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m Classic Hodgkin lymphoma (cHL) responds markedly to PD-1 blockade therapy, and the
clinical responses are reportedly dependent on expression of major histocompatibility
* MHC-Il plays an impor-
tant role in spontane-
ous and PD-1
blockade-mediated

complex class II (MHC-II). This dependence is different from other solid tumors, in which the
MHC class I (MHC-I)/CD8" T-cell axis plays a critical role. In this study, we investigated the
role of the MHC-II/CD4 " T-cell axis in the antitumor effect of PD-1 blockade on cHL. In cHL,
. . , MHC-I expression was frequently lost, but MHC-II expression was maintained. CD4™ T cells
antitumor immunity . . . . .
. ! highly infiltrated the tumor microenvironment of MHC-II-expressing cHL, regardless of
against cHL via cyto- ) N A ] )
toxic CD4™ T cells. MHC-I expression status. Consequently, CD4" T-cell, but not CD8™ T-cell, infiltration was
a good prognostic factor in cHL, and PD-1 blockade showed antitumor efficacy against MHC-

CLHEE el 2 pe II-expressing cHL associated with CD4™ T-cell infiltration. Murine lymphoma and solid

tential therapeutic tar-
get for combination

therapies with PD-1 . .
blockade in MHC- on MHC-I"MHC-II~ tumors, in a cytotoxic CD4" T-cell-dependent manner. Furthermore,

LAG-3, which reportedly binds to MHC-II, was highly expressed by tumor-infiltrating CD4*
T cells in MHC-II-expressing tumors. Therefore, the combination of LAG-3 blockade with
PD-1 blockade showed a far stronger antitumor immunity compared with either treatment
alone. We propose that PD-1 blockade therapies have antitumor effects on MHC-
II-expressing tumors such as cHL that are mediated by cytotoxic CD4* T cells and that LAG-3
could be a candidate for combination therapy with PD-1 blockade.

tumor models revealed the critical role of antitumor effects mediated by CD4™ T cells: an
anti-PD-1 monoclonal antibody exerted antitumor effects on MHC-I"MHC-II* tumors but not

ll-expressing cancers.

Introduction

Hodgkin and Reed-Sternberg (HRS) cells are the hallmarks of classic Hodgkin lymphoma (cHL). Most
HRS cells are derived from crippled, largely CD30™, preapoptotic, germinal center B cells that lack
functional B-cell receptors and exhibit reduced expression of multiple B-cell transcription factors."? In
30% to 40% of cHL, HRS cells have evidence of latent Epstein-Barr virus (EBV) infection.” cHL
therefore exhibits an inflamed tumor microenvironment (TME): HRS cells are surrounded by an extensive
infiltrate comprising multiple immune cells,' suggesting the importance of escape from immunosurveil-
lance for their survival and growth.®> Genetic alterations associated with immune evasion are often
observed, such as copy number alterations in chromosome 9p24.1 including loci associated
with the programmed death 1 (PD-1) ligand (CD274/PD-L1 and PDCD1LG2/PD-L2),* inducing
PD-1-associated immune evasion.
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A gain of immune escape mechanism, the induction/recruitment
of immunosuppressive cells and increases in the expression of
various immunosuppressive molecules, including PD-1/PD-1
ligands, is an important process during cancer development and
progression.®® Therefore, disrupting immunosuppressive compo-
nents with monoclonal antibodies (mAbs) has been tested in the
clinic, and PD-1 blockade has been shown to be effective against
various types of cancer, such as malignant melanoma, lung
cancer, and cHL.®"" PD-1, which interacts with PD-1 ligands, is
primarily expressed after the activation of T cells and suppresses
T-cell function, reducing the cells to a dysfunctional state called
exhaustion. PD-1 blockade reinvigorates exhausted CD8™" T cells,
leading to tumor regression.® Thus, CD8" T cells that recognize
cancer antigens presented on major histocompatibility complex
class | (MHGC-I) through their T-cell receptor are a key component
in killing tumor cells."®'® The loss of MHC-| expression therefore
induces resistance against PD-1 blockade.'*"” In sharp contrast,
whereas PD-1 blockade exhibits dramatic antitumor efficacy
against cHL, it has been reported that it is relatively effective
against cHL harboring MHC-II, which is frequently expressed by
HRS cells because of their origin,"®2" even with the loss of MHC-I
expression.'! However, although the dependency of the antitumor
immunity induced by PD-1 blockade on MHC-II expression in cHL
suggests an important role for CD4" T cells, the details remain
unclear.

Lymphocyte activation gene-3 (LAG-3), another immune check-
point molecule, mainly binds to MHC-Il molecules and provides an
inhibitory signal to T cells, especially CD4" T cells.?%2® Indeed,
LAG-3 expression by tumor-infiltrating lymphocytes (TILs) corre-
sponds to a poor prognosis in certain tumor types, including cHL,
non-Hodgkin lymphoma, and chronic lymphocytic leukemia, in
which malignant cells frequently exhibit MHC-Il expression.242%
In addition, LAG-3 expression by TILs is reportedly associated with
EBV infection in cHL,2®2” and LAG-3 reportedly represses T-cell
function in viral infection.?® These findings suggest that LAG-3
can be an additional therapeutic target in MHC-ll-expressing
tumors.

In this study, we found in clinical samples that cHL frequently lacked
expression of MHC-I but maintained MHC-II expression. In addition,
CD4™ T cells highly infiltrated the TME of MHC-ll-expressing cHL,
suggesting that CD4™ T cells in the TME play an important role in
antitumor immunity against MHC-ll-expressing cHL. To elucidate
the role of CD4™ T cells in MHC-ll-expressing tumors, we examined
antitumor effects using various patterns of MHC-expressing tumors
in syngeneic animal models.

Materials and methods

Patients and samples

Eighty-five patients with cHL who underwent biopsy at the National
Cancer Center or Chiba Cancer Center from 1999 through 2018
(first diagnosis, 80; relapse, 5) were enrolled in this study (Table 1).
The patients’ clinical information was obtained from their medical
records. The clinical protocol for this study was approved by
the appropriate institutional review boards and ethics committees
at the National Cancer Center (2017-511) and Chiba Cancer
Center (R02-123). The study was conducted in accordance with
the Declaration of Helsinki.
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Immunohistochemistry

For immunohistochemistry (IHC), formalin-fixed, paraffin-embedded
(FFPE) sections (3 um) were deparaffinized with xylene, rehydrated,
and subjected to an antigen retrieval process in a microwave oven
for 20 minutes. After the inhibition of endogenous peroxidase
activity, individual slides were incubated overnight at 4°C with anti-
CD4 mAb (SP35; Roche Diagnostics, Basel, Switzerland), anti-
CD8 mAb (C8/144B; Dako, Copenhagen, Denmark); anti-FOXP3
mAb (236A/E7; Abcam, Cambridge, United Kingdom); anti—-MHC-|
(HLA-A, -B, and -C) mAbs (EMR8-5; HKD, Hokkaido, Japan);
anti-MHC-Il (HLA-DP, -DQ, and -DR) mAbs (CR3/43; Dako); anti-
CD68 mAb (D4B9C; Cell Signaling Technology, Danvers, MA); and
anti-PD-L1 mAb (E1L3; Cell Signaling Technology). The slides were
then incubated with an EnVision reagent (Dako), and the color
reaction was developed in 2% 3,3-diaminobenzidine in 50 mM Tris
buffer (pH 7.6) containing 0.3% hydrogen peroxidase. Double
staining for MHC-l or MHC-Il and CD68 was performed using
Simple Stain AP (Nichirei, Tokyo, Japan) in addition to EnVision
reagent. MHC-I or MHC-Il and CD68 were developed as brown
with 3,3-diaminobenzidine and as red with Fast Red, respectively.

HRS cells were identified as large CD30™ cells and discriminated
them from CD68" macrophages. The membrane expression of
MHC-I, MHC-Il, and PD-L1 by HRS cells was assessed as
previously reported.® Intratumoral CD4*, CD8", and FOXP3™*
T cells were counted; 5 fields (0.0625 mm®) containing HRS cells
were randomly selected and counted for each slide. The average of
the 5 area counts for each patient was used for statistical analysis.

Multiplexed fluorescent IHC

Multiplexed fluorescent IHC was performed with direct detection of
antigens by primary antibodies from the different species. Anti-CD4
rabbit mAb (SP35; Roche Diagnostics), anti-PD-1 mouse mAb
(J116; Abcam), and anti-LAG-3 mouse mAb (17B4; Abcam) were
used for primary staining. Anti-rabbit IgG Alexa Fluor 555 (Abcam)
and anti-mouse IgG Alexa Fluor 488 (Thermo Fisher Scientific,
Waltham, MA) were used to stain secondary antibodies, and the
slides were analyzed with a BZ-X710 (Keyence, Osaka, Japan).

Cell lines and reagents

A20 (mouse B-cell lymphoma) and E.G7 (mouse T-cell lymphoma)
cell lines were purchased from ATCC (Manassas, VA). MC-38 cell
line (mouse colon cancer) was obtained from Kerafast (Boston,
MA). These cell lines were maintained in RPMI medium (Fujifilm
Wako Pure Chemical Corporation, Osaka, Japan) supplemented
with 10% fetal calf serum (Biosera, Orange, CA). All tumor cells
were used after confirming that they were Mycoplasma™ by
Mycoplasma testing with the PCR Mycoplasma Detection Kit
(TaKaRa, Shiga, Japan), according to the manufacturer’s instruc-
tions. Murine interferon (IFN)-y was obtained from PeproTech
(Rocky Hill, NJ). Rat anti-mouse PD-1 mAb (RMP1-14), anti-LAG-3
mAb (C9B7W), control rat IgG2 mAb (RTK2758), and control rat
IgG1k mAb (RTK2071) were obtained from BiolLegend (San
Diego, CA). Anti-mouse CD4 mAb (GK1.5), anti-mouse CD83 mAb
(Lyt 3.2), and control rat IgG2b mAb (LTF-2) were purchased from
BioXCell (West Lebanon, NH).

Constructs, virus production, and transfection

Ovalbumin (OVA) cDNA was subcloned into pBABE-puro, which
was transfected into a packaging cell line using Lipofectamine
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Table 1. Patient characteristics

MHC class | MHC class Il

Features Positive (n = 36) Negative (n = 49) P Positive (n = 54) Negative (n = 31) P
Age, median (range), y 55 (15-79) 34 (15-88) 10 54 (15-88) 44 (17-83) .33
Sex (male/female) 28/8 32/17 24 41/13 19/12 22
Sampling (1st diagnosis/relapse) 32/4 48/1 .16 49/5 31/0 15
Histology (NS/MC/others) 12/18/6 24/21/4 .35*% 17/28/9 19/111 .036*
EBV (positive/negative) 17/11 12/18 19 23/17 6/12 .16
Performance status (0-1/2+) 34/2 49/0 .18 52/2 31/0 .53
Ann Arbor stage (I or II/lll or IV) 17/19 22/27 >.99 25/29 14/17 >.99
B symptom (yes/no) 8/28 17/32 .24 17/37 8/23 .63
LDH, median (range), U/L 204 (68-333) 235 (143-554) <.01 208 (68-441) 227.5 (134-554) .093
MHC class | (positive/negative) — — — 27/27 9/22 .071
MHC class Il (positive/negative) 27/9 27/22 .071 — — —
CD4, median (range) 428.2 (81.4-1137.6) 425 (75-925) .97 496.9 (137.6-1137.6) 268.8 (75-700) <.01
CD8, median (range) 284.4 (125-412.6) 118.8 (6.2-437.4) <.01 2083.1 (11-400) 118.8 (6.2-437.4) .053
FOXP3, median (range) 81.2 (12.4-368.6) 100 (6.4-568.6) .30 93.8 (6.4-568.6) 100 (12.4-431.2) .52
PD-L1 (positive/negative) 34/2 37/12 .036 46/8 25/6 .76

Data are the number of patients, unless stated otherwise (n = 85).
MC, mixed cellularity; NS, nodular sclerosis.
*NS vs MC.

3000 Reagent (Thermo Fisher Scientific). After 48 hours, the
supernatant was concentrated and transfected into cell lines (A20/
OVA). B2M-deficient A20/OVA, E.G7, and MC-38 cell lines were
generated using CRISPR/Cas9 technology. In brief, a targeting
guide RNA sequence (5'-TTCGGCTTCCCATTCTCCGG-3') was
used to edit the B2M locus. The guide RNA and Cas9 protein
(Thermo Fisher Scientific) were transfected into A20/OVA, E.G7,
and MC-38 cell lines, by using Lipofectamine CRISPRMAX
(Thermo Fisher Scientific). The knockout cell lines were named
A20/0OVA/B2MKO, E.G7/B2MKO, and MC-38/B2MKO, respec-
tively. Mouse C/ITA cDNA was subcloned into pBABE-puro, and
viruses were generated and transfected into the cell lines, which
were similarly named E.G7/B2MKO/CIITA and MC-38/B2MKO/
CIITA. The expression of MHC-I and MHC-Il was evaluated by flow
cytometry in triplicate.

In vivo animal models

Female C57BL/6J and BALB/cA mice (6-8 weeks old) were purchased
from CLEA Japan (Tokyo, Japan). C57BL/6J-Prkdc<scid>/Rbrc mice
(B6 SCID; RBRC01346) were provided by RIKEN BRC (Tsukuba,
Japan) through the National BioResource Project of the Ministry of
Education, Culture, Sports, Science and Technology/Japan
Agency for Medical Research and Development (MEXT/AMED).
A20/0VA cells (5 x 10°), E.G7 cells (5 X 10°), or MC-38 cells
(1 X 10° were inoculated subcutaneously, and tumor volume
was monitored every 3 days. The means of the long and short
diameters were used to generate tumor growth curves. Mice
were grouped when the tumor volume reached ~100 mm?
and anti-PD-1 mAb (200 pg/mouse), anti-LAG-3 mAb (300 pg/
mouse), or control mAb was administered intraperitoneally
3 times every 3 days thereafter. For CD4* and CD8" T-cell
deletion, anti-CD4 mAb (100 pg/mouse) and anti-CD8B mAb
(100 pg/mouse), respectively, were administered intraperitoneally
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1 day before tumor cell inoculation and then injected every 7 days.
Tumors were harvested 14 days after tumor cell inoculation to
collect TILs for evaluation by flow cytometry. All in vivo experiments
were performed at least twice (n = 6 per group). All mice were
maintained under specific-pathogen—free conditions in the
animal facility of the Institute of Biophysics. Mouse experiments
were approved by the Animal Committee for Animal Experimen-
tation of the National Cancer Center and Chiba Cancer Center.
All experiments met the standards set forth in the Guide for the
Care and Use of Laboratory Animals (National Institutes of
Health, Bethesda, MD).

Flow cytometry analyses

Flow cytometry assays were performed as described.®°®" In
brief, cells were washed with phosphate-buffered saline con-
taining 2% fetal calf serum and subjected to staining with surface
antibodies. Intracellular staining was performed with specific anti-
bodies and FOXP3/Transcription Factor Staining Buffer Set (Thermo
Fisher Scientific), according to the manufacturer’s instructions. For
intracellular cytokine and granzyme B assays, cells were stimulated
for 5 hours with phorbol 12-myristate 13-acetate (100 ng/mL)/
ionomycin (2 pg/mL) (Sigma Aldrich, St. Louis, MO). GolgiPlug
reagent (1.3 wl/mL; BD Biosciences, Franklin Lakes, NJ) was added
for the last 4 hours of the culture. Samples were assessed with an
LSRFortessa (BD Biosciences) or a FACSVerse (BD Biosciences)
and FlowJo software (BD Biosciences). The staining antibodies
were diluted according to the manufacturer's instructions. The
antibodies used in the flow cytometry analyses are summarized in
supplemental Table 1.

Statistical analyses

Prism 7 (GraphPad Software, San Diego, CA) and R version 4.0.2
software (R Foundation for Statistical Computing, Vienna, Austria)
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were used for statistical analyses. The relationships between
groups were analyzed with Fisher's exact test or Student t test.
Overall survival (OS) and progression-free survival (PFS) were
defined as the time from the initiation of first-line standard
chemotherapy until death from any cause and the time from the
initiation of first-line standard chemotherapy until the first observa-
tion of disease progression or death from any cause, respectively.
Five-year survival was used to develop receiver operating charac-
teristic (ROC) curves and set cutoff values of CD4, CD8, and
FOXP3 counts. OS and PFS were analyzed by using the Kaplan-
Meier method and compared among groups by using the log-rank
test. A Cox proportional hazards model was used for the univariate
and multivariate analyses to estimate hazard ratios and 95%
confidence intervals. Only those variables with P < .05 in
a univariate analysis were included in the multivariate analysis. All
tests were 2-tailed, and results at P < .05 were statistically
significant.

Results

CD4* T cells infiltrate the TME of
MHC-lI-expressing cHL

To examine the immunological landscape in the TME of cHL, we
collected 85 cHL samples. Eighty samples were obtained at first
diagnosis and 5 more samples at relapse after any prior
treatment. These samples were subjected to IHC for MHC-,
MHC-II, CD4, CD8, FOXP3, and PD-L1. FOXP3 staining could
not be evaluated in 3 samples because of the bad condition of
the samples. We identified HRS cells as large CD30" cells and
discriminated them from CD68" macrophages (supplemental
Figure 1A). We evaluated the membrane expression of MHC-I
and MHC-Il by HRS cells. MHC-| expression was frequently
lost in cHL (49 of 85), as previously reported (Table 1;
Figure 1A)."®"° In sharp contrast, more than half of the cHL
samples (54 of 85) harbored MHC-II expression (Table 1;
Figure 1A). Twenty-seven MHC-1"MHC-II", 27 MHC-I"MHC-II*,
9 MHC-I"MHC-II", and 22 MHC-I"MHC-II” cHLs were ob-
served in our cohort. Accordingly, CD4 ™ T cells more frequently
infiltrated the TME of cHL than did CD8" T cells (Figure 1B).
CD4* T-cell infiltration was more frequently observed in MHC-
ll-expressing cHL samples than in MHC-lI-deficient cHL samples
regardless of the MHC-| expression status (Table 1; Figure 1C-D).
On the other hand, CD8™" T-cell infiltration was associated with
MHC-| expression: CD8™ T cells were often detected in MHC-
I-expressing cHL samples but barely in MHC-I-deficient cHL
and were not related to MHC-Il expression (Table 1; Figure 1C-D).
Although FOXP3™ regulatory T cells are crucial in suppres-
sion of antitumor immunity,®2® its infiltration was not related
to the expression of MHC-I or MHC-II (Table 1; supplemental
Figure 1B). Therefore, CD4" T cells may play an important
role in MHC-ll-expressing cHL, even with the loss of MHC-I
expression.

CD274 (encoding PD-L1) is frequently amplified in cHL.*
Consistently, our analyses revealed that most patients (71 of 85)
in our cHL cohort harbored PD-L1, as previously reported (Table 1;
supplemental Figure 1C).*""** Expression of PD-L1 was more
frequently detected in MHC-l-expressing cHL. Thus, PD-L1, as well
as the loss of MHC-I expression, contributes to immune evasion
in cHL.
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MHC-II expression plays an important role in
spontaneous and PD-1 blockade-mediated
antitumor immunity

Various patterns of MHC expression in cHL samples prompted us
to examine PD-1 blockade—mediated antitumor effects in animal
models. Because there is no syngeneic Hodgkin lymphoma mouse
model, we used other lymphoma models (A20 and E.G7) and
a solid tumor model (MC-38). The A20 cell line expressed both
MHC-I and MHC-Il because of its B-cell origin, which is different
from that of the E.G7 cell line and another solid tumor cell line, MC-
38 (supplemental Figure 2). PD-1 blockade significantly delayed the
tumor growth of A20/OVA tumors (MHC-I*MHC-II*; Figure 2A).
We then generated MHC-I-deficient cell lines by deleting the B2M
gene, which is a crucial component of MHC-,%° using the CRISPR/
Cas9 system (supplemental Figure 2). Similar to the MHC-
I-expressing A20/OVA tumors, MHC-I-deficient A20/OVA/B2MKO
tumors responded to PD-1 blockade (Figure 2A).

To further elucidate the roles of MHC-II in the antitumor effects of
PD-1 blockade, we used the E.G7 and MC-38 cell lines expressing
MHC-I, but not MHC-II, on the cell surface (supplemental Figure 2).
Anti-PD-1 mAb significantly inhibited tumor growth compared with
control mAb (supplemental Figure 3A). The frequencies of activated
CD8™ T cells, which were assessed as the proportion of CD44™
CD62L~ effector/memory CD8" T cells, TNF-a"IFN-y*CD8"
T cells, and GrB*CD8™ T cells, were significantly higher in the TME
of mice treated with anti-PD-1 mAb compared with mice treated
with control mAb (supplemental Figure 3B-D). Thus, the antitu-
mor efficacy against MHC-l-expressing solid tumors was
mainly dependent on activating CD8" T cells, as previously
reported.®'2'3 We next generated MHC-I-deficient cell lines
by deleting the B2M gene (supplemental Figure 2). In contrast
to wild-type E.G7 and MC-38 tumors, MHC-I-deficient MC-38/
B2MKO and E.G7/B2MKO tumors failed to respond to the PD-1
blockade (Figure 2B). Consistently, the frequencies of CD44™"
CD62L~ effector/memory CD8* T cells, TNF-a*IFN-y*CD8™
T cells, and GrB*CD8" T cells in the TME were comparable
between mice treated with anti-PD-1 mAb and those treated with
control mAb (supplemental Figure 4A-C). Exogenous MHC-II
expression was established in these MHC-I-deficient cell lines
by transfection of the class Il major histocompatibility complex
transactivator (CIITA) gene (E.G7/B2MKO/CIITA and MC-38/
B2MKO/CIITA) (supplemental Figure 2).°® E.G7/B2MKO/CIITA
tumors (MHC-I"MHGC-II") exhibited growth similar to that of
E.G7/B2MKO tumors (MHC-I"MHC-II") in immunocompro-
mised (B6 SCID) mice, whereas these tumors grew significantly
slower than E.G7/B2MKO tumors in immunocompetent
(C57BL/6) mice, suggesting that MHC-II expression plays an
important role in antitumor immunity, even in MHC-I-deficient
tumors (Figure 2C). We then examined the antitumor effect of
PD-1 blockade. The anti-PD-1 mAb significantly inhibited E.G7/
B2MKO/CIITA and MC-38/B2MKO/CIITA tumor growth com-
pared with the control mAb, as was observed for A20/OVA/
B2MKO tumors (Figure 2D). These results indicate that MHC-II
expressed by tumor cells contributes to both spontaneous and
PD-1 blockade-mediated antitumor immunity, even in MHC-
I-deficient tumors, which is consistent with previous studies
showing that cHL responds to PD-1 blockade therapies in an
MHC-lI-dependent manner.""2°
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Figure 1. cHL exhibits MHC-Il expression accompanied by CD4* T-cell infiltration. (A) Representative staining pictures for MHC-I and MHC-Il. IHC was conducted on
FFPE sections (3 wm thick) from 85 patients with cHL. (B-D) CD4" and CD8™" T-cell infiltration according to the expression of MHC-1 and MHC-II. IHC was conducted as
described in panel A. Five fields (0.0625 mm?) containing HRS cells were randomly selected and counted for each slide. The average of the 5 area counts for each patient

was used for statistical analysis. Representative immunohistochemically stained images (B) and summaries of the counts of CD4™" T cells and CD8* T cells (C) are shown. (D)

Summaries of cell counts according to the expression of MHC-I and -Il are shown. *P < .05; **P < .01. N.S,, not significant.

Cytotoxic CD4* T cells are essential for antitumor
immunity in MHC-1" MHC-II" tumors

Because our data for cHL samples revealed that CD4™ T cells
infiltrated the TME of MHC-ll-expressing cHL (Figure 1B-C), we
explored tumor-infiltrating CD4™ T cells in MHC-ll-expressing
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murine tumors. The frequency of CD4™ T cells and the ratio of
CD4" T cells/fCD8™ T cells in the TME were significantly higher
in MHC-1"MHC-II"* tumors than in control tumors (Figure 3A). In
addition, larger amounts of CD4™ T cells harboring cytotoxic
molecules were detected in the TILs of MHC-I"MHGC-II* tumors,
meaning that some CD4" T cells gained cytotoxic activity in
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Figure 2. MHC-1"MHC-II" tumors respond to PD-1 blockade. (A) In vivo antitumor efficacy of anti-PD-1 mAb against A20/OVA or A20/OVA/B2MKO tumors. Tumor cells
(5.0 X 10°) were inoculated subcutaneously. Mice were grouped when the tumors reached ~100 mm? (day 0), and anti-PD-1 mAb was administered on days 0, 3, and 6

(n = 6 per group). Tumor growth was monitored every 3 days. (B) In vivo antitumor efficacy of anti-PD-1 mAb against E.G7/B2MKO and MC-38/B2MKO tumors. The in vivo
experiments were performed as described in panel A (E.G7, 5.0 X 10°, and MC-38, 1.0 X 10°). (C) Tumor growth of E.G7/B2MKO and E.G7/B2MKO/CIITA tumors in
immunocompetent (C57BL/6) and immunocompromised (B6 SCID) mice. Tumor cells (5.0 X 10°) were inoculated subcutaneously into C57BL/6 and B6 SCID mice on day
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Figure 3. MHC-Il expressed by tumor cells mediates antitumor immunity via cytotoxic CD4™ T cells. (A) CD4"/CD8" T-cell ratio in the TIL population. Tumor cells (5.0 X 10°)

were inoculated subcutaneously. TILs were prepared from tumors 14 days after tumor cell inoculation and analyzed with flow cytometry (n = 6 per group). (B) Proportion of GrB*CD4™

T cells in the TIL population. The in vivo experiments were performed as described in panel A. Representative staining (left) and summary for the frequency (right) are shown. (C) Tumor
growth of E.G7/B2MKO/CIITA in CD4" T-cell- or CD8" T-cell-deleted mice (left and right, respectively). Tumor cells (5.0 X 10°) were inoculated subcutaneously into C57BL/6 mice
on day O (n = 6 per group). For CD4" and CD8" T-cell deletion, anti-CD4 mAbs and anti-CD8B mAbs, respectively, were administered intraperitoneally 1 day before tumor cell injection

and every 7 days after tumor cell inoculation. Tumor growth was monitored every 3 days. All in vivo experiments were performed twice with similar results. *P < .05; **P < .01.

MHC-I"MHC-II* tumors (Figure 3B). Consistently, CD4™ T-cell
deletion but not CD8* T-cell deletion accelerated E.G7/
B2MKO/CIITA (MHC-I"MHGC-II) tumor growth (Figure 3C),
further supporting the critical role for cytotoxic CD4™ T cells in
the antitumor efficacy on MHC-I"MHC-II" tumors.

We also examined whether PD-1 blockade augmented the
antitumor activity mediated by CD4™" T cells in E.G7/B2MKO/
CIITA tumors. The frequencies of CD44 " CD62L " effector/memory
CD4* T cells, TNF-a"IFN-y"CD4™ T cells, and GrB*CD4" T cells
were significantly higher in the TIL population of E.G7/B2MKO/CIITA

Figure 2. (continued) O (n = 6 per group). Tumor growth was monitored every 3 days. (D) In vivo antitumor efficacy of anti-PD-1 mAb against E.G7/B2MKO/CIITA and
MC-38/B2MKO/CIITA tumors. The in vivo experiments were performed as described in panel A (E.G7, 5.0 X 10°, and MC-38, 1.0 X 10°). All in vivo experiments were

performed twice with similar results. *P < .05; **P < .01.
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tumors treated with anti-PD-1 mAb than in that of those treated with
control mAb (Figure 4A-C). Accordingly, the antitumor effect of PD-1
blockade was abrogated in CD4" T-cell-deleted mice, but not

in CD8" T-cell-deleted mice (Figure 4D). Overall, CD4" T cells,

particularly cytotoxic CD4* T cells, are essential for antitumor

immunity in MHC-I"MHC-II" t
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Figure 4. PD-1 blockade exhibits antitu-
mor effects on MHC-1"MHC-II* tumors
via cytotoxic CD4* T cells. (A-C) CD44 "
CD62L" effector/memory CD4™ T cells (A),
TNF-a"IFN-y*CD4" T cells (B), and GrB*
CD4™" T cells (C) in the TIL population of
E.G7/B2MKO/CIITA tumors. Tumor cells

(5.0 X 10°) were inoculated subcutaneously.
Mice were grouped when the tumors reached
~100 mm® (day 0), and anti-PD-1 mAb was
administered on days O, 3, and 6. TlLs were
prepared from tumors 14 days after tumor cell
inoculation and analyzed with flow cytometry
(n = 6 per group). Representative staining (left)
and summaries for the frequency of each cell
population (right) are shown. (D) In vivo antitu-
mor efficacy of anti-PD-1 mAb against E.G7/
B2MKO/CIITA tumors in CD4" or CD8"
T-cell-deleted mice. For CD4™ or CD8™ T-cell
deletion, anti-CD4 mAb or anti-CD8B mAb, re-
spectively, was administered intraperitoneally

1 day before tumor cell injection and every

7 days after tumor cell injection. All in vivo
experiments were performed twice with similar
results. *P < .05; **P < .01.

CD4™ T-cell infiltration, a favorable prognostic factor
in cHL, is associated with the antitumor effect of PD-1
blockade on cHL

Considering the critical role of CD4™ T cells in antitumor immunity
in MHC-llI-expressing tumors, we further examined the effect of
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Figure 5. High CD4™" T-cell infiltration, a favorable prognostic factor in cHL, is associated with antitumor effects induced by PD-1 blockade therapy. (A) OS

and PFS according to CD4™" T-cell infiltration. The survival of 76 patients with cHL who received first-line standard chemotherapy (doxorubicin, bleomycin, vinblastine, and
dacarbazine) was examined. The cohort was divided by a cutoff value (high, CD4 =425, vs low, <425) determined by the ROC curve. **P < .01. (B-C) Representative

staining pictures for MHC-Il and CD4 (B) and computed tomographic imaging (C) in patients with cHL who received anti-PD-1 mAb (nivolumab). IHC was conducted on FFPE

sections (3 um thick). Patient CCC-43 (64-year-old male) received nivolumab monotherapy as fourth-line therapy. He achieved a partial response after 8 cycles of nivolumab

(arrowheads), and his performance status improved from 3 to 2. Patient CCC-66 (56-year-old male) received nivolumab monotherapy as fourth-line therapy and achieved a PR

after 8 cycles of nivolumab (arrowheads).

CD4™" T cells on survival in 76 patients with cHL who received
first-line standard chemotherapy (doxorubicin, bleomycin, vinblas-
tine, and dacarbazine). Five patients, from whom samples were
obtained at relapse, were excluded from these survival analyses.
Each cutoff value of CD4 (high, =425, vs low, <425), CD8 (high,
=168.6, vs low, <168.6), and FOXP3 (high, =143.6, vs low,
<143.6) counts was selected from ROC curves using 5-year
survival (supplemental Figure 5A). CD4 " T-cell infiltration, but not
CD8" T-cell infiltration, was associated with a favorable prognosis
in the patients with cHL (Figure 5A; supplemental Figure 5B).
Furthermore, neither FOXP3™ T-cell infiltration, MHC-| expression,
nor MHC-II expression was associated with the prognosis
(supplemental Figure 5C-E). PD-L1 expression was related to
worse PFS (supplemental Figure 5F). No clinicopathological
features except MHC-Il expression exhibited a significant corre-
lation with CD4" T-cell infiltration (supplemental Table 2).
Accordingly, the multivariate analysis revealed that CD4* T-cell
infiltration was an independent prognostic factor, as were age and
Ann Arbor stage (supplemental Table 3). Among the cHL patients
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in our cohort, 3 patients received anti-PD-1 mAb treatment. Tumor
cells in 2 patients harbored MHC-II expression accompanied by
CD4* T-cell infiltration, and anti-PD-1 mAb monotherapy showed
remarkable clinical benefits in both patients (Figure 5B-C;
supplemental Table 4). Another patient with low CD4" T-cell
infiltration despite expression of MHC-Il failed to respond to the
treatment (supplemental Table 4).

LAG-3 could be a target for combination treatment
with PD-1 blockade in MHC-ll-expressing tumors

Because LAG-3, which binds to MHC-Il, is an immune checkpoint
molecule that inhibits CD4" T-cell activation,?>?® we investi-
gated the role of LAG-3 in our MHC-I"MHC-II* tumor models.
First, LAG-3 expression by CD4* T cells in the TME was
examined. A considerable proportion of the CD4 " T cells in E.G7/
B2MKO/CIITA tumors (MHC-I”MHC-II") compared with those in
E.G7/B2MKO tumors (MHC-I"MHC-I") expressed LAG-3 ac-
companied by PD-1 (Figure 6A), suggesting that LAG-3 is
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Figure 6. LAG-3 blockade exhibits antitumor effects on MHC-1"MHC-II* tumors mediated by CD4™" T cells. (A) LAG-3 expression by tumor-infiltrating CD4* T cells.
Tumor cells (5.0 X 10°) were inoculated subcutaneously (n = 6 per group). TlLs were prepared from tumors 14 days after tumor cell inoculation and analyzed with flow
cytometry. Representative staining (left) and summary of the frequency of LAG-3"CD4™" T cells (right) are shown. (B) In vivo antitumor efficacies of anti-PD-1 mAb, anti-LAG-3
mAb, and a combination against E.G7/B2MKO/CIITA and MC-38/B2MKO/CIITA tumors. Tumor cells (E.G7, 5.0 X 108, or MC-38, 1.0 X 10°) were inoculated sub-
cutaneously. Mice were grouped when the tumors reached ~100 mm? (day 0), and ICls were administered on days 0, 3, and 6 (n = 6 per group). Tumor growth was
monitored every 3 days. (C) In vivo antitumor efficacy of anti-LAG-3 mAb against E.G7/B2MKO/CIITA tumors in CD4* T-cell- or CD8" T-cell-deleted mice. For CD4" T-cell
or CD8™ T-cell deletion, anti-CD4 mAb or anti-CD8@ mAb, respectively, was administered intraperitoneally 1 day before tumor cell inoculation and every 7 days after. All in vivo

experiments were performed twice with similar results. **P < .01.

a potential target for combination treatment with PD-1 block- but not against MHC-1"MHC-II” tumors (Figure 6B; supple-
ade in MHC-I"MHC-II* tumors. The antitumor effects of the mental Figure 6). Furthermore, the combination of anti-PD-1
anti-PD-1 mAb, anti-LAG-3 mAb, and their combination were mAb and anti-LAG-3 mAb exhibited far stronger antitumor
tested in MHC-I"MHC-II* tumors. Anti-LAG-3 mAb alone efficacy against MHC-I"MHC-II* tumors than either mAb alone
exhibited antitumor efficacy against MHC-I"MHC-II" tumors (Figure 6B). The antitumor effect of anti-LAG-3 mAb against
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MHC-I"MHC-II" tumors was totally abrogated in CD47"
T-cell-deleted mice but not in CD8" T-cell-deleted mice
(Figure 6C). Accordingly, the frequencies of CD44"CD62L"
effector/memory CD4™ T cells, TNF-a"IFN-y"CD4™ T cells,
and GrB*CD4™" T cells were significantly higher in the TME
of mice treated with anti-PD-1 mAb or anti-LAG-3 mAb than
in that of those treated with control mAb (supplemental
Figure 7A-C). Furthermore, the frequencies of these CD4"
T-cell subsets were further increased by combination treatment
with anti-PD-1 and anti-LAG-3 mAbs (supplemental Figure 7A-C).
Overall, LAG-3 blockade preferentially acts on MHC-I~MHC-II"
tumors via cytotoxic CD4"% T-cell-mediated antitumor immu-
nity, and the combination of anti-PD-1 mAb and anti-LAG-3 mAb
exhibits far stronger antitumor efficacy than either single treatment. In
fact, the tumor-infiltrating CD4™ T cells in MHC-ll-expressing cHL
expressed both PD-1 and LAG-3 (supplemental Figure 1D). We
therefore propose that LAG-3 blockade in combination with PD-1
blockade is a potential therapeutic approach in MHC-ll-expressing
tumors.

Discussion

PD-1 blockade provides a remarkable clinical response in cHL,
regardless of the MHC-| expression status. Yet, detailed analyses
of actual effector cells have not been reported. In this study, we
found that CD4™ T cells, not CD8™ T cells, highly infiltrated
the TME of MHC-ll-expressing cHL. In animal models, MHC-
ll-expressing tumors favorably responded to anti-PD-1 mAb
via cytotoxic activity by CD4™ T cells, even with the loss of
MHC-| expression. Indeed, patients with MHC-ll-expressing cHL
harboring CD4* T-cell infiltration markedly responded to PD-1
blockade therapy. Furthermore, LAG-3, another immune check-
point molecule that binds to MHC-II, was highly expressed by
tumor-infiltrating CD4™ T cells with PD-1 expression in MHC-
ll-expressing tumors, and PD-1 and LAG-3 dual blockade
exhibited far stronger antitumor efficacy than blockade of either
molecule. Considering the high PD-1"LAG-3"CD4" T-cell in-
filtration in MHC-lI-expressing tumors, LAG-3 blockade could be
a potential candidate approach for combination treatment with
PD-1 blockade.

We generated MHC-I-deficient tumor cell lines by deleting B2M,
an essential component of MHC-.3® As expected, the MHC-
I-deficient tumors, which could not interact with CD8™ T cells, were
resistant to PD-1 blockade. In accordance with this finding, B2M
loss reportedly correlates with tumor progression and is an
important mechanism of resistance to immune checkpoint inhibitors
(ICIs).''7 On the other hand, PD-1 blockade exhibited antitumor
efficacy against MHC-ll-expressing tumors, even with the loss of
MHC-I expression in our animal models, which was abrogated by
CD4™ T-cell deletion. CD4 ™ T cells are generally crucial in helping
to prime CD8™ T cells by providing cytokines and licensing antigen-
presenting cells.?” Tumor antigen-specific CD4 * T cells, which help
to prime/activate tumor-specific CD8™ T cells, play a crucial role in
antitumor immunity in MHC-l-expressing tumors.® In addition,
MHC-Il expressed by tumor cells in addition to MHC-I augments the
antitumor efficacy of ICls, further supporting the importance of
CD4™" T-cell help.?® In contrast, the antitumor efficacy of PD-1
blockade was observed in MHC-ll-expressing tumors, even in
CD8" T-cell-deleted mice, in our study. One can envision that
CD4" T cells may directly attack MHC-I"MHC-II* tumors by

€ blood advances s sepTEMBER 2020 - vOLUME 4, NUMBER 17

recognizing peptide-MHGC-Il complexes. CD4 ™ T cells with cytotoxic
activity against virus-infected cells and tumor cells have been
reported to be cytotoxic CD4™" T cells.***? In patients with cHL,
which frequently expresses MHC-II, that expression, but not MHC-
expression, is reportedly associated with a favorable prognosis for
PD-1 blockade therapies.'®2' Although PD-1 expression by
CD8™ T cells is associated with clinical responses in solid tumors,
such as malignant melanoma and non—small-cell lung cancer, in
which CD8™ T cells directly kill tumor cells,**** our study revealed
that PD-17CD4™" T cells infiltrated the TME in MHC-ll-expressing
cHL, further indicating the essential role of CD4* T cells in PD-1
blockade—mediated antitumor immunity in MHC-lI-expressing
cHL lacking MHC-I expression. Several studies have demon-
strated that PD-1"CD4™ T cells rather than CD8™ T cells highly
infiltrated the TME in cHL.32*° Indeed, some patients with MHC-
ll-expressing cHL harboring CD4™ T-cell infiltration responded to
PD-1 blockade in our cohort. Considering the dramatic clinical
responses of ICls in cHL and our results,""?° we propose that
PD-1 blockade can be an important choice according to MHC
expression, and CD4" and CD8" T-cell infiltration. Especially,
cHL with MHC-Il expression and high CD4* T-cell infiltration
would be a good candidate for PD-1 blockade, suggesting
a potential biomarker. Furthermore, comprehensive analyses such
as multiplex IHC, flow cytometry, CyTOF, and scRNAseq beyond
single-molecule IHC in tumor tissues have been introduced to
elucidate detailed immune profiling.*® Such technologies should
help us to develop suitable immunotherapy based on immune
profiling in the future.

LAG-8 is another immune checkpoint molecule that inhibits immune
responses.???® LAG-3 expression is reportedly related to re-
sistance to PD-1 blockade therapies.*”*® The immunosuppressive
effects of LAG-3 are mainly dependent on CD4" T cells through
binding to the peptide and MHC-Il on antigen-presenting cells.?®
Although LAG-3 blockade therapies are now under intense
investigation in the clinic upon the success of CTLA-4 blockade
and PD-1/PD-L1 blockade therapies, significant antitumor efficacy
has not been shown, even with combination therapy.“g'50 Consis-
tently, our study demonstrated that anti-LAG-3 mAb alone exhibited
insufficient antitumor effects on MHC-I"MHC-II” tumors, as
observed in previous studies.®' In contrast, LAG-3 was highly
expressed by CD4" T cells in the TME of MHC-ll-expressing
tumors, even with the loss of MHC-I expression, and anti-LAG-3
mAb alone exhibited an antitumor effect, as did anti-PD-1 mAb,
mediated by cytotoxic CD4" T cells in our animal models.
Furthermore, combination treatment with anti-PD-1 mAb and
anti-LAG-3 mAb exhibited far stronger antitumor efficacy on
MHC-lI-expressing tumors than either mAb alone. Similar results
were also reported in an MHC-I"MHC-II* mouse breast tumor
model.*® These findings suggest a possible application of this
combination treatment in MHC-ll-expressing cancers, including
cHL, regardless of MHC-I expression status. In fact, phase land |l
clinical trials investigating the combination of anti-LAG3 mAb
and anti-PD-1 mAb against hematologic malignancies including
cHL are ongoing (www.clinical trials.gov NCT02061761 and
NCT03598608).

Our study requires careful interpretation, because there are
several limitations. An ideal tumor model would mirror human
disease in various characteristics such as size, histology, and
growth speed. In this point, spontaneous tumor development
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model at the orthotopic tissue would be ideal. Although these
syngeneic animal models offer an important clue for oncology
research, there is no syngeneic cHL mouse model, resulting in the
difficulty in addressing the clinical questions directly from animal
models. We then employed other lymphoma models (A20 and
E.G7) and a solid tumor model (MC-38) instead of a cHL mouse
model. Tumor cell lines with various expression patterns of MHC
were developed to reflect the patterns of MHC-I and MHC-II
expression observed in cHL. In these models, PD-1 blockade
activated effector T cells, such as CD4" T cells in the TME,
according to the expression patterns of MHC. Anti-PD-1 mAb
exhibited antitumor effects on MHC-I"MHC-II" tumors, but not on
MHC-I"MHGC-II” tumors in a cytotoxic CD4" T-cell-dependent
manner. Thus, we believe that our models could imitate the TME of
cHL. Furthermore, we extended this finding to other cancer types
using an MC-38 solid tumor model, which is frequently used in
cancer immunology studies. PD-1 blockade exhibited antitumor
efficacy against MHC-ll-expressing MC-38 tumors, regardless of
MHC-I expression via cytotoxic CD4" T cells, generalizing our
findings. Indeed, MHC-Il is reportedly expressed by other solid
tumor cancers, including melanoma, breast, colorectal, and lung,
which can be related to improved prognosis.52 In addition, several
studies have demonstrated that MHC-Il expression is related to
the efficacy of PD-1 blockade therapies regardless of MHC-I
expression.®354

Another important point is the involvement of other immune-related
factors such as innate immunity and tumor intrinsic signals. The
TME of cHL possesses various innate immune cells such as
macrophages and dendritic cells.®>®® These cells also possess
MHC-II expression and act as antigen-presenting cells, which may
be involved in antitumor immunity. In addition, HRS cells have
complementary mechanisms of immune evasion including alter-
ations of NF-kB, JAK/STAT, PI3K signals, PD-L1, and B2M, all of
which are crucial for immune responses.®® To elucidate the
involvement of these mechanisms in cHL immunotherapy, further
studies are warranted.

In summary, we have demonstrated that cytotoxic CD4™ T cells
play an essential role in both spontaneous and PD-1 blockade-
mediated antitumor immunity in MHC-ll-expressing tumors,
including cHL, even without MHC-I expression. Furthermore,
LAG-3 was highly expressed by tumor-infiltrating CD4* T cells in
MHC-lI-expressing tumors, and LAG-3 blockade exhibited
antitumor efficacy against these tumors mediated by cytotoxic
CD4™ T cells. Cytotoxic CD4 ™ T cells are important effector cells
in cHL, partially because of the loss of MHC-| expression, and
LAG-3 could be a therapeutic target in MHC-ll-expressing
cancers, including cHL.

Acknowledgments

The authors thank Y. Tada, T. Takaku, M. Nakai, K. Onagawa,
M. Takemura, M. Hoshino, K. Yoshida, Y. Osada, and A. Odaka for
technical assistance.

This study was supported by Grants-in-Aid for Scientific
Research S grant 17H06162 (H. Nishikawa); Young Scientists
grant 17J09900, Challenging Exploratory Research grant
19K22574, and B grant 20H03694 from the Ministry of Educa-
tion, Culture, Sports, Science and Technology of Japan (Y.T.);
the Project for Cancer Research and Therapeutic Evolution

4080 NAGASAKI et al

(P-CREATE) grants 16cm0106301h0002 (H. Nishikawa) and
18cm0106340h0001 (Y.T.); Practical Research for Innova-
tive Cancer Control grant 19ck0106521h0001 (Y.T.); the
Development of Technology for Patient Stratification Biomarker
Discovery grant 19ae0101074s0401 (H. Nishikawa) from the
Japan Agency for Medical Research and Development (AMED);
National Cancer Center Research and Development Fund grants
28-A-7 and 31-A-7 (H. Nishikawa); the Naito Foundation (Y.T.
and H. Nishikawa); and a Chiba Prefecture research grant, the
Takeda Science Foundation, the Mitsubishi Foundation, the
Tokyo Biochemical Research Foundation, the Daiichi Sankyo
Foundation, and the Foundation for Promotion of Cancer
Research in Japan (Y.T.).

Authorship

Contribution: Y.T. and H. Nishikawa conceived and designed the
study;J.N,, Y.T.,M.Il, M.S.,Y.O.,M.T.,and H. Nishikawa developed
the methodology; J.N., Y.T., T.S.,N.Y., J.Y., M.T., and H. Nishikawa
acquired the data; T.S.,N.Y., J.Y., Y.M., and M.T. collected clinical
samples and data; H. Nakamae, M.H., and H. Nishikawa super-
vised the study; and all authors wrote, reviewed, and/or revised
the manuscript and all authors read and approved the final
manuscript.

Conflict-of-interest disclosure: Y.T. received a research grant
from KOTAI Biotechnologies, Inc, and honoraria from Ono Phar-
maceutical, Bristol-Myers Squibb, AstraZeneca, Chugai Pharma-
ceutical, and MSD outside of this study. M.S. received a research
grant from Sysmex outside of this study. Y.M. received a research
grant from Ono Pharmaceutical and honoraria from Bristol-Myers
Squibb, Novartis, and Pfizer outside of this study. H. Nakamae
received research grants and honoraria from Bristol-Myers
Squibb, Novartis, and Otsuka Pharmaceutical; research grants
from MSD, Janssen Pharmaceutical, and Astellas Pharmaceutical;
and honoraria from Pfizer, Kyowa-Kirin, and Takeda outside of this
study. M.H. received a research grant and honoraria from Pfizer;
research grants from Kyowa-Kirin, Chugai Pharmaceutical,
Otsuka Pharmaceutical, Astellas Pharmaceutical, Takeda, MSD,
Sumitomo Dainippon Pharmaceutical, Taiho Pharmaceutical, Tei-
jin, Eisai, and Japan Blood Products Organization; and honoraria
from Novartis and Bristol-Myers Squibb outside of this study.
H. Nishikawa received research grants and honoraria from
Ono Pharmaceutical, Chugai Pharmaceutical, and Bristol-Myers
Squibb; honoraria from MSD; and research grants from Taiho
Pharmaceutical, Daiichi-Sankyo, Kyowa Kirin, Zenyaku Kogyo,
Oncolys BioPharma, Debiopharma, Asahi-Kasei, Astellas Phar-
maceutical, Sumitomo Dainippon Pharma, Fuji Film, SRL, Sysmex,
and BD Japan outside of this study. The remaining authors declare
no competing financial interests.

ORCID profiles: Y.T., 0000-0001-9910-0164; M.S., 0000-
0003-2695-8172; H. Nishikawa, 0000-0001-6563-9807.

Correspondence: Hiroyoshi Nishikawa, Division of Cancer Im-
munology, Research Institute/EPOC, National Cancer Center,
6-5-1 Kashiwanoha, Kashiwa, Chiba 277-8577, Japan; e-mail:
hnishika@ncc.go.jp; and Yosuke Togashi, Research Institute, Chiba
Cancer Center, 666-2 Nitona-cho, Chuo-ku, Chiba 260-8717,
Japan; e-mail: ytogashi1584@gmail.com.

8 SEPTEMBER 2020 - VOLUME 4, NUMBER 17 € blood advances

20z dunf g0 uo 3sanb Aq jpd’860200020ZAPESSOUBADPE/FY6IS . L/690/ L L/¥/iPd-8lole/seoueApepoo|geusuoleolqndyse//:diy woly papeojumoq


https://orcid.org/0000-0001-9910-0164
https://orcid.org/0000-0003-2695-8172
https://orcid.org/0000-0003-2695-8172
https://orcid.org/0000-0001-6563-9807
mailto:hnishika@ncc.go.jp
mailto:ytogashi1584@gmail.com

References

10.

11.

12.
13.

14.
15.

16.

17.

18.

19.

20.

21.

22.
283.

24,

25.

26.

27.

28.
29.

Mathas S, Hartmann S, Kiippers R. Hodgkin lymphoma: Pathology and biology. Semin Hematol. 2016;53(3):139-147.

Weniger MA, Tiacci E, Schneider S, et al. Human CD30™ B cells represent a unique subset related to Hodgkin lymphoma cells. J Clin Invest. 2018;
128(7):2996-3007.

Liu WR, Shipp MA. Signaling pathways and immune evasion mechanisms in classical Hodgkin lymphoma. Blood. 2017;130(21):2265-2270.

Green MR, Monti S, Rodig SJ, et al. Integrative analysis reveals selective 9p24.1 amplification, increased PD-1 ligand expression, and further induction via
JAK2 in nodular sclerosing Hodgkin lymphoma and primary mediastinal large B-cell lymphoma. Blood. 2010;116(17):3268-3277.

Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating immunity's roles in cancer suppression and promotion. Science. 2011;331(6024):
1565-1570.

Zou W, Wolchok JD, Chen L. PD-L1 (B7-H1) and PD-1 pathway blockade for cancer therapy: Mechanisms, response biomarkers, and combinations. Sci
Trans! Med. 2016;8(328):328rv4.

Hodi FS, O'Day SJ, McDermott DF, et al. Improved survival with ipilimumab in patients with metastatic melanoma [published correction appears in N Eng/
J Med. 2010;363(13):1290]. N Engl J Med. 2010;363(8):711-723.

Larkin J, Hodi FS, Wolchok JD. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N Engl J Med. 2015;373(13):1270-1271.

Brahmer J, Reckamp KL, Baas P, et al. Nivolumab versus Docetaxel in Advanced Squamous-Cell Non-Small-Cell Lung Cancer. N Engl J Med. 2015;
373(2):123-135.

Borghaei H, Paz-Ares L, Horn L, et al. Nivolumab versus Docetaxel in Advanced Nonsquamous Non-Small-Cell Lung Cancer. N Engl J Med. 2015;
373(17):1627-1639.

Ansell SM, Lesokhin AM, Borrello |, et al. PD-1 blockade with nivolumab in relapsed or refractory Hodgkin's lymphoma. N Engl J Med. 2015;372(4):
311-319.

Hulpke S, Tampé R. The MHC | loading complex: a multitasking machinery in adaptive immunity. Trends Biochem Sci. 2013;38(8):412-420.

Coulie PG, Van den Eynde BJ, van der Bruggen P, Boon T. Tumour antigens recognized by T lymphocytes: at the core of cancer immunotherapy. Nat Rev
Cancer. 2014;14(2):135-146.

Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell. 2017;168(4):707-723.

Sade-Feldman M, Jiao YJ, Chen JH, et al. Resistance to checkpoint blockade therapy through inactivation of antigen presentation. Nat Commun. 2017
8(1):1136.

Sucker A, Zhao F, Real B, et al. Genetic evolution of T-cell resistance in the course of melanoma progression. Clin Cancer Res. 2014;20(24):
6593-6604.

Gettinger S, Choi J, Hastings K, et al. Impaired HLA Class | Antigen Processing and Presentation as a Mechanism of Acquired Resistance to Immune
Checkpoint Inhibitors in Lung Cancer. Cancer Discov. 2017;7(12):1420-1435.

Reichel J, Chadburn A, Rubinstein PG, et al. Flow sorting and exome sequencing reveal the oncogenome of primary Hodgkin and Reed-Sternberg cells.
Blood. 2015;125(7):1061-1072.

Nijland M, Veenstra RN, Visser L, et al. HLA dependent immune escape mechanisms in B-cell ymphomas: Implications for immune checkpoint inhibitor
therapy? Oncolmmunology. 2017;6(4):e1295202.

Roemer MGM, Redd RA, Cader FZ, et al. Major Histocompatibility Complex Class Il and Programmed Death Ligand 1 Expression Predict Outcome After
Programmed Death 1 Blockade in Classic Hodgkin Lymphoma. J Clin Oncol. 2018;36(10):942-950.

Roemer MG, Advani RH, Redd RA, et al. Classical Hodgkin Lymphoma with Reduced B2M/MHC Class | Expression Is Associated with Inferior Outcome
Independent of 9p24.1 Status. Cancer Immunol Res. 2016;4(11):910-916.

Andrews LP, Marciscano AE, Drake CG, Vignali DA. LAG3 (CD223) as a cancer immunotherapy target. Immunol Rev. 2017;276(1):80-96.

Maruhashi T, Okazaki IM, Sugiura D, et al. LAG-3 inhibits the activation of CD4 ™ T cells that recognize stable pMHCII through its conformation-dependent
recognition of pMHCII. Nat Immunol. 2018;19(12):1415-1426.

Yang ZZ, Kim HJ, Villasboas JC, et al. Expression of LAG-3 defines exhaustion of intratumoral PD-1* T cells and correlates with poor outcome in follicular
lymphoma. Oncotarget. 2017;8(37):61425-61439.

Gandhi MK, Lambley E, Duraiswamy J, et al. Expression of LAG-3 by tumor-infiltrating lymphocytes is coincident with the suppression of latent membrane
antigen-specific CD8™ T-cell function in Hodgkin lymphoma patients. Blood. 2006;108(7):2280-2289.

Shapiro M, Herishanu Y, Katz BZ, et al. Lymphocyte activation gene 3: a novel therapeutic target in chronic lymphocytic leukemia. Haematologica. 2017;
102(5):874-882.

Duffield AS, Ascierto ML, Anders RA, et al. Th17 immune microenvironment in Epstein-Barr virus-negative Hodgkin lymphoma: implications for
immunotherapy. Blood Adv. 2017;1(17):1324-1334.

Cox MA, Nechanitzky R, Mak TW. Check point inhibitors as therapies for infectious diseases. Curr Opin Immunol. 2017;48:61-67.

Ennishi D, Takata K, Béguelin W, et al. Molecular and Genetic Characterization of MHC Deficiency Identifies EZH2 as Therapeutic Target for Enhancing
Immune Recognition. Cancer Discov. 2019;9(4):546-563.

€ blood advances s septemser 2020 - voLUME 4, NUMBER 17 CD4* T-CELL-MEDIATED ANTITUMOR EFFECTS ON cHL 4081

20z dunf g0 uo 3sanb Aq jpd’860200020ZAPESSOUBADPE/FY6IS . L/690/ L L/¥/iPd-8lole/seoueApepoo|geusuoleolqndyse//:diy woly papeojumoq



30.

31.

32.

33.

34.
35.

36.

37.

38.
39.

40.
41.

42,

43.

44,

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Tada Y, Togashi Y, Kotani D, et al. Targeting VEGFR2 with Ramucirumab strongly impacts effector/activated regulatory T cells and CD8™ T cells in the
tumor microenvironment. J Immunother Cancer. 2018:;6(1):106.

Kamada T, Togashi Y, Tay C, et al. PD-17 regulatory T cells amplified by PD-1 blockade promote hyperprogression of cancer. Proc Natl Acad Sci USA.
2019;116(20):9999-10008.

Cader FZ, Schackmann RCJ, Hu X, et al. Mass cytometry of Hodgkin lymphoma reveals a CD4 " regulatory T-cell-rich and exhausted T-effector
microenvironment. Blood. 2018;132(8):825-836.

Togashi Y, Shitara K, Nishikawa H. Regulatory T cells in cancer immunosuppression - implications for anticancer therapy. Nat Rev Clin Oncol. 2019;
16(6):356-371.

Goodman A, Patel SP, Kurzrock R. PD-1-PD-L1 immune-checkpoint blockade in B-cell lymphomas. Nat Rev Clin Oncol. 2017;14(4):203-220.

Pérarnau B, Siegrist CA, Gillet A, Vincent C, Kimura S, Lemonnier FA. 32-microglobulin restriction of antigen presentation. Nature. 1990;346(6286):
751-754.

Meazza R, Comes A, Orengo AM, Ferrini S, Accolla RS. Tumor rejection by gene transfer of the MHC class Il transactivator in murine mammary
adenocarcinoma cells. Eur J Immunol. 2003;33(5):1183-1192.

Borst J, Ahrends T, Babata N, Melief CJM, Kastenmiiller W. CD4 ™ T cell help in cancer immunology and immunotherapy. Nat Rev Immunol. 2018;18(10):
635-647.

Alspach E, Lussier DM, Miceli AP, et al. MHC-Il neoantigens shape tumour immunity and response to immunotherapy. Nature. 2019;574(7780):696-701.

McCaw TR, Li M, Starenki D, et al. The expression of MHC class Il molecules on murine breast tumors delays T-cell exhaustion, expands the T-cell
repertoire, and slows tumor growth. Cancer Immunol Immunother. 2019;68(2):175-188.

Takeuchi A, Badr MS, Miyauchi K, et al. CRTAM determines the CD4™ cytotoxic T lymphocyte lineage. J Exp Med. 2016;213(1):123-138.

Xie Y, Akpinarli A, Maris C, et al. Naive tumor-specific CD4" T cells differentiated in vivo eradicate established melanoma. J Exp Med. 2010;207(3):
651-667.

Quezada SA, Simpson TR, Peggs KS, et al. Tumor-reactive CD4 ™ T cells develop cytotoxic activity and eradicate large established melanoma after
transfer into lymphopenic hosts. J Exp Med. 2010;207(3):637-650.

Gros A, Robbins PF, Yao X, et al. PD-1 identifies the patient-specific CD8™ tumor-reactive repertoire infiltrating human tumors. J Clin Invest. 2014;
124(5):2246-2259.

Thommen DS, Koelzer VH, Herzig P, et al. A transcriptionally and functionally distinct PD-1" CD8™ T cell pool with predictive potential in non-small-cell
lung cancer treated with PD-1 blockade. Nat Med. 2018;24(7):994-1004.

Carey CD, Gusenleitner D, Lipschitz M, et al. Topological analysis reveals a PD-L1-associated microenvironmental niche for Reed-Sternberg cells in
Hodgkin lymphoma. Blood. 2017;130(22):2420-2430.

Chuah S, Chew V. High-dimensional immune-profiling in cancer: implications for immunotherapy. J Immunother Cancer. 2020;8(1):¢000363.

Koyama S, Akbay EA, Li YY, et al. Adaptive resistance to therapeutic PD-1 blockade is associated with upregulation of alternative immune checkpoints.
Nat Commun. 2016;7(1):10501.

Johnson DB, Nixon MJ, Wang Y, et al. Tumor-specific MHC-Il expression drives a unique pattern of resistance to immunotherapy via LAG-3/FCRL6
engagement. JC/ Insight. 2018;3(24):e120360.

Paolo Antonio A, Ignacio M, Shailender B, et al. Initial efficacy of anti-lymphocyte activation gene-3 (anti-LAG-3; BMS-986016) in combination with
nivolumab (nivo) in pts with melanoma (MEL) previously treated with anti—-PD-1/PD-L1 therapy [abstract]. J Clin Oncol. 2017;35(suppl 15). Abstract
9520.

Lim M, Ye X, Piotrowski AF, et al. Updated phase | trial of anti-LAG-3 or anti-CD137 alone and in combination with anti-PD-1 in patients with recurrent
GBM [abstract]. J Clin Oncol. 2019;37(suppl 15). Abstract 2017.

Woo SR, Turnis ME, Goldberg MV, et al. Inmune inhibitory molecules LAG-3 and PD-1 synergistically regulate T-cell function to promote tumoral immune
escape. Cancer Res. 2012;72(4):917-927.

Axelrod ML, Cook RS, Johnson DB, Balko JM. Biological Consequences of MHC-II Expression by Tumor Cells in Cancer. Clin Cancer Res. 2019;25(8):
2392-2402.

Rodig SJ, Gusenleitner D, Jackson DG, et al. MHC proteins confer differential sensitivity to CTLA-4 and PD-1 blockade in untreated metastatic
melanoma. Sci Trans/ Med. 2018;10(450):eaar3342.

Johnson DB, Estrada MV, Salgado R, et al. Melanoma-specific MHC-Il expression represents a tumour-autonomous phenotype and predicts response to
anti-PD-1/PD-L1 therapy. Nat Commun. 2016;7(1):10582.

Aoki T, Chong LC, Takata K, et al. Single-Cell Transcriptome Analysis Reveals Disease-Defining T-cell Subsets in the Tumor Microenvironment of Classic
Hodgkin Lymphoma. Cancer Discov. 2020;10(3):406-421.

Wienand K, Chapuy B, Stewart C, et al. Genomic analyses of flow-sorted Hodgkin Reed-Sternberg cells reveal complementary mechanisms of immune
evasion. Blood Adv. 2019;3(23):4065-4080.

4082 NAGASAKI et al 8 SEPTEMBER 2020 - VOLUME 4, NUMBER 17 € blood advances

20z dunf g0 uo 3sanb Aq jpd’860200020ZAPESSOUBADPE/FY6IS . L/690/ L L/¥/iPd-8lole/seoueApepoo|geusuoleolqndyse//:diy woly papeojumoq



