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Abstract

The expression of MHC class II molecules (MHCII) on tumor cells correlates with survival and responsiveness to immu-
notherapy. However, the mechanisms underlying these observations are poorly defined. Using a murine breast tumor line,
we showed that MHCII-expressing tumors grew more slowly than controls and recruited more functional CD4* and CD8*
T cells. In addition, MHCII-expressing tumors contained more TCR clonotypes expanded to a larger degree than control
tumors. Functional CD8™ T cells in tumors depended on CD4* T cells. However, both CD4* and CD8" T cells eventually
became exhausted, even in MHCII-expressing tumors. Treatment with anti-CTLA4, but not anti-PD-1 or anti-TIM-3, pro-
moted complete eradication of MHCII-expressing tumors. These results suggest tumor cell expression of MHCII facilitates
the local activation of CD4" T cells, indirectly helps the activation and expansion of CD8™ T cells, and, in combination with
the appropriate checkpoint inhibitor, promotes tumor regression.
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The expression of MHC class II (MHCII) molecules by
tumor cells is one variable that strongly predicts clinical
outcomes. Although the expression of MHCII is normally
restricted to professional antigen-presenting cells, such as
dendritic cells, macrophages, and B cells, our group and oth-
ers have shown that the expression of MHCII on tumor cells is
associated with improved patient outcomes [8—15], and more
vigorous immune responses. In fact, the expression of the class
II transcriptional activator (CIITA), the master regulator of
MHCII expression [16], is independently associated with PFS
in breast cancer [14]. These data suggest that the presentation
of antigen to CD4* T cells by tumor cells is a critical compo-
nent of functional anti-tumor immune responses.

CD4™ T cells are typically not cytolytic, but instead make
cytokines that promote inflammation and cellular activation.
Moreover, CD4* T cells provide “help” to CD8" T cells
by promoting dendritic cell activation and cross-presen-
tation [17, 18]. Thus, the expression of MHCII on tumor
cells likely promotes the local activation of CD4* T cells,
which indirectly help CD8" T cells to kill tumor cells [19,
20]. T cells responding to persistent antigens, such as those
expressed by tumor cells, often become exhausted [21],
compromised in their ability to express cytokines or kill tar-
get cells [22], permitting tumor outgrowth despite the initial
immune activation. Thus, MHCII expression on tumor cells
may promote successful anti-tumor immunity by enhancing
CD4* functionality, creating a more inflamed tumor micro-
environment, and preventing the exhaustion of CD8" T cells.

Here, we tested how ectopic expression of MHCII on
murine TS/A breast tumor cells altered tumor-specific
CD4* and CD8* T-cell responses. We found that local
MHCII expression increased the magnitude and duration of
both CD4* and CD8" T-cell responses in tumors. We also
observed alterations in the T-cell repertoire, with more clo-
notypes expanded to a larger extent in MHCII-expressing
tumors. Interestingly, although effector functions of T cells
were significantly augmented and prolonged in MHCII-
expressing tumors, both CD4* and CD8" T cells eventu-
ally became exhausted. The administration of anti-CTLAA4,
but not anti-PD-1 or anti-TIM3, further augmented immune
responses and promoted the eradication of MHCII-express-
ing tumors. Thus, MHCII expression on tumor cells expands
the T-cell repertoire and delays T-cell exhaustion, thereby
allowing checkpoint inhibitors like anti-CTLA4 to facilitate
tumor regression.

Materials and methods
Cell culture and transfection

TS/A cells were cultured in DMEM (Corning) supplemented
with 10% FBS (HyClone Laboratories), dissociated with
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0.05% trypsin, 0.53 mM EDTA (Corning), and recultured
in DMEM-FBS. Cells were transfected with pcDNA3.1 with
or without the hCIITA cDNA (complete coding sequence,
accession number AY699071) using Xfect Transfection Rea-
gent (Clontech) and selected in 500 pug/mL geneticin (Life
Technologies). MHCII-expressing clones were selected by
cell sorting. Western blot for hCIITA, MHCII, and CD74
was performed with antibodies against hCIITA (E-12, Santa
Cruz Biotechnology), MHCII (M5/114, Millipore), and
CD74 (R&D Systems).

RNA isolation and nanostring analysis

Total RNA was purified from excised tumors using the RNe-
asy Mini kit (Qiagen). RNA from whole blood was isolated
using the Paxgene blood RNA kit (Qiagen). RNA quality
was assessed using Bioanalyzer 2100 (Agilent) and final
concentration determined by Qubit (Life Technologies).
For nanostring analysis, 100 ng of purified RNA was added
to 3 uL of Reporter CodeSet and 2 puLL Capture ProbeSet
using an nCounter master kit as recommended (NanoString
Technologies). Samples were processed the following day
using the nCounter DxPrep Station and nCounter Dx Digital
Analyzer (NanoString Technologies). Data were analyzed
using the nSolver 2.6 software. Heat maps were created
using Cluster 3.0 and Java TreeView-1.1.6r4.

Mice, tumor administration, and antibody
treatments

Mice were injected with 1x10° TS/A or TS/A-hCIITA
tumor cells into the mammary fat pad. The length and width
of tumors were measured by calipers and tumor volume
was calculated using the formula, 0.4 X length x width?. For
depletion experiments, 200 pg of CD4-depleting antibody
(GK1.5) or isotype control (LTF-2) were administered prior
to tumor cell injection (day — 1) and again on day 3. For
antibody blockade, 200 pg of anti-PD-1 (RMP1-14), anti-
CTLA4 (9H10), or anti-TIM3 (RMT3-23) were adminis-
tered on days 7, 10, 13, 16, and 19. All antibodies were from
BioXcell.

Tumor disassociation and T-cell restimulation

Tumors were excised using a scalpel and weighed using an
AL54 analytical balance (Mettler Toledo). Tumors were
diced and incubated in RPMI1640 media (Lonza) supple-
mented with 5% FBS, 1.25 mg collagenase (c7657, Sigma)
and 150 U DNase (d5025, Sigma), followed by shaking at
200 rpm for 35 min at 37 °C. Cell suspensions were fil-
tered through 70 pm nylon cell strainers (Corning). T cells
were restimulated in RPMI1640, 5% FBS, 5 ng/mL phor-
bol 12-myristate 13-acetate (Sigma), 65 ng/mL ionomycin
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(Thermo Fisher Scientific), and 10 pg/mL brefeldin A
(Sigma) at 37 °C for 5 h.

Flow cytometry and antibodies

Cell cycle analysis was performed by fixing single-cell sus-
pensions of TS/A and TS/A-hCIITA cells overnight with
70% ethanol at 4 °C overnight and incubating them with
50 pg/mL propidium iodide (Thermo Fisher Scientific) in
PBS, 0.1% Triton-X100 (Sigma), and 50 pg/mL RNase at
37 °C for 20 min in the dark. DNA content was determined
using a BD FACSCalibur (BD Biosystems) flow cytometer
and analyzed by ModFit LT version 3.3 (Verity Software
House).

Immunophenotyping was performed by blocking cell
suspensions in PBS with 2% donor calf serum and 10 pg/
mL FcBlock (2.4G2-BioXCell) for 10 min on ice, followed
by staining with fluorochrome-conjugated antibodies for
30 min. Stained cells were fixed in 10% neutral buffered
formalin (Sigma) and permeabilized with 0.1% IGEPAL
CO0-630 (Sigma) in staining solution for 45 min. All staining
was performed in the dark at 4 °C. Antibodies against I-A/I-
E (M5/114.15.2) and CD4 (GK1.5) were obtained from Bio-
Legend. Antibodies against IFNy (XMG1.2) and CD8 (53-
6.7) were obtained from BD Biosciences. Antibodies against
CD3 (17A2), KLRG1 (2F1), granzyme B (NGZB), CD45.2
(104), and PD-1 (J43), were obtained from eBioscience. The
MuLV class I tetramer-H2L¢ (SPSYVYHQF) was obtained
from the NIH Tetramer Core Facility at Emory University.
The LIVE/DEAD red fixable dye was obtained from Life
Technologies.

Samples were run on a BD FACSCanto II system (BD
Biosciences) and data were analyzed using FlowJo version
9.9.

T-cell repertoire sequencing and analysis

TCR sequencing was performed using the Mouse TCR beta,
Ilumina, V-C genes kit from iRepertoire, Huntsville, AL.
In brief, 500 ng of RNA was reverse transcribed using a
one-step reverse transcription and amplification kit (Qiagen).
The PCR product was purified using Ampure XP magnetic
beads (Agencourt), and amplified again (TopTaq PCR Kit,
Qiagen), to add adaptor sequences. Libraries were puri-
fied with Ampure XP magnetic beads and sequenced using
Illumina MiSeq 150 nt paired-end read-length. The TCR
CDR3 sequences were extracted from the raw sequencing
data by iRepertoire. Briefly, raw paired-end fastq files were
first demultiplexed based on barcode and merged reads were
mapped using a Smith-Waterman algorithm to germline V,
D, J, and C reference sequences from the IMGT website
(http://www.imgt.org). To define the CDR3 region, the posi-
tion of CDR3 boundaries of reference sequences from the

IMGT database was migrated onto reads through mapping
results, and the resulting CDR3 regions were extracted and
translated into amino acids. Reading frames not containing
a stop codon were filtered and error-corrected using iRep-
ertoire proprietary SMART algorithm.

Statistical analysis

Hypothesis of difference testing between pooled replicate
group means at each time point was done using multiple,
unpaired independent t tests with the Holm—Sidak method
and assuming a=0.05. Statistical analyses were calculated
using GraphPad Prism version 7.0a and all reported p values
are two-tailed. The TCR high-throughput sequencing data
were analyzed in R environment using tcR package and com-
mon R routines. Diversity was measured using the Inverse
Simpson Index. CDR3 sequence similarity between reper-
toires was assessed using overlap index and weighted Horn’s
index available in the tcR package.

Results

Transfection with hCIITA promotes MHCII expression
on TS/A breast cancer cells

To test the role of MHCII on anti-tumor immunity, we
transfected the murine breast cancer cell line, TS/A, with
the human class II transcriptional activator (hCIITA) or
with empty vector. By Western blot, we found that TS/A
cells transfected with hCIITA expressed hCIITA as well as
murine CD74 (invariant chain) and MHCII (Supplemental
Fig. 1a), whereas cells transfected with empty vector did not.
We also found that hCIITA-transfected cells expressed high
levels of murine MHCII on the cell surface (Supplemental
Fig. 1b). Importantly, we found that the cell cycling times
of hCIITA-expressing and control TS/A cells were nearly
equivalent (Supplemental Fig. 1c).

Surface expression of MHCIl impairs tumor growth
in vivo

We next injected TS/A and TS/A-hCIITA cells into the mam-
mary fat pads of BALB/c mice and used flow cytometry to
assess the expression of MHCII on CD45"¢ cells from disas-
sociated tumors 14 days later. Similar to our findings in vitro,
we observed that the majority of CD45"¢ cells from TS/A-
hCIITA tumors expressed high levels of MHCII (Fig. 1a),
whereas CD45"¢ cells from control tumors did not. However,
in contrast to their similar growth kinetics in vitro, we found
that TS/A-hCIITA tumors grew more slowly than control TS/A
tumors, as measured by tumor volume (Fig. 1b) and excised
tumor mass (Fig. 1c). To test whether this difference in tumor
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«Fig. 1 MHCII expression on tumor cells impairs tumor growth via
adaptive immunity. a MHCII surface expression on live, CD45"
cells from disassociated tumors was measured by flow cytometry on
day 14. b Tumor volume was monitored over time in at least 20 mice
BALB/c per group per timepoint. ¢ Tumor mass was determined in
ten samples per group per timepoint. d Tumor volume was monitored
over time in ten BALB/c.scid mice per group. e RNA was extracted
from TS/A and TS/A-CITA tumors (harvest day listed across bot-
tom) and analyzed by Nanostring assay. Heat map shows fold
increases in red and fold decreases in green. f Schematic of sequential
tumor injections into contralateral mammary pads of the same mouse.
g Growth of primary tumors. h Growth of secondary tumors. Error
bars represent standard error of the mean. Statistical differences are
expressed as *p <0.05, **p <0.005, #p <0.0005

growth was dependent on adaptive immunity, we injected
tumor cells into BALB/c.scid mice and found that the growth
of TS/A-CIITA tumors was indistinguishable from the growth
of control TS/A tumors over the same period (Fig. 1d). These
results suggested that the observed difference in growth of
MHCII-positive and MHCII-negative tumors in wild-type
mice is mediated by adaptive immunity.

To test changes in gene expression, we excised whole
tumors, prepared mRNA, and analyzed the expression of
48 genes using a NanoString assay. We found that counts
of mRNAs encoding MHCII a and P chains were more
numerous in TS/A-hCIITA tumors relative to control tumors
(Fig. 1e), whereas counts of mRNAs encoding MHC class I
molecules were largely similar. We also observed that [FNy,
granzyme B, and perforin were upregulated in TS/A-hCIITA
tumors relative to control tumors (Fig. le). Interestingly, we
found that the master transcription factor for Tregs, FoxP3,
was expressed similarly in TS/A-hCIITA and control tumors.
Together, these data demonstrated that MHCII expression on
TS/A tumors promoted adaptive immune responses, altered
the tumor microenvironment, and impaired tumor growth.

We next tested whether the local expression of MHCII
promoted a systemic immune response by first injecting
mice with TS/A or TS/A-hCIITA tumors in the left mam-
mary pad, and 7 days later injecting a second tumor into
the right mammary pad (Fig. 1f). We found that primary
tumors grew at rates similar to that seen above (Fig. 1g).
However, secondary tumors grew more slowly in all the
groups (Fig. 1h), with the expression of MHCII on either
the primary or secondary tumors conferring a reduction of
tumor growth and, when both primary and secondary tumors
express MHCII, 5/5 mice completely rejected the secondary
tumor (Fig. 1h). Thus, tumor expression of MHCII benefits
anti-tumor immunity both locally and systemically.

MHCll-expressing tumors have increased CD* T-cell
activation

To test whether MHCII expression bolstered the local CD4*
T-cell response, we harvested TS/A-hCIITA and control

tumors at the indicated times, restimulated the TILs for 5 h,
and measured the expression of IFNy, IL-17, and IL-4. We
found very little IL-17 or IL-4 made by T cells from either
tumor type (Supplemental Fig. 2). In contrast, CD4" T cells
in control tumors made some IFNy, whereas CD4" T cells
from MHCII-expressing tumors produced strikingly greater
amounts of IFNy (Fig. 2a), even after normalizing the num-
bers of T cells to tumor mass (Fig. 2b). Interestingly, CD4*
T cells in TS/A-hCIITA tumors also produced substantially
more granzyme B (Supplemental Fig. 3), raising the pos-
sibility that CD4* T cells may be directly cytolytic to tumor
cells. Nevertheless, CD4" T cells in both groups experienced
a progressive loss in the ability to produce IFNy and gran-
zyme B (Fig. 2a and Supplemental Fig. 3), suggesting that
they eventually became exhausted.

Since CD4* T-cell stimulation without appropriate
costimulation can lead to the differentiation of Tregs, we
next enumerated Tregs. We found that the frequency of
Tregs was similar in both tumor types (Fig. 2d), but that
there was a significant reduction of total Tregs per gram
in MHCII-expressing tumors (Fig. 2e). Moreover, Tregs
infiltrating MHCII-expressing tumors expressed lower lev-
els of PD1, suggesting a decrement in suppressive capacity
(Fig. 2f). Importantly, the CD8:Treg ratio was increased in
MHCII-expressing tumors (Fig. 2g). These data indicate that
tumor expression of MHCII promotes CD4* T-cell effector
function without promoting Treg accumulation.

Tumor expression of MHCIl enhances the CD8* T-cell
response

Help from CD4" T cells enhances CD8 T-cell responses [23,
24]. Therefore, we next enumerated CD8™ TILs in control
and MHCII-expressing tumors. Given that TS/A tumor cells
harbor an immunogenic murine leukemia virus (MuLV)
[25], we initially enumerated MuLV-specific CD8" T cells.
We found similar frequencies of total and tumor-specific
CD8* T cells in both TS/A-CIITA and control tumors at the
early times (Fig. 3a), but much higher frequencies of total
and MuLV-specific CD8" T cells in TS/A-hCIITA tumors
on days 17 and 21. The higher frequencies of T cells were
reflected in the numbers of total CD8* T cells (Fig. 3b) and
the numbers of tumor-specific CD8* T cells (Fig. 3c¢).

We next assayed the ability of CD8 T cells to produce
IFNy and granzyme B following restimulation ex vivo. We
observed dramatically increased production of both IFNy
and granzyme B by CD8* TILs from TS/A-hCIITA tumors
relative to those in control tumors at all timepoints (Fig. 3d).
However, as we observed with CD4" T cells, the CD8* T
cells in both groups progressively lost their ability to pro-
duce IFNy and granzyme B (Fig. 3d—e). Consistent with the
idea that these cells are becoming exhausted, we observed
that the expression of the inhibitory receptors, PD-1 and

@ Springer



180 Cancer Immunology, Immunotherapy (2019) 68:175-188

a TS/A TS/IA-hCIITA b 6 1
104+10.3 39.0+6.1 *% _._TS/A
© - TS/A-hCIITA
o o
> <4
g s
A 2
o
+ 2
23:33 234197 z
<
> 0
e
-
P4
e 14207
c 37
~
> *
8 =
T2
Reg
2
1512 8192 3
T 1
- [a)
I o
>
©
©
0 T T T T
Q X A N
N N N Vv
CD4 > & & R &
d TSIA TS/A-hCIITA e 157 @ TS/A
400%6.3 208%6.9 > * F* [ TS/A-hCIITA
S ° )
- < 1.0 1 . °
~ o
> B ° [m]
3 2 0.5+
= ® o ﬁ
0 T T r
207+24 Q > A R
6’0* 6’0* 6’0* &b*
<
) *% #
7 f 3 = = e
©
[y]
o
g . . . 2 . o
[V
£ 38385 = o
< 1
- " mﬂ i
) 0 . ! !
© O > Q o
6& 6"3 6@ b”;\
g 1.54
2 > - == *
& S 1.0; o O
) o o [}
© o
’_
~ 05. [ ]
i
: i f
oL . .
N N Q0 o
8"* b"ﬁ b’ﬁ b"’*

@ Springer



Cancer Immunology, Immunotherapy (2019) 68:175-188

181

«Fig.2 MHClII-expressing tumors promote CD4% TIL activation.
a IFNy production by CD4* T cells was assayed by flow cytometry.
Plots are gated on live, CD3*CD4" cells. b The number of IFNy-
producing CD4* T cells was normalized to tumor mass. ¢ The total
number of CD4" T cells was normalized to tumor mass. This experi-
ment contained five mice per group per timepoint and was performed
two times with similar results. d Tumor-infiltrating Tregs were deter-
mined by flow cytometry. Plots gated on live, CD3*CD4% cells.
e Total number of Tregs normalized to mass. f MFI of PD-1 on
Tregs. g Intratumoral CD8-to-Treg ratio. Error bars represent
standard error of the mean. Statistical differences are expressed as
*p <0.05, *¥p <0.005, *p <0.0005

TIM3, increased over time on CD8" T cells (Fig. 3f). To
demonstrate the functional significance of CD8" TIL
exhaustion, we injected TS/A and TS/A-hCIITA cells into
BALB/c mice and allowed tumors to grow for an extended
period (Fig. 3g). We found that although TS/A-hCIITA
tumors initially grew more slowly than control tumors, they
grew at similar rates following day 21 (Fig. 3g), a time that
coincides with the loss in T-cell effector functions.

Given the expression of PD-1 on CD8* T cells, par-
ticularly those in TS/A-hCIITA tumors, we hypothesized
that PD-1 blockade would preserve CD8* T-cell function
and further impair tumor growth. However, we found mini-
mal difference in tumor growth following treatment with
anti-PD-1 (Fig. 4a). To investigate why PD-1 blockade had
no impact on tumor growth, we assayed the expression of
the PD-1 ligands, PD-L1 and PD-L2, on TS/A and TS/A-
hCIITA tumor cells. We found that PD-L1 and PD-L2
were similarly expressed by control and CIITA-express-
ing tumors (Fig. 4b). As a control for PD-L1 staining, we
showed that PD-L1 was highly expressed by a portion of
CD457 cells in both groups (Fig. 4c). This result led us to
test anti-CTLA4 and anti-TIM3—alone and in combination
with anti-PD-1. We found that anti-CTLA4 reduced the
growth of control tumors and eradicated MHCII-expressing
tumors (Fig. 4d), either alone or in combination with anti-
PD1. In contrast, anti-TIM3, either alone or in combina-
tion with anti-PD1, failed to alter tumor growth (Fig. 4e).
These data demonstrate the expression of MHCII on tumor
cells potentiates the effects of at least some checkpoint
inhibitors.

CD4" T-cell depletion diminishes the benefit
of MHCII expression

To directly test whether CD4" T cells supported CD8™
T-cell responses, we depleted CD4™" cells prior to tumor
cell implantation and evaluated tumor growth as well as
the number and function of CD8* T cells. As expected, we
found that CD4 depletion restored the growth of MHCII-
positive tumors to nearly that of MHCII-negative tumors in
non-depleted mice (Fig. 5a). However, we also found that

CD4 depletion modestly increased the growth of MHCII-
negative tumors, suggesting that CD4™ T cells have some
role in promoting anti-tumor immunity via interactions with
other, non-tumor, MHCII-expressing cells. Importantly,
CD4 depletion notably reduced the frequency of CD8% T
cells that produced IFNy and granzyme B (Fig. 5b), albeit
not to the levels found in CD8" T cells from MHCII-neg-
ative tumors. Surprisingly, the numbers of CD8" T cells
were increased in both MHCII-positive and MHCII-negative
tumors following CD4 depletion (Fig. 5c). Consequently, the
numbers of CD8' T cells producing IFNy and granzyme B
were also greatest in CD4-depleted TS/A-hCIITA tumors
(Fig. 5d). We confirmed the elimination of CD4™ T cells
following CD4 depletion (Fig. 5e). These data suggest that,
despite the ability of CD4* T cells to provide help to CD8*
T cells and facilitate the functional control of tumor growth,
their absence does not entirely negate CD8" T-cell function
and may even allow additional CD8" T-cell expansion via
homeostatic mechanisms [26, 27].

Expression of MHCIl expands the responding T-cell
clones in tumors

To test whether local MHCII expression promoted T-cell
clonal expansion or accumulation, we harvested whole
tumor and matched blood samples and sequenced the
CDR3 region of the TCRp chain to identify unique T-cell
clones. We found fewer unique sequences in tumors rela-
tive to blood, but there were no differences between groups
(Fig. 6a). Although the proportions of individual clones were
uniformly distributed in blood, we found many expanded
clones in tumors (Fig. 6b). Moreover, we observed more
clones expanded to a greater magnitude in TS/A-hCIITA
tumors than in control tumors, whereas no differences were
observed between blood samples from these same mice
(Fig. 6b).

Using the Inverse Simpson Index as a normalized meas-
ure of diversity, we found that blood samples had high index
scores that were not significantly different between TS/A-
hCIITA and control tumors, whereas tumor samples had low
diversity measures and MHCII-expressing tumors were sig-
nificantly lower than control tumors (Fig. 6¢). This result can
be attributed to the local accumulation of the most abundant
clonotypes, especially of the top ten clones (data not shown).
These data suggested that expanded T-cell clones accumu-
lated in tumors, but did not recirculate.

To determine which T-cell compartment contained
expanded clones, we sorted CD4" and CD8* T cells from
tumors on day 17 and performed repertoire analysis.
Although we found some clonal expansion of CD4 T cells
in TS/A and TS/A-hCIITA tumors (Supplemental Fig. 4a),
it was more evident in CD8" T cells from TS/A-hCIITA
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tumors. These differences were not due to the total CDR3  we found that, after normalization with the Inverse Simpson
reads (Supplemental Fig. 4b), but were more evident in the ~ Index, reduced diversity was evident in only the CD8" T-cell
number of unique reads (Supplemental Fig. 4c). However, = compartment (Supplemental Fig. 4d).
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«Fig. 3 MHCII-expressing tumors maintain functional, tumor-spe-
cific CD8" T cells. a The frequency of MuLV env-specific CD8*
T cells was determined by tetramer binding and flow cytometry.
Plots are gated on live, CD3*CD8* cells. b The number of CD8* T
cells was normalized to tumor mass. ¢ The number of MuLV env-
specific CD8% T cells was normalized to tumor mass. d The abil-
ity of CD8* T cells to make IFNy and granzyme B (GZB) follow-
ing restimulation ex vivo was determined by intracellular staining
and flow cytometry. Plots are gated on live, CD3*CD8" cells. e The
number of CD8*IFNy*GZB™ cells was normalized to tumor mass.
(f) The expression of PD-1 and TIM3 on CD8" TILs was analyzed
by flow cytometry. Histograms are gated on live, CD3*CD8" cells.
g The volume of TS/A and TS/A-hCIITA tumors was measured
over an extended time frame and the arrow indicates a change in
tumor growth rate corresponding to T-cell exhaustion. These experi-
ments contained five mice per group per timepoint and were per-
formed at least two times. Error bars represent standard error of the
mean. Statistical differences are expressed as *p <0.05, **p <0.005,
#p <0.0005

We next tested whether clonotypes of identical amino
acid sequence were expanded in multiple mice. By per-
forming pairwise comparisons of normalized numbers of
sequences, we found increased sharing of CDR3 sequences
between TILs within MHCII-expressing tumors (Fig. 6d).
In addition, overlap indexes showed a significantly greater
number of common sequences in TS/A-hCIITA tumors rela-
tive to controls (Fig. 6e). Moreover, weighting sequence
overlap by shared clones’ abundance using Horn’s pair-
wise overlap index also yielded a significant difference
(Fig. 6f). Finally, comparing sequences common to multi-
ple mice (rather than two in pairwise comparison) revealed
a significant increase in the number of shared sequences
amongst TILs from MHCII-expressing tumors (Fig. 6g).
Collectively, these data suggested that MHCII expression
on TS/A-hCIITA tumors increased intratumoral T-cell
clonal expansion, including clonotypes shared between
mice, suggesting that they are responding to particular
tumor antigens.

Discussion

Consistent with the previous studies [20], our data show
that the expression of MHCII on breast cancer cells expands
local CD4" and CD8™ T cells and impairs tumor growth.
Our data extend those studies to show that T cells infiltrating
MHCII-expressing tumors produce more effector molecules
for longer periods, suggesting that locally stimulated CD4* T
cells promote CD8" T-cell accumulation and function. Sur-
prisingly, clonal expansion is primarily observed in CD8"
T cells, rather than CD4* T cells. Despite the local activa-
tion of both CD4* and CD8* T cells in MHCII-expressing
tumors, both cell types eventually become exhausted—a

process that can be circumvented using antibodies against
CTLAA4, but not PD-1 or TIM3. These findings suggest that
MHCII expression on tumor cells is an important factor in
the success of anti-tumor immune responses.

MHCII molecules are typically expressed by professional
antigen-presenting cells, like dendritic cells, which activate
naive CD4* T cells in lymphoid organs. As a result, many
tumors contain relatively few MHCII-expressing cells other
than immunosuppressive cells of the myeloid lineage [28,
29]. However, if tumor cells themselves express MHCII,
then they should be able to directly stimulate CD4" T cells.
In fact, the previous studies show that MHCII expression
enables tumor cells to directly present intracellular anti-
gens to CD4™ T cells [20, 30] and promotes dendritic cell
accumulation, which may also enhance T-cell stimulation.
Together, MHCII-expressing tumor cells and dendritic cells
should allow CD4™" T cells to recognize cryptic antigens and
provide help to CD8" T cells [31, 32]. Interestingly, CD4* T
cells in MHCII-expressing tumors strongly expressed GZB,
suggesting that they may also be directly cytotoxic to tumor
cells. However, the previous studies from Motara et al. [20]
show that both CD4* and CD8" T cells are required to elimi-
nate CIITA-expressing tumors, suggesting that CD4" and
CD8™ T cells have non-redundant activities. Therefore, the
most likely explanation is that stimulation of CD4* T cells
by tumor-specific MHCII expression provides local help to
CD8* T cells, which expand and more effectively kill tumor
cells.

The enhanced clonal expansion and effector functions
of CD8" T cells in MHCII-expressing tumors, despite
unchanged expression of MHC class I molecules, suggest
that locally activated CD4" T cells produce factors that
enhance CD8* T-cell responses [32]. The expanded T-cell
repertoire in MHCII-expressing tumors may be due to
epitope spreading [33], or to the local presentation of neo-
antigens or cryptic antigens [34]. Although T cells may be
responding to hCIITA, which is only about 75% identical
to mouse CIITA, this possibility is unlikely to explain the
dramatic increase in T-cell function. Moreover, immunity
against hCIITA-expressing tumors enhances the clearance
of tumors that lack hCIITA, suggesting that T cells are
primarily responding to endogenous tumor antigens, such
as MuLV gp70 [25]. Importantly, CD4 depletion largely
negated the benefits of MHCII expression by tumor cells.
Paradoxically, CD4 depletion also increased the number
of CD8* T cells in tumors, possibly due to homeostatic
expansion [35]. However, CD8" T-cell activation with-
out help from CD4* T cells can compromise their effec-
tor and memory functions [18, 36] and lead to exhaustion
[21]—phenotypes that are consistent with the poor control
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PD-L2 on cell suspensions from disassociated tumors was analyzed
by flow cytometry. Plots are gated on live, CD45"¢ cells (b) or live,
CD45% cells (¢). d Tumor growth in mice treated with anti-CTLA4

of tumor growth that we observed following CD4% T-cell
depletion.

Despite increased activation of both CD4* and CD8"
T cells in MHCII-expressing tumors, both cell types
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eventually lose effector functions and become exhausted.
This exhausted phenotype is likely due to prolonged TCR
signaling in the absence of inflammation or costimulation
[37]. In addition, tumors often acquire immune-inhibitory
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Fig.5 CD4 depletion impairs tumor growth and CD8" T-cell activity. »
a Tumor volume was measured over 14 days. b T cells from tumors
were restimulated ex vivo and the expression of IFNy and granzyme
B was assayed by flow cytometry on day 14. Plots shown are gated on
live, CD3", and CD8" lymphocytes. ¢ The number of CD8* T cells
was normalized to tumor mass. d The number of CD8TIFNy*GZB*
cells was normalized to tumor mass. This experiment had five mice
per group and was performed three times with similar results. Error
bars represent standard error of the mean. Statistical difference is
expressed as *p <0.05, **p <0.005, and #p <0.0005

characteristics. For example, although IFNy is critical for
anti-tumor immunity [20], prolonged IFNy signaling often
leads to “adaptive resistance”, in which tumor cells upregu-
late T cell-inhibitory proteins like indoleamine oxidase
(IDO) or PD-L1 [38]. As aresult, the augmented IFNy pro-
duction by T cells responding to MHCII-expressing tumors
may initially promote anti-tumor immunity, but later lead to
immune suppression [39].

Although T-cell exhaustion can sometimes be over-
come with blocking antibodies to inhibitory receptors, like
PD-1, in most cases, only a subset of patients respond to
therapy. For example, patients whose melanoma tumors
express MHCII are more likely to clinically benefit from
PD-1/PD-L1 blockade [8]. However, despite the increased
expression of PD-1 on CD8* T cells in our experiments,
PD-1 blockade failed to preserve T-cell effector functions
or promote tumor clearance, regardless of MHCII expres-
sion. This result is not entirely unexpected, as we failed to
find substantial PD-L1 expression on tumor cells at any
time point, a predictor of response to anti-PD-1 blockade
[40]. Similarly, anti-TIM3 was also unable to promote
tumor control, despite the expression of TIM3 on CD8™
TILs. In contrast, anti-CTLA4 antibody led to significantly
impaired growth of control tumors and complete rejection
of MHClII-expressing tumors. Hence, the efficacy of check-
point blockade is mediated by numerous factors, including
tumor phenotype, pre-treatment immune response, and tim-
ing of administration.

In summary, our data show that MHCII expression
on tumor cells enhances and prolongs both CD4* and
CD8* T-cell responses and slows tumor growth. Although
T cells eventually become exhausted, even in MHCII-
expressing tumors, their functions can be maintained
by checkpoint blockade with anti-CTLA4. Given the
enhanced immune responses and better clinical outcomes
in both mice and humans with MHCII-expressing tumors
[8, 10, 13, 15], we believe that that therapies trigger-
ing MHCII expression on tumor cells in vivo should be
developed and used in combination with other immunity-
enhancing strategies to prevent T-cell exhaustion and pro-
mote tumor clearance.

a

1007 -@ TS/Aiso
- TSIA 0CD4
o~ 751 -& Ts/AhCITAiso i
£ “¥- TSIACIITA aCD4 s
@ 501 |nS
£
E
S 251 ’
x A »
N N
S @ & @
TSIA TS/A-hCIITA
27539 503116
o
2 A
-
=z
W
<
a
O
3
2.0 # #
O
N~
© 151
: \%
2 1.0 1 v
21
o
A
8 051 v
iy [
0
40 #
<o # *
= \Y
301 v
@
3 A\
2.0 %ﬁ
*n e
N Ve
(O] 'V
£ 1.0 v
z -
-_— 0 ] A
tumor draining LN
<
[a)
(@)

@ Springer



186 Cancer Immunology, Immunotherapy (2019) 68:175-188

Tumor

TS/A-hCIITA TS/A TS/A-hCIITA

[&)]
o

N
o

clones - 103

I —
TS/A TS/A-hCIITA

Tumor

ns

‘e

clones - 103

T

0' * ’|’0 '.0’

= N WA OO N © OO

TS/A TS/A-hCIITA

c Blood
ns

—I—_I_

pa

TS/A TS/A-hCIITA

n
o
TS/A

-
a

o

1

Inverse Simpson - 108
-
S

Tumor
200 4

— % ||
150 | ‘
TS/A-hCIITA

100

52 —_— %

TS/A-hCIITA

Inverse Simpson

—

TS/A TS/A-hCIITA 9

Il sA

Il Ts/A-hCiTA

[&]

o
E:3
H

0.06 1

B
o

0.04 1

Horn’s Index
clonal proportion

w
o

0.02 1

Normalized overlap index - 10¢

N
o

0.00+

TS/ATS/A-hCIITA ’ TS/A TS/A-hCIITA 5 6 7

Mice

8 9 10 11 12

@ Springer



Cancer Immunology, Immunotherapy (2019) 68:175-188

187

«Fig.6 MHCII expression increases the number and magnitude of
expanded TCR clonotypes in tumors, but not blood. a The numbers
of unique CDR3 reads were compared and horizontal lines denote
group mean. b Tree-map plots show relative sizes of individual clo-
notypes in matched blood and tumor samples on day 14. Each colored
shape corresponds to a unique clone and its relative area indicates
its representation in the repertoire. ¢ Inverse Simpson Index quanti-
fies the expansion of detected clones in blood and tumor. Statistical
significance assessed by the non-parametric Mann—Whitney test.
d Analysis of TIL CDR3 amino acid sequence similarity in all the
samples using pairwise overlap indexes, where legend values repre-
sent indexes. e Quantification of pairwise comparison is demonstrated
by plotting the overlap indexes. f Overlap indexes were weighted by
abundance of shared clones using Horn’s index. In e and f, error bars
and horizontal lines indicate standard deviation and mean, respec-
tively. g Proportion of CDR3 amino acid sequences in each reper-
toire that are shared by a number (mice) of other repertoires in the
same group (data represents 12 mice). Horizontal bars represent the
mean and error bars are standard deviation. Statistical difference is
expressed as *p <0.05, **p <0.005, and *p < 0.0005
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