLAG-3 mice. Scale bar, 25 um.




212390058 W.-W. DENG ET AL.

A

Figure 5. The blockade of LAG-3 (aLAG-3) enhanced the antitumor response of CD8" T cells in HNSCC mouse model. (A) Histogram and (B) quantification of CD8" T cells
population in WT mice, control mice and aLAG-3 mice. Cells were harvested from spleen, lymph node (LN), peripheral blood and tumor tissues. The percentage of CD8"
T cells is the proportion of CD8" T cells accounting for the number of the total viable cells. Data are shown as Mean & SEM. *p < 0.05, “*p < 0.01, ***p < 0.001. (C) Rep-
resentative flow cytometric plots and the percentage of IFNy"CD8™ T cells population in tumor-infiltrating lymphocytes (TILs) from control group and aLAG-3 group.
Data presented as Mean & SEM. *p < 0.05. (D) Quantitative analysis of the percentage of CD4" T cells in WT group, control group and aLAG-3 group. Cells were harvested
from spleen, LN, peripheral blood and tumor tissues. The percentage of CD4™ T cells is the proportion of CD4™ T cells accounting for the number of the total viable cells.
Data presented as Mean + SEM. *p < 0.05, **p < 0.01. (E) The variation of lymph nodes observed in control group and aLAG-3 group (left panel) and the size of lymph
node was measured as indicated (right panel). Data presented as Mean + SEM. “*p < 0.01. (F) Spleens were harvested for photograph from control group and aLAG-3

Spleen LN Blood Tumor
o
]
5 \
WT —— control —— alAG-3
Spleen LN Blood Tumor
5 T *kk Fk 20 A ok k dedkk 4 = ey L 15 - .
—
s 15 - 34
£ 31 9 9 £ 107
0 &% 101 b 21 %
o 2 a a I \ a
O @) (@) O 0.5 A1
54 1
1 -
0- 0- 0 T T 0.0 -
CWT E=control M alAG-3
FMO control alLAG-3 [E=3 control
A _ Il ol AG-3
10t 10* ] 10 25 *
] 0.1% o] 12.5% . 19.9% 500 20
O
>l~ 1074 102 10%4 =15 1
Z E 1
L_L q 1 1 E 10 1
10 10 10 "6
0 100 mﬂ O\o 5 |
10° 1‘0‘ u:‘3 10* 10° |‘0’ |;y‘1 10° |‘o‘ 1;;: 0 -
g Tumor
Spleen LN Blood Tumor
20 7 80 1 Kk < 25 b Kk - 5 b
15 60 - 20 1 41
S S £ 151 £ 3
= 10 5 40 4 : =
< < < <+
] ] a 4 .
O O O 10 8 2
5 20 - 5 14
0 0 - 0- 0-
COWT E=control M al AG-3
Size of Lymph Node F Spleirl |ﬂd?§ CWT
1007 === control ‘ 107 T control
~ 801 N 2l AG-3 i S s N al AG-3
£ 3| =
E 60 - OlE 6
T G
g 40 4 o| - 4 1
E o) |
20 4 < 2
|
®@
0 - 0 H— r

group (left panel). The spleen index was calculated as indicated (right panel). Data are presented as Mean & SEM. **p < 0.01, **p < 0.001.



blockade of LAG-3 in vivo, which indicated the reversal of
immune tolerance status (Figs. 5E and F). Our results revealed
that the blockade of LAG-3 predominantly enhanced the CD8™"
T cell-mediated antitumor response in the HNSCC mouse
model.

The blockade of LAG-3 reduced the population of
immunosuppressive cells in HNSCC mouse model

On the basis of correlation of LAG-3 with immunosuppressive
cells markers, we queried whether the blockade of LAG-3
impacted the number of Tregs, MDSCs and TAMs in HNSCC
mouse model. As shown in Fig. 6A, the blockade of LAG-3 sig-
nificantly decreased the population of CD4*Foxp3™ Tregs in
HNSCC mouse model. For immature myeloid cells, we noted
an increased count of CD11b*Gr1* MDSCs and CD11b*F4/
80" TAMs in 2cKO tumor-bearing mice compared with WT
mice, which is consistent with our previous study.”* Here, we
verified that the blockade of LAG-3 significantly reduced the
amount of CD11b"Gr1* MDSCs in spleen, lymph nodes and
tumors using flow cytometry (Figs. 6B and C) and immunoflu-
orescence (Fig. 6D) in aLAG-3 tumors of 2cKO mice. We also
identified that the CDI1b"F4/80" TAMs significantly
decreased in lymph nodes and tumors (Fig. 6E) but not in
spleen (data not shown) and peripheral blood (data not
shown). To identify the potential mediators of preferential
accumulation of MDSCs and TAMs in 2cKO tumor-bearing
mice, the expression of chemokines and cytokines in the serum
was analyzed, revealing increased expression of multiple mono-
cytes-attractive cytokines in the 2cKO tumor-bearing mice
(Fig. 6F). The most differentially expressed monocytes-attrac-
tive cytokines were C5/C5a, G-CSF, IL-6, IL-13, CXCLI,
M-CSF and CCL2 (quantified in Fig. 6G). Interestingly, the
aLAG-3 tumor of 2cKO tumor-bearing mice appeared to
exhibit markedly low levels of CXCL1 and CCL2 in comparison
with controls (Fig. 6H), suggesting that the reduction of CXCL1
and CCL2 could be a part of factors that reduced the recruit-
ment of immature myeloid cells. These data suggested that the
blockade of LAG-3 led to the decrease population of Tregs and
immature myeloid cells during antitumor immune response.

Discussion

Immune checkpoints, which limited the overactive immune
response in normal immune system, were exploited to evade
the host immune system in the tumor microenvironment.*
LAG-3 was highly expressed on the dysfunctional or exhausted
T cells that developed in tumor progression.’' Here, we demon-
strated the expression of LAG-3 was increased on TILs in
human HNSCC, which indicated these cells were exhausted
lymphocytes and confirmed the immunosuppressive status of
HNSCC.* In addition, lacking of functional effector T cells
subset may be a crucial reason for tumor progression, recur-
rence and metastasis, even similar total numbers of T cells pre-
sented around tumor.”” This may suggest presence of LAG-3 in
TILs facilitates tumor cell proliferation and resists eradicating
tumor cells by the immune system, resulting in larger tumor
and less differentiation in HNSCC. Many ongoing studies are
exploring the effect of immune checkpoint inhibitors in
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recurrent and metastatic HNSCC, which include single agent
and combination of immune checkpoint inhibitors as dual
inhibition, combination with chemotherapy, radiotherapy, tar-
geted agents as well as immunomodulators.*® Here, our results
demonstrated that LAG-3 was upregulated in recurrent
HNSCC, metastatic lymph nodes and HNSCC with pre-radio-
therapy. These findings provided a potential immunotherapeu-
tic rationale that the efficiency of LAG-3 blockade coupled with
or without radiotherapy should be evaluated in recurrent or
metastatic HNSCC.

National Comprehensive Cancer Network (NCCN) clinical
practice guidelines in oncology head and neck cancers are rec-
ommended to be approaches of treatment for HNSCC
patients.”* However, independent medical judge should not be
ignored in the case of individual difference. Lymph node
metastasis is one of the most significant prognosis factors of
HNSCC patients, but treatment failure also occurs in patient
with negative lymph node status.”> Our present data indicated
the expression of LAG-3 confers a poor prognosis in HNSCC
patients with negative lymph node status. Hence, it may con-
tribute to precisely individual treatment plan decision of node
negative HNSCC patients. In addition, LAG-3 infiltration pre-
dicted poor survival in colorectal cancer and renal cell can-
cer.’*¥ In general, these results underlined the effect of LAG-3
impairing antitumor immunity in human HNSCC. However,
keeping in mind that most of these cohorts are HPV- Chinese
HNSCC patients, this may represent a subset of HNSCC. We
also need to take into account that follow-up period was short
and that prevents us from making cautious conclusion.

LAG-3 is expressed on T cells, B cells, natural killer cells,
plasmacytoid dendritic cells (pDCs) and Tregs.’®*** In con-
sistent with previous studies, we found that the expression
of LAG-3 identified a population of CD4" T cells, CD8" T
cells and CD4"Foxp3™ Tregs, but not immature myeloid
cells, in the HNSCC mouse model. In vivo study, LAG-3
blockade retarded tumor growth and significantly potenti-
ated antitumor response of CD8' T cells. Current studies
demonstrated that LAG-3 have direct and indirect role in
CD8" T cells.*” On one hand, the interaction between
LAG-3 on CD8" T cells and LSECtin on tumor cells deliv-
ers a negative signal to downregulate T cells proliferation
and cytokines production.*’ Thus, blockade of LAG-3 on
CD8" T cells enhance CD8" T cells proliferation and
response.'” On the other hand, Tregs could induce activated
T cells apoptosis, anergy and cell cycle arrest by cell-contact
or secreting TGF-B1 and IL-10.** LAG-3 is expressed on
Tregs and enhances the Tregs function.® Therefore, the
blockade of LAG-3 reduces the population of Tregs and
subsequently upregulates CD8" T cells. Curiously, the fre-
quency of CD4™ T cell could not be reinvigorated. Actually,
the blockade of LAG-3 exhibited more persistent prolifera-
tion of CD4™ T cells in vitro.*> We hypothesis that the off-
set effect of the decreased frequency of CD4" Foxp3™ Tregs
and the increased frequency of CD4" T cells blocking with
anti-LAG-3 antibody leads no detectable differences of
CD4™ T cells population.

Extensive analysis revealed a generalized increased of LAG-3
in many cell types, but our data found LAG-3 was almost nega-
tive in immature myeloid cells, including CD11b"Gr1"MDSCs
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Figure 6. Blockade of LAG-3 reduced the population of immunosuppressive cells in HNSCC mouse model. (A) Quantification of the population of Foxp3™ in CD4™ T cells
population from WT group, control group and aLAG-3 group. Cells were harvested from spleen, LN, peripheral blood and tumor tissues. Data shown as Mean + SEM.
*p <0 .05, **p <0 .01. (B) Flow cytometry plots and (C) quantification of CD11b*Gr1* MDSCs in WT group, control group and aLAG-3 group. Cells were harvested from
spleen, LN, peripheral blood and tumor tissues. Data presented as Mean + SEM. “p < 0.05, *“p < 0.01. (D) Representative immunofluorescence microscopy images of
tumors stained with CD11b, Gr1 and DAPI in control mice and aLAG-3 mice. Scale bar, 50 um. (E) Graphs from the flow cytometric analysis showing the percentage of
TAMs (CD11b™*F4/80™) in WT group, control group and aLAG-3 group. Cells were harvested from LN and tumor tissues. Data shown as Mean & SEM. **p < 0.01, "*p <
0.001. (F) Cytokine antibody array showed the increased serum level of C5/C5a (1), G-CSF (2), IL-6 (3), IL-13 (4), CXCL1 (5), M-GSF (6), CCL2 (7) in WT mice and 2cKO
tumor-bearing mice. (G)The mean pixel destiny of C5/C5a, G-CSF, IL-6, IL-13, CXCL1, M-GSF, CCL2 in WT mice and 2cKO tumor-bearing mice were calculated by Image Pro
Plus 6.0 and normalized with reference spot. (H) CCL2 and CXCL1 expression levels were evaluated by Western blot in control group and aLAG-3 group.



and CD11b*F4/80"TAMs. Despite none of them expresses
LAG-3, we were intrigued to find that the proportion of both
MDSCs and TAMs was reduced after the blockade of LAG-3 in
vivo. Indeed, we found a decrease level of CCL2 and CXCLI in
aLAG-3 2cKO mice. CCL2 could mediate recruitment of
MDSCs to tumors and promote the function of MDSCs via
STATS3 pathway.** And chemokine CXCL1, activated by IL-6,
is also responsible for MDSCs accumulation.*” Also, CCL2 and
CXCL1 regulate the polarization of M1 macrophages to M2
phenotype and the recruitment of TAMs to tumor microenvi-
ronment.***® The reduction of CCL2 and CXCL1 may support
LAG-3 could impact the chemokine governing MDSCs and
TAMs accumulation. Consistently, the blockade of LAG-3
results in pDC activation while reducing the level of CCL2 with
subsequent limitation of MDSCs population.’” Meanwhile,
Tregs may also play an essential role in the recruitment of
MDSCs and differentiation of TAMs, linking these immuno-
suppressive cells subsets in the tumor.*” In addition, MDSCs
and TAMs produce nitric oxide, reactive oxygen species and
arginase 1, which induced desensitization of the T cells receptor
(TCR) and T cells apoptosis.”® Thus, additionally, the reduction
of MDSCs and TAMs by LAG-3 blockade may partly condu-
cive to the recovery of CD8" T cells.

In summary, our study reveals that LAG-3 is overexpressed
on TILs, and its overexpression is correlated with the clinico-
pathological parameters and prognosis in human HNSCC.
Using HNSCC mouse model, we elucidate that the blockade of
LAG-3 restrains tumor progression. In addition, the blockade
of LAG-3 also could strengthen immune reaction and improve
immunosuppressive status in HNSCC mouse model in the
tumor micro-environment and macro-environment. Although
we evaluated the expression level of LAG-3 in human HNSCC
samples and showed that targeting LAG-3 induces a significant
antitumor immune response in HNSCC mouse model, it
should be cautious assuming based on these findings that LAG-
3 is a promising target. Taken together, these data suggest
LAG-3 may be a potential target for immunotherapy in
HNSCC.

Materials and methods
Mice

All animal proposals were approved and supervised by the
Institutional Animal Care and Use Committee of Wuhan Uni-
versity. All animal studies were conducted in accordance with
the NIH guidelines for the Care and Use of Laboratory Ani-
mals. The inducible head and neck tissue-specific Tgfbrl/Pten
2cKO mice (Tgfbr1™1°%; Pten /1% K14-CreER™™ ™) were
generated by crossing K14-CreER™™; Tgfbr1™1°* mice with
Pten"1°* mice.?” The tissue-specific deletion of Pten, together
with Tgfbrl in mice head and neck epithelia, causes multiple
hyperproliferative and tumor lesions in head and neck area.””
Deletion of Pten enhanced PI3K/Akt pathway activation in
mouse head and neck epithelia.”” And loss of Tgfbrl in head
and neck epithelia, not in the stromal cells, enhances chemo-
kine production, recruitment of tumor-promoting suppressor
cells.”’ The mice maintained and genotyped as previously
reported® and Tgfbr1™¥1°%/Pten /1% mice (Tgfbr1to¥ox
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Pteno¥1o%, K14-CreER®™+ 7) from same cage were separated
as WT control. All the mice were bred in the FVBN/CD1/129/
C57 mixed background.

Mouse cytokine antibody array

The Mouse Cytokine Antibody Array Panel A (Proteome Profi-
ler™ ARY006, R&D system) was applied to test the levels of
serum cytokines of Tgfbrl/Pten 2cKO tumor-bearing mice as
compared with WT mice counterpart (pooled with five mice,
respectively). The pair of duplicate spots represented each cyto-
kine and the average pixel density was determined by Image
Pro Plus 6.0 (Cybernetics, Inc.) with subtract an averaged back-
ground signal.

In vivo LAG-3 antibody treatment

The Tgfbrl/Pten 2cKO mice were given tamoxifen by oral
gavage for five consequent days.”> And these mice randomly
were divided into two groups. A week later, isotype control
(control group, in vivo MAb mouse IgGl isotype control,
Clone: MOPC-21; Bioxcell; n = 6 mice; 10 mg/kg) or anti-
mouse LAG-3 group (aLAG-3 group, in vivo mAb LAG-3 anti-
body, Clone: C9B7W, Bioxcell; n = 6 mice; 10 mg/kg) was
intraperitoneally injected into Tgfbr1/Pten 2cKO mice every
other day in next 10 d. The endpoint was determined according
to a systematic evaluation by the veterinarian. Photographs of
tumor-bearing mice were taken at day 32 and day 40 and body
weight was measured every other day. The tumor volumes were
calculated by micrometer caliper every 5 d. All mice were
euthanized at the end of the study.

Flow cytometry

Single-cell suspension isolated from spleen, lymph nodes,
peripheral blood and tumors was acquired as previously
described.”* These cells from different groups including WT
and 2cKO tumor-bearing mice treated with isotype or anti-m
LAG-3 monoclonal antibody resuspended in staining buffer
(PBS with 2% FBS) at 4°C and non-specific Fc was blocking for
10 min at 4°C. Fluorochrome-conjugated monoclonal antibod-
ies were used to staining: isotype-matched IgG controls, Percp-
Cy5.5-conjugated F4/80 and Foxp3 (eBioscience), PE-conju-
gated LAG-3, IFNy (eBioscience), FITC-conjugated CD4™,
CD8* and CDI11b (eBioscience), PE-Cy7-conjugated Grl
(BD). For intracellular IFNy staining, the Cell Stimulation
Cocktail (plus protein transport inhibitors, eBioscience),
including phorbol 12-myristate 13-acetate (PMA), ionomycin,
brefeldin A and monensin, was used for induction and subse-
quent intracellular detection of IFNy. Death cells were
excluded by staining 7AAD (Invitrogen). Isotype control and
positive control were set for each antibody and each experi-
ment. Different gating strategy was used to identify the cell
populations. Data were analyzed with Flowjo 7.6 (Tree Star).

Human HNSCC tissue samples

Human HNSCC tissue samples included 27 normal mucosa, 43
dysplasia (Dys), 122 primary HNSCC, 8 recurrent HNSCC, 41
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metastatic lymph nodes, 12 HNSCC with preradiotherapy his-
tory and 11 HNSCC with inductive TPF chemotherapy. Immu-
nohistochemical staining of pl6é and HPV DNA in situ
hybridization technique were used to monitor HPV infection
as previously reported.”* All tissue samples were obtained from
surgically resected patients in the Department of Oral and
Maxillofacial Surgery, School and Hospital of Stomatology
Wuhan University. The School and Hospital of Stomatology of
Wuhan University Medical Ethics Committee approved this
study, and informed consent was obtained from the patients
before they underwent surgery. The clinical stages of their
HNSCC were classified according to the guidelines of the Inter-
national Union Against Cancer (UICC 2002), and histological
grading was determined according to the scheme of the World
Health Organization. The 11 HNSCC patients receive two
round combined cisplatin, docetaxel and 5-fuorouracil (TPF)
therapy with the same protocol of Zhang’s clinical trial
(NCT01542931).

Immunohistochemistry

Paraffin sections of tumor tissue were rehydration and anti-
gen retrieval was performed in sodium citrate. The 3%
hydrogen peroxide was applied to block-up endogenous
peroxidase. Antigen retrieval was performed in sodium cit-
rate in a pressure cooker. Then, the incubation of goat
serum was used to block the non-specific binding at 37°C
for 1 h. Next, sections were incubated with antibody for
LAG-3 (Abcam), CD8" (Zymed), Foxp3 (CST), CD68
(Zymed), CD163 (CWBiotech) CD11b (Abcam), CD33
(Zymed) and pl6 (Zymed) (4°C overnight). Sections were
incubated with secondary biotinylated immunoglobulin G
antibody solution and an avidin-biotin-peroxidase reagent.
At last, the section stained with DAB kit (Mxb Bio) and the
sections lightly counterstained with haematoxylin (Invitro-
gen, USA). Negative control with primary antibody replaced
by PBS and commercial available positive control for each
antibody were set in parallel. The immunohistochemical
method of mouse sections was followed as described above.

Immunofluorescence

Immunofluorescence was carried out as previously
described.”® For staining of LAG-3, the human tissue sam-
ples were fixed by 4% paraformaldehyde and embedded in
paraffin. Sections were hydrated in alcohol and antigen
retrieval was performed in sodium citrate in a pressure
cooker. Then sections were blocked with goat serum for 1 h
at 37°C and incubated with LAG3 antibody (GeneTex) at
4°C overnight at indicated dilution. Next day, sections were
incubated with fluorochrome conjugated secondary antibod-
ies (Alexa 594 anti-rabbit; Invitrogen) for 1 h at 37°C pro-
tected from the light and DPAI (Vector Laboratories) was
used as the nuclear counterstain. Confocal images were
taken with C24 confocal microscope system (Nikon). For
staining of MDSCs, mouse tumor tissues (4 Apm  thick)
were treated as described above and incubated with anti-
CD11b antibody (Abcam) and anti-mouse Ly-6G/Ly-6C
(Gr-1) (BioLegend). Then, sections were incubated with

secondary antibodies (Alexa 594 anti-rat and Alexa 488
anti-rabbit; Invitrogen). Fluorescence images were taken
with CLSM-310, Zeiss fluorescence microscope.

Western blot

The mouse tumor tissue was carefully dissected (n = 6
mice, respectively) and storage at —80°C. All samples were
lysed with RIPA Lysis Buffer (Beyotime), which contains
protease inhibitor and phosphatase inhibitors, and sonicated
after centrifugation. Lysates were denatured in loading
buffer (Beyotime) and separated by 12% SDS-polyacryl-
amide gel electrophoresis and protein transferred to polyvi-
nylidene fluoride membranes (Millipore Corporation). The
primary antibodies used in Western blot were as follows:
mouse LAG-3 antibody (R&D), CXCL1 antibody (GeneTex)
and CCL2 antibody (Novus). GAPDH was used as loading
control. Enhanced chemiluminescence detection kit (Advan-
sta) was applied to Western blot staining. All Western blots
were repeated at least three times.

Scoring system

Aperio ScanScope CS scanner was exploited for scanning all sli-
ces and quantifying the histoscore of each sample with back-
ground subtraction as previously described.”® The scanner of
each slice was quantified with Aperio Quantification System
(Version 9.1).

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 6.0
(Graph Pad Software Inc.). Difference among three groups was
analyzed by One-way ANOVO followed Tukey test. Difference
between two groups was analyzed by un-paired or paired ¢ test.
The data are presented as the Mean £ SEM, and statistical sig-
nificance was determined as p < 0.05. The correlation was eval-
uated by Two-tailed Pearson’s statistics. The Kaplan-Meier
method and the log-rank test were used to analyze the univari-
ate analysis of OS by Graphpad Prism 6.0. The Cox propor-
tional hazards regression model was used to evaluate the
multivariate analyses for OS by SPSS 22.0 (IBM). The hierar-
chical analysis was carried out as described previously.”*
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