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response toward a T cell driven IFN-y
response within the tumor

microenvironment
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ABSTRACT

Background The temporal response to checkpoint
blockade (CB) is incompletely understood. Here, we
profiled the tumor infiltrating lymphocyte (TIL) landscape
in response to combination checkpoint blockade at two
distinct timepoints of solid tumor growth.

Methods C57BL/6 mice bearing subcutaneous MC38
tumors were treated with anti-PD-1 and/or anti-CTLA-4
antibodies. At 11 or 21 days, TIL phenotype and effector
function were analyzed in excised tumor digests using high
parameter flow cytometry. The contributions of major TIL
populations toward overall response were then assessed
using ex vivo cytotoxicity and in vivo tumor growth assays.
Results The distribution and effector function among 37
distinct TIL populations shifted dramatically between early
and late MC38 growth. At 11 days, the immune response
was dominated by Tumor necrosis factor alpha (TNFor)-
producing NKT, representing over half of all TIL. These were
accompanied by modest frequencies of natural killer (NK),
CD4*, or CD8" T cells, producing low levels of IFN-y. At 21
days, NKT populations were reduced to a combined 20% of
TIL, giving way to increased NK, CD4*, and CD8* T cells, with
increased IFN-y production. Treatment with CB accelerated
this switch. At day 11, CB reduced NKT to less than 20%

of all TIL, downregulated TNFor across NKT and CD4* T cell
populations, increased CD4* and CD8" TIL frequencies, and
significantly upregulated IFN-y production. Degranulation
was largely associated with NK and NKT TIL. Blockade

of H-2kb and/or CD1d during ex vivo cytotoxicity assays
revealed NKT has limited direct cytotoxicity against parent
MC38. However, forced CD1d overexpression in MC38 cells
significantly diminished tumor growth, suggesting NKT TIL
exerts indirect control over MC38 growth.

Conclusions Despite an indirect benefit of early NKT
activity, CB accelerates a switch from TNFo, NKT-driven
immune response toward an IFN-y driven CD4*/CD8* T
cell response in MC38 tumors. These results uncover a
novel NKT/T cell switch that may be a key feature of CB
response in CD1d* tumors.

INTRODUCTION
The immune response against a developing
tumor is complex and dynamic, involving
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a myriad of immune cell types that evolve
over time.'™ Fostering this endogenous
response is the primary objective for many
immunotherapies, including checkpoint
blockade (CB), which results in remarkable
and durable responses in a subset of patients
across many indications. > The first genera-
tion of CB agents have focused on the inter-
ruption of the PD-1/PD-L1 or PD-L2 axes or
on blocking CTLA-4. Many of these agents are
now Food and Drug Administration (FDA)
approved, represent frontline therapies and
have greatly improved clinical outcomes for
several malignancies. This includes meta-
static melanoma,® ” Hodgkin’s lymphoma,®
and Merkel cell Carcinoma,9 and others'’ for
single-agent nivolumab or pembrolizumab,
and metastatic melanoma'' '* for single-agent
ipilumumab or tremelimumab. Combination
treatment with both anti-CTLA-4 and anti-
PD-1 CB is even more efficacious, improving
overall response rates and survival in meta-
static melanoma.’ Despite this resounding
success, our understanding of which immune
populations respond to CB, and when they
respond, lags behind our use of these life-
saving agents. Many effector lymphocytes
upregulate checkpoint receptors following
activation-associated queues and are thus
susceptible to suppression via checkpoint
ligands."™ For PD-1, this upregulation
occurs in response to TCR engagement,
common gamma chain cytokines, or through
activation-associated  transcription factors
FOXOI and NFAT*™ whereas CTLA-4,
constitutively present in intracellular pools,
traffics to the cell surface following TCR
engagement through a handful of complex
mechanisms.**
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Despite the broad range of effector or cytotoxic lympho-
cyte populations able to express PD-1 or CTLA-4, expan-
sion of exhausted CD8" T cells by anti-PD-1 treatment
and the induction of T, 1 CD4" T cells by anti-CTLA-4
treatment were recently identified as the major CB-re-
sponding lymphocyte populations infiltrating murine and
human solid tumors.” This work, while groundbreaking,
focused on fully established human tumors, or large,
endpoint, murine tumors and did not report CB response
in early tumor growth. Yet, there is precedent that CB
response may occur in different sets of tumor infiltrating
lymphocytes (TILs) as the tumor develops.* This is likely
concomitant with phenotypic changes associated with
the now widely accepted model of immunoediting.?” * In
addition, the makeup of unconventional T cell popula-
tions, such as 0T cells and natural killer T cells (NKTs),
along with innate effector cells such as natural killer
cells (NKs), changes over the course of tumor growth.?
Importantly, these populations are also susceptible to CB
in ways similar to conventional o T cells,” ' but how CB
response changes over time has not been well character-
ized in these populations.

Here, we endeavor to expand our understanding of
CB response among effector TIL by comparing CB-re-
sponding populations at both early and late time points of
subcutaneous murine MC38 colon carcinoma. This anal-
ysis was conducted using a high-parameter flow cytometry
assay focusing on the subphenotyping of lymphocytes
with known cytotoxic or effector capability such as T cells,
YT cells, NK cells, and NKT cells along with markers
of effector response. Our results corroborate previous
findings that the expansion of specific subsets of CD4"
helper T cells (T,) cells and CD8" cytotoxic T cells (To)
are among the major CB-responding elements in large
well-established tumors and also identify a profound
switch from a TNFo-driven NKT response early in tumor
growth to an IFN-y driven response in later tumor growth
that is accelerated by CB. These findings reveal that the
effects of CB are highly dynamic and time dependent, an
important concept to consider as CB use broadens in the
clinic and comes under consideration as an earlier inter-
vention in cancer treatment.

METHODS

Mice

Female C57BL/6 mice (6-8weeks old) and NOD.Cg-Prk-
de™ Ierg""”W/ Sz] (NSG) mice were obtained from The
Jackson Laboratory (Bar Harbor, Maine, USA). Mice
were housed in filter-topped cages with sterilized food
and water and autoclaved corncob bedding changed at
least once a week at the Animal Research Facility of the
H. Lee Moffitt Cancer Center. Mice were humanely euth-
anized by CO, inhalation, followed by cervical dislocation
according to the American Veterinary Medical Associa-
tion Guidelines. Mice were observed daily and humanely
euthanized if a solitary tumor exceeded 200 mm in diam-
eter or mice showed signs referable to metastatic cancer.

All efforts were made to minimize suffering. These studies
were carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.

Cell lines and lentiviral transductions

MC38 murine colorectal cancer cells were kept and
maintained through serial passage in complete medium
(CM) in a humidified chamber at 37°C and 5% CO,. CM
consisted of RPMI media (Gibco) supplemented with
10% heat-inactivated fetal bovine serum (FBS), 0.1 mM
non-essential amino acids, 1 mM sodium pyruvate, 2mM
fresh L-glutamine, 100mg/mL streptomycin, 100U/
mL penicillin, 50 mg/mL gentamycin, 0.5mg/mL fungi-
zone (all from Life Technologies, Rockville, Maryland,
USA), and 0.05mM B-mercaptoethanol (Sigma-Aldrich,
St. Louis, Missouri, USA). Empty vector (EV) and CD1d
overexpressing (CD1d”"") MC38 cells were maintained
in CM with 0.5pg/mL puromycin. To generate these
derivative lines, lentiviral particles for murine CDIld
(Myc-DDK-tagged; NM_007639) or control particles
(pLenti-C-Myc-DDK-P2A-Puro) were obtained from
OriGene Technologies Inc (Rockville, Maryland, USA)
and used for transduction according to the manufactur-
er’s instructions.

5Chromium-release cytotoxicity assay

1x10° target cells were labeled with 100pCi of *'Cr for
2hours at 37°C. Labeled cells were washed twice with
RPMI, resuspended in CM, and plated in 96-well round
bottom plates in triplicate at 1x10°cells/mL. Effector cells
(TIL) were added at 20:1, 10:1, 5:1, 2.5:1, 1.25:1, 0.625:1
and 0.3125:1 effector-to-target ratios and incubated at
37°C for 5hours. Released *'Cr was measured in super-
natants using a Trilux (PerkinElmer). Treatment with 5%
Triton X gauged maximal killing, and target cells alone
measured spontaneous °'Cr release. Triplicates were aver-
aged, and percent lysis was calculated: % cytotoxicity =
((average of triplicated of test SICr release condition)
— (average of spontaneous S1Cr release)) / ((average of
maximal >'Cr release) — (average of spontaneous ey
release)) x100. Cytotoxicty data are representative of at
least three assays.

In vivo MC38 tumor growth and CB treatment

MC38 cells were washed and reconstituted in sterile PBS
at 1x10°cells/mL. 1x10° (100pL) MC38 cells (or deriva-
tive) were injected subcutaneously in the upper back of
C57BL/6 or NSG mice. For CB treatment, C57BL/6 mice
were randomized prior to intraperitoneal injection of
300 pg polyclonal Rat IgG (clone, LTF-2, BioXcell), anti-
PD-1 (clone, RMP1-14, BioXcell), and/or anti-CTLA-4
(clone, 9H10, BioXcell). Mice were treated on days 3, 6,
and 9 following MC38 inoculation. Mice were humanely
euthanized 11 or 21 days post-tumor cell injection. Tumor
size was measured with a caliper and recorded every 2 or
3 days. Tumor volume was calculated according to the
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following formula: volume=height x short diameter x
long diameter x @/6.

Tumor dissociation and TIL isolation

Tumors excised postmortem were enzymatically dissoci-
ated in Hank’s Balanced Salt Solution containing 1 mg/
mL collagenase, 0.1 mg/mL DNase I, and 2.5 units/
mL of hyaluronidase (all from Sigma) and complete
EDTA-free Protease Inhibitor Cocktail Tablets (Sigma)
in gentleMACS C tubes placed in a gentleMACS Disso-
ciator (Miltenyi Biotec, Bergisch Gladbach, Germany).
Resulting single cell suspensions were passed in sequence
through 100pm, 70 pm, and then 40pm cell strainers
prior to being washed with PBS. Any residual red blood
cells were then lysed with ACK lysis buffer (Gibco) for
5min. CD90.2" cells were then isolated according to the
manufacturer’s instructions using CD90.2 MicroBeads
with the AutoMACS system (Miltenyi Biotec, Bergisch
Gladbach, Germany).

Immunofluorescent staining and flow cytometry acquisition
Non-specific staining was blocked for 30 min at 4°C with
300 pL. 2% FBSin PBS per 1.0x10° cells. The cells were then
labeled with fixable Live/Dead Blue (Invitrogen) after
thorough PBS washes. Cell-surface staining was accom-
plished by 30min incubation at 4°C with the antibodies
indicated in online supplemental table 1. Cells were then
washed in PBS, and then fixed and permeabilized using
BD Cytofix/Cytoperm solution (BD Biosciences, San
Diego, California, USA) as per the manufacturer’s instruc-
tions. Intracellular staining was performed by adding the
intracellular antibodies in online supplemental table 1 for
30min at 4°C. Cells were then washed and resuspended
in PBS containing 2% bovine serum albumin (BSA)
for acquisition on a BD FACSymphony A5 harboring a
custom configuration for the H. Lee Moffitt Cancer
Center. Control samples included single color staining
controls, unstained samples, and fluorescence-minus-one
(FMO) controls. Spillover matrixes were calculated after
acquisition using Flow]Jo Software V.10.5 (Becton, Dick-
inson and Company; Ashland, Oregon, USA).

t-SNE analysis and hierarchical clustering of TIL populations

All fcs files were concatenated, and the gating schema
depicted in online supplemental figure 3 was applied.
Resulting events were then exported as a new .fcs file
to reduce file size and computation times by excluding
data related to gated-out events. Parameters indicated
in online supplemental table 1 were selected for clus-
tering analysis with the following variable settings: itera-
tions=1000; perplexity=60; theta=0.5; eta=200. Following
the derivation of t-SNE parameters, TIL population gates
were created as described in the main text using FMO
data from online supplemental figures 2 and 4 as a guide.
Percent positive and median fluorescent intensity (MFI)
data from all clustering parameters (online supplemental
table 1) were then exported in the context of orig-
inal sample identification and population. Gate-based

analyses, t-SNE, and export functions were performed
using Flow]Jo Software V.10.5 (Becton, Dickinson and
Company). For hierarchical clustering of defined TIL
populations, each population was exported as aggregate
data, and the MFI of each parameter was normalized
to a percentile within the analysis range. Each popula-
tion was then clustered to aid in identification using the
one minus Kendall’s correlation method with complete
linkage. This was performed on populations (rows) only
and not on clustering parameters. Hierarchical clustering
was performed using Morpheus software (Broad Insti-
tute; https://software.broadinstitute.org/morpheus).
Following the derivation of populations, the data were
separated back into the original samples so that popula-
tion frequency and effector function markers could be
subsequently analyzed therein.

Statistics

Data are presented as mean=SE. The statistical signifi-
cance of comparisons between groups of non-parametric
variables, such as population frequencies, was determined
by Mann-Whitney tests, whereas the statistical significance
of comparisons between groups of parametric variables,
such as MFI, was determined by unpaired t-test. For
ICR-release cytotoxicity assays and for tumor volume,
the area under the curve of each test/mouse was first
determined, and Mann-Whitney tests were then used
to gauge statistical significance of comparisons between
groups. Differences with an associated p value of <0.05
were considered significant. All statistical analyses were
performed using GraphPad Prism Software V.6.01 for
Windows (GraphPad Software, La Jolla, California, USA).

RESULTS

Identification of MC38 TIL populations with effector activity
To identify TIL populations responding to CB, we enzy-
matically digested MC38 tumors resected 11 and 21 days
after subcutaneous inoculation in mice treated intraper-
itoneally with anti-PD-1, anti-CTLA-4, combination (anti-
PD-1 and anti-CTLA-4), or isotype control antibodies,
which significantly reduced tumor growth in a manner
consistent with previous studies®* (online supplemental
figure 1). Digests were then stained with a panel of
immunofluorescent antibodies designed to differentiate
major effector lymphocyte populations along with three
markers of effector function, intracellular IFN-y, intra-
cellular TNFa, and cell-surface CD107a (online supple-
mental table 1). Flow cytometry was used to acquire
fluorescent intensities, and fluorescence-minus-one
controls were used to assess background signal and guide
gate placement (online supplemental figure 2). To focus
on effector TIL, aggregates, debris, and non-viable cells
were excluded, before CD45.1" cells, and NK1.1" and/
or CD3e" cells were gated on for further analysis (online
supplemental figure 3). To identify populations in an
unsupervised, comprehensive manner, we applied the
t-distributed stochastic neighbor embedding (t-SNE)

Aoyama S, et al. J Immunother Cancer 2021;9:002269. doi:10.1136/jitc-2020-002269

3


https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269
https://software.broadinstitute.org/morpheus
https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269

algorithm,” ** using CD3e, CD4, CD8a, CD27, CD44,
CD45RA, CD62L, CD69, CD127, CTLA-4, YdTCR, PD-I,
KLRGI, LAG-3, NKI.1, and TIM-3 as clustering param-
eters. This was done on concatenated data such that all
samples contributed toward the clustering and identifica-
tion of TIL populations. We then created a series of gates
around 37 distinct TIL populations using a combination
of the resulting t-SNE plot (figure 1A), heat map overlays
of clustering parameters (figure 1B), and positive event
overlays and as determined by FMO controls (online
supplemental figure 4). These populations were then
arbitrarily numbered (figure 1C,D). To aid in identifica-
tion, hierarchical clustering analysis was used post hoc to
group populations according to their MFIs. Broadly, this
analysis detected 4 populations of T, 6 populations of
NKT, 9 populations of T, 11 populations of NK, 5 popu-
lations of 0 T cells, and 1 unidentified population (P1
‘other’; figure 1E). Hierarchical clustering methodolo-
gies grouped populations based on their similarity across
all clustering parameters. While most populations within
each group expressed the archetypical markers expected
for their identities, a few rare populations lacked some
expected markers, clustering with their groups based
on the sum similarities of other parameters. Examples
include P27, which clustered with NKT cells despite low
CD3e expression, and P8 and P34, which clustered with Yo
T cells despite lacking YOTCR expression.

After differentiating TIL populations, we assessed the
expression of cell surface CD107a, intracellular IFN-y, and
intracellular TNFo as indicators of effector activity. In this
analysis, cell surface CD107a was largely restricted to NK
and NKT populations, suggesting that large percentages
of these cells are actively degranulating in MC38 tumors.
IFN-y production, which has become a standard for T cell
activation and NK activity, was spread across the majority
of MC38 TIL populations from all groups at low frequen-
cies, and at moderate frequencies for T, populations
P20, P31 and P32, TC populations P3 and P4, NK popula-
tions P12, P17, P18, P23, and P28, and NKT populations
P5, P6, P16, P26, and P27. TNFo production was robust
among NKT population P5, NK populations P7, P12, P18,
and P23, and was moderate among NKT populations P6,
P25, P26, and P27, NK populations P17, and P28, and TC
populations P2 and P15 (figure 1F,G). Following tSNE
analysis, data were separated so that the frequencies and
effector markers expressions of each population could
be analyzed at each time point and for each treatment

group.

CB alters temporal dynamics among MC38 TIL populations

The makeup of TIL subpopulations shifted dramatically
between early (day 11) and late (day 21) time points of
MC38 tumor growth, with most populations exclusively
associating with one time point or the other. In many
cases, early and late populations appeared analogous,
clustering differently based on minor MFI differences
(online supplemental figures 5 and 6). Treatment with CB
augmented or condensed specific subpopulations within

each time point but did not overwhelmingly change
any population’s association with either time point
(figure 2A). A comprehensive analysis was performed to
compare the frequencies of each population at each time
point and each treatment that includes p values for signifi-
cantly changed populations (online supplemental table
2), and the effects of CB on major populations are high-
lighted in figure 2B. In this study, the majority of T were
represented by two TIL populations: P3 (representing
CD69°CD44" T,) and P4 (T lacking CD44 and CD69).
P3 was restricted to the day 21 time point, constituting
29%+0.23% of TIL and was significantly reduced by half
after anti-CTLA-4 or combination CB. P4, while less abun-
dant than P3, is uniquely present at both time points.
CB had divergent effects on P4, significantly increasing
frequency from 2.+0.52% to over 4% with combination
treatment at day 11, while significantly decreasing in
frequency from 1.9+0.08% to under 1% with combination
treatment at day 21.

Surprisingly, TIL in early tumor growth were not domi-
nated by NK, T, or T, but rather by NKT, with population
P5 representing nearly half of all day 11 TIL in isotype-
treated control mice (46%=3.7%). This population was
restricted to the day 11 time point and was significantly
reduced with combination CB to 11%+3.9%. P5 differs
from the other less prevalent day 11 NKT population P6
by higher CD44 expression and lower CD62L expression,
suggesting this population may represent an effector
memory (EM) phenotype. NKTs were far less prevalent
later in MC38 growth, with P26 representing the largest
day 21 NKT population at 14%=+1.5% of TIL. Like P5, P26
differed from other day 21 NKT populations by higher
CD44 expression and lower CD62L expression. CB did
not significantly alter the frequency of P26 at day 21,
although treatment with anti-CTLA-4 resulted in larger
variability for P26 than other treatment groups or control
mice (figure 2B).

Aside from a drastic reduction in NKT frequency
during early tumor growth, CB had the largest effect on
T,, populations. The most prominent T, populations were
P31 and P32 at day 11 and P35 and P36 at day 21. P31
appeared to be more activated than P32 at the day 11 time
point based on higher CD69 and CD44 expression. Both
displayed modest frequencies in isotype-treated control
mice (9.2%+2.3% and 5.0%+0.9%, respectively) but were
significantly increased following CB. This was particularly
true for combination treatment, which increased both
P31 and P32 to over 20% of all TIL at the day 11 time
point. Similarly, combination CB increased both P35
and P36 at the day 21 time point from 2.8%+0.1% and
8.7%+0.96%, respectively, to around 20% of all TIL for
each (figure 2B). P35 and P36 appeared similar in pheno-
type. Both exhibited an EM phenotype (CD44'CD45 C-
D27 CD62L"), differing slightly in CD69, TIM-3, and
CD3¢e, MFI.

Given the multitude of TIL populations that change in
response to CB, we performed a comprehensive set of linear
regression analyses for each population at each time point
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Figure 1 t-SNE analysis of effector TIL populations identifies distinct, IFN-y and TNFo.-producing cells at early (day 11)

and late (day 21) time points of subcutaneous MC38 growth. (A) Combined pseudocolored density plot of t-SNE parameters
of viable, non-aggregate, CD45.2*, CD3e" and/or NK1.1* cells from all time points and treatment conditions. (B) Heat map
overlays of parameters used for t-SNE clustering with warm colors (red) representing higher staining levels and cool colors
(blue) representing lower staining levels. Median fluorescent intensity (MFI) scales are noted for each parameter. (C) A map of
population gates created using part A, part B, and fluorescence-minus-one controls (described in online supplemental figures
2 and 4). (D) Overlay of population gates and the combined pseudocolored density plot of t-SNE parameters. (E) MFI values
of clustering parameters from identified TIL populations used in hierarchical clustering analyses. Major clustering groups were
then broadly identified: T, cytotoxic T cells; t,,, helper T cells; yo-like, Y8 T cells or T cells clustering with yd T cells; NK, natural
killer cells; or O, other TIL. (F) Expression of effector molecules CD107a (top), IFN-y (middle), and TNFo. (bottom) among each
identified TIL population. The extent of background signal for each effector molecule is denoted by a red dashed FMO line as
determined by online supplemental figure 2. A heat map of effector molecule MFls is displayed below the population names.
(G) Heat map overlays of effector molecule expression for CD107a (left), IFN-y (middle), and TNFa. (right) over t-SNE parameters
with populations gates included. MFI scales are noted for each parameter with warm colors (red) representing higher staining
levels and cool colors (blue) representing lower staining levels. FMO, fluorescence-minus-one; t-SNE, t-distributed stochastic
neighbor embedding; TIL, tumor infiltrating lymphocyte.
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Figure 2 Changes in TIL population frequencies following treatment with checkpoint inhibitors at early (day 11) and late (day
21) time points. (A) t-SNE contour density plots of combined TIL samples from control (isotype treated) mice, or mice receiving
anti-PD-1, anti-CTLA-4, or combination treatment (anti-PD-1 and anti-CTLA-4) at day 11 and day 21 of subcutaneous MC38
tumor growth. (B) TIL population frequencies from individual mice displaying prominent changes with CB (*p<0.05 treatment

vs isotype control; **p<0.01 treatment vs isotype control; "p<0.05 isotype control day 21 vs isotype control day 11). (C) TIL
population frequencies from individual mice plotted against tumor volume at the time of resection demonstrating significant
correlations. Linear regression best-fit lines are displayed with R? and p values. Blue plots indicate data from day 11 time points,
and red plots indicate data taken from day 21 time points. CB, checkpoint blockade; t-SNE, t-distributed stochastic neighbor

embedding; TIL, tumor infiltrating lymphocyte.

against tumor volume at the time of resection to identify
populations correlating to tumor growth (online supple-
mental table 3). In total, six populations at the day 11 time
pointand four populations at the day 21 time point displayed
statistically significant, positive correlations with tumor size,
suggesting undesirable associations with tumor growth may
exist for these TIL, while three populations at the day 11
time point displayed statistically significant, negative correla-
tions with tumor size, suggesting beneficial associations with
tumor growth may exist for these TIL (see online supple-
mental table 3 for p values). Importantly, these included
positive correlations of the major T, population P3 at day 21

and the major NKT population P5 at day 11, both of which
were significantly reduced by CB at their respective time
points, as well as negative correlations of the major T, popu-
lation P4 and the major T, population P32, both of which
were significantly increased by CB at their respective time
points (figure 2C). While these correlations do not prove
any direct effect on tumor growth, they suggest a biologically
relevant relationship for major NKT, T, and T, populations.
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Figure 3 Changes in TNFo production among TIL populations following treatment with checkpoint inhibitors at early (day

11) and late (day 21) time points. (A) t-SNE plots with TNFo heat map overlays of combined TIL samples from control (isotype
treated) mice, or mice receiving anti-PD-1, anti-CTLA-4, or combination treatment (anti-PD-1 and anti-CTLA-4) at day 11 and
day 21 of subcutaneous MC38 tumor growth, with warm colors (red) representing higher staining levels and cool colors (blue)
representing lower staining levels. A TNFo. MFI scale is noted below. (B-H) Analyses of TNFa expression for P1 day 11 (B),

P4 day 11 (C), P5 day 11 (D), P6 day 11 (E), P31 day 11 (F), P12 day 21 (G), and P20 day 21 (H). For each, the location of the
population within the t-SNE analysis is depicted in the top left, a pooled TNFo dot plot versus CD45.2 expression in the top
right, percentage of cells expressing TNFo. (bottom left), and TNFo MFI of TNFo* cells (bottom right) are shown. Data in blue
colors denote the day 11 time point, while data in red colors denote the day 21 time point (*p<0.05 treatment vs isotype control;
**p<0.01 treatment vs isotype control). MFI, median fluorescent intensity; t-SNE, t-distributed stochastic neighbor embedding;

TIL, tumor infiltrating lymphocyte.

CB reduces TNFo production and TNFa-producing TIL at both
early and late time points in MG38 tumor growth

We next examined how CB affects TNFo production
among TIL. Global TIL TNFo production was visualized
by overlaying TNFo, MFI heat maps over t-SNE plots of
pooled TIL samples from both time points for isotype-
treated control mice or mice treated with CB (figure 3A).
During early MC38 tumor growth, TNFo. production
was driven by NKT populations P5 and P6. Compara-
tively modest TNFo, production was seen in other day

11 populations, such as the T, population P4, and the
T,, population P31, or in rare populations such as the
NKI1.1"" T, population P15 or the CD3¢ CD4" undefined
TIL population P1. A comprehensive set of analyses were
performed comparing the frequency of TNFo produc-
tion within each TIL population (online supplemental
table 4) and the TNFo MFI of TNFo-producing cells
within each TIL population (online supplemental table
5). In the aforementioned populations, CB significantly
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reduced the frequency of TIL producing TNFo and/or
the TNFo. MFI of TNFo" TIL at the day 11 time point
(figure 3B-F). Later in MC38 tumor growth, the NK
population P12 displayed the strongest TNFo, produc-
tion, followed by the NKT population P26 at the day 21
time point (figure 3A). Except for P12, TNFa produc-
tion at 21 days was globally lower compared to day 11,
with modest TNFo expression among the T, populations
P3 and P4, NK populations P17, P20, and P27, and the

,; population P20. Treatment with anti-CTLA-4 signifi-
cantly reduced TNFo MFI of TNFa™ P12 TIL, and treat-
ment with anti-CTLA-4 or combination CB significantly
reduced TNFo'" cells within P20 at 21 days (figure 3G-
H). In total, 10 TIL populations at day 11 and four at
day 21 displayed significantly less percentages of TNFo"
TIL following CB (see online supplemental table 4 for p
values). Similarly, eight TIL populations at 11 days and
one at 21 days displayed significantly reduced TNFo. MFI
among TNFo-producing TIL following CB (see online
supplemental table 5 for p values). Only P12 displayed
a small increase in TNFo" cell frequency after anti-PD-1
treatment (94.73%+2.34% vs 99.4+0.60%) at 11 days,
and P20 (a rare CD44'CTLA-4'CD69'TIM-3"y§TCR"*"K-
LRGI*NK1.1'""LAG-3""CD127°CD45RA" T, population)
displayed increased TNFoo MFI among TNFo-producing
TIL at 11 days. Overwhelmingly, CB globally reduced
both TNFo frequencyand MFI among MC38 TIL, partic-
ularly during early tumor growth.

CB increases IFN-y production and IFN-y-producing TIL at
both early and late time points in MC38 tumor growth
IFN-y heat map t-SNE plot overlays of pooled TIL samples
revealed dynamic changes in IFN-y production as MC38
tumor growth progressed and after CB (figure 4A). A
comprehensive set of analyses was performed comparing
the frequency of IFN-y production within each TIL
population (online supplemental table 6) and the IFN-y
MFI of IFN-y-producing cells within each TIL popula-
tion (online supplemental table 7). During early MC38
tumor growth, IFN-y production was spread across
most TIL populations at modest to moderate levels in
isotype-treated control animals, with day 11 NKT popu-
lations P5 (CD3e'NKI1.1'CD44"8"CD4"°"CD62L"), P6
(CD3e'NK1.1°CD44 CD4'*"CD62L"), and the day 11
NK population P18 (CD3e NK1.1'CD44™¢") among the
standout IFN-y producers. More modest IFN-y produc-
tion was observed in other day 11 TIL populations such
as T,, populations P31 (CD3&"CD4'CD44™'CD69"), P32
(CDSe*CD4*CD44l°WCD69 ), P34 (CD3e"ydTCR CD4"";
clustered with y8 T cell population P11), P37 (CD3e"C-
D4°CD44™‘CD697), and the day 11 T, population P4
(CD3e"CD8'CD44 CD69"). Inatrend encompassing many
TIL populations, CB significantly increased the frequency
of IFN-y" cells or the IFN-y MFI of IFN-y" cells. This was
particularly true during early MC38 tumor growth in the
day 11 T, population P4 (figure 4B) and in the day 11
populatlons P31, P32, P34, and P37 (figure 4C-F). At
the day 11 time point, a total of nine TIL subpopulations

displayed significant increases in IFN-y" cell frequency
(see online supplemental table 6 for p values), and a
total of three TIL subpopulations displayed significant
increases in IFN-y MFI of IFN-y" cells following CB (see
online supplemental table 7 for p values), whereas only
one population displayed a minor reduction in IFN-y" cell
frequency following anti-PD-1 (P5; online supplemental
table 6).

At 21 days, prominent IFN-y production was seen
among NKT population P26 (CD3e'NKI1.1'CD44™%
CD4 CD62L7), and among the day 21 NK popula-
tions P12 (CD38e NKI1.1'CD44"8"CD45RAY) and P17
(CD3e"NK1.1°“CD44"5") . However, the impact of CB was
more divergent after 21 days compared with early MC38
tumor growth. At day 21, T, was represented predomi-
nately by P3 (CDS&*CDS*CD‘L‘LMU‘CDGT) while T, was
represented predominately by P36 (CD38+CD4+CD44IOW)
For both, CB augmented IFN-y production in IFN-y-pro-
ducing TIL (figure 4G; online supplemental tables 6 and
7), suggesting that the benefit of CB seen in early MC38
tumor growth persists through 21 days. In contrast, IFN-y
production in some less frequent TIL populations was
significantly reduced by CB later in MC38 tumor growth,
including the day 21 T, population P20, the day 21 NKT
populations P16 and P26 (online supplemental table 7),
and for the day 21 NK populations P12 (figure 4H and
online supplemental table 6) and P13 (online supple-
mental table 7).

CB induces little change in CD107a expression among TIL
MC38 TIL populations

In contrast to TNFo and IFN-y production, CB had
a minimal effect on cell surface CD107a expression.
CD107a heat map t-SNE plot overlays of pooled TIL
samples showed cell surface CD107a was restricted to
NKT populations and most NK populations (figure 5A)
and was only observed at low frequencies and MFI among
T, T,, and y3T cells. CB elicited a minor increase in
both CD107a cell surface expression and MFI for the
major NKT population P5 at the day 11 time point
(figure 5B), and in MFI for the day 21 NKT population
P26 (figure 5C). Only day 21 NK populations P13, P16,
and the unidentified day 11T cell population P1 demon-
strated reduced frequencies of CD107a" cells following
CB (online supplemental table 8). There was a pattern
of mild CD107a MFT increase seen among five day 11 TIL
populations and among threeday 21 TIL populations
(online supplemental table 9). However, with the excep-
tions mentioned previously, cell surface CD107a expres-
sion remained overwhelmingly static following CB and
was largely ubiquitous among NK and NKT populations
(figure 5).

NKT populations display cytotoxic potential but likely serve as
cytokine producers in MC38 tumors

NKT cells are able to recognize lipid antigens presented
in the context of CD1d, with the most widely character-
ized subset expressing an invariant T cell receptor (TCR)
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Figure 4 Changes in IFN-y production among TIL populations following treatment with checkpoint inhibitors at early (day

11) and late (day 21) time points. (A) t-SNE plots with IFN-y heat map overlays of combined TIL samples from control (isotype
treated) mice, or mice receiving anti-PD-1, anti-CTLA-4, or combination treatment (anti-PD-1 and anti-CTLA-4) at day 11 and
day 21 of subcutaneous MC38 tumor growth, with warm colors (red) representing higher staining levels and cool colors (blue)
representing lower staining levels. A IFN-y MFI scale is noted below. (B-H) Analyses of IFN-y expression for P4 day 11 (B), P31
day 11 (C), P32 day 11 (D), P34 day 11 (E), P37 day 11 (F), P3 day 21 (G), and P12 day 21 (H). For each, the location of the
population within the t-SNE analysis is depicted in the top left, a pooled IFN-y dot plot versus CD45.2 expression in the top
right, percentage of cells expressing IFN-y (bottom left), and IFN-y MFI of IFN-y* cells (bottom right) are shown. Data in blue
colors denote the day 11 time point, while data in red colors denote the day 21 time point (*p<0.05 treatment vs isotype control;
**p<0.01 treatment vs isotype control). MFI, median fluorescent intensity; t-SNE, t-distributed stochastic neighbor embedding;

TIL, tumor infiltrating lymphocyte.

recognizing CDld-restricted alpha-galactosylceramide
(0-GalCer; iNKT).* % The majority of NKT cells within
MC38 tumors bound o-GalCer-loaded CDIld tetramer
(figure 6A), indicating MC38 NKITs are largely iNKT.
While iNKTs are known for heavy cytokine production,
they have also demonstrated lytic potential in a variety
of contexts, including cancer.”* For conventional
T cells and NK cells, CD107a has served as a reliable
biomarker of cytolytic activity."'™* While CD107a has
also been correlated to cytotoxic degranulation in NKT
cells in vitro,* the use of CD107a as a surrogate for NKT

cytotoxicity is less well established, and so strong cell-
surface staining of CD107a on MC38 NKT populations
led us to investigate their lytic potential against MC38
targets. Toward this end, we compared the cytotoxicity of
TIL isolated from resected MC38 tumors against either
untransduced MC38 target cells (UT MC38), which
expressed low levels of CDI1d, or against MC38 target
cells overexpressing CD1d (CD1d”*") (figure 6B). Cyto-
toxicity against UT MC38 was significantly impaired by
blocking H-2K" but not by blocking CD1d (figure 6C),
whereas cytotoxicity against CD1d”"*" MC38 target cells

Aoyama S, et al. J Immunother Cancer 2021;9:002269. doi:10.1136/jitc-2020-002269
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Figure 5 Changes in cell-surface CD107a expression among TIL populations following treatment with checkpoint inhibitors
at early (day 11) and late (day 21) time points. (A) t-SNE plots with CD107a heat map overlays of combined TIL samples from
control (isotype treated) mice, or mice receiving anti-PD-1, anti-CTLA-4, or combination treatment (anti-PD-1 and anti-CTLA-4)
at day 11 and day 21 of subcutaneous MC38 tumor growth, with warm colors (red) representing higher staining levels and cool
colors (blue) representing lower staining levels. A CD107a MFI scale is noted below. (B-H) analyses of CD107a expression for
P5 day 11 (B) and P26 day 21 (C). For each, the location of the population within the t-SNE analysis is depicted in the top left,
a pooled CD107a dot plot versus CD45.2 expression in the top right, percentage of cells expressing CD107a (bottom left), and
CD107a MFI of CD107a* cells (bottom right) are shown. Data in blue colors denote the day 11 time point, while data in red
colors denote the day 21 time point (*p<0.05 treatment vs isotype control; “*p<0.01 treatment vs isotype control). MFI, median
fluorescent intensity; t-SNE, t-distributed stochastic neighbor embedding; TIL, tumor infiltrating lymphocyte.

was significantly reduced by blocking CDI1d, although
not to the extent of blocking H-2K" (figure 6D). In a
similar manner, subcutaneous MC38 tumor growth
was significantly reduced, and overall survival signifi-
cantly improved, for CD1d™" MC38 cells compared
with UT MC38 or EV-transduced control MC38 (EV
MC38) (figure 6E,F). These effects required the pres-
ence of an intact immune system as evidenced by tumor
growth studies in NSG mice (figure 6G). Modified MC38
displayed only minor differences regarding in vitro
growth kinetics (figure 6H). We also compared MC38
tumor growth in wild-type (WT) C57BL/6 mice and

mice genetically lacking CD1d (CD1d "), which fail to
develop both iNKT and type II NKT cells.*” MC38 tumors
grew significantly larger in CD1d”"~ mice by day 14 post-
inoculation (p=0.0024; figure 6I). Taken together, these
studies indicate that while MC38 NKTs have the poten-
tial for cytolytic activity against MC38 target cells, they
may not meaningfully contribute to the overall cytotox-
icity seen by MC38 TIL against untransduced MC38 cells.
This is despite a clear ability of infiltrating NKT cells to
slow MC38 tumor growth, which likely assert effector
response through secreted cytokines such as TNFo
instead of through direct cytotoxicity against MC38 cells.
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Figure 6 Functional analysis of CD1d overexpression in MC38 tumors. (A) Detection of NKT cells recognizing the CD1d
a-GalCer tetramer among MC38 TIL by flow cytometry. Events were gated so as to exclude aggregates, debris, and non-
viable cells, before CD45.2" cells were selected in a similar manner to online supplemental figure 3, with the exception that
only CD3e*NK1.1* double-positive events were selected for analysis. An FMO control sample lacking the o-GalCer tetramer
is depicted by a dashed black line, while a-GalCer tetramer among MC38 NKT cells is shown is red. (B) CD1d expression as

measured by flow cytometry on untransduced (UT) MC38 (black), empty vector (EV) control MC38 (red), or CD1d overexpressed
(CD1d°*®") MC38 (blue). FMO control samples lacking CD1d staining is depicted by a black dashed line. (C and D) TIL isolated
from MC38 tumors were placed in coculture with >'CR-labeled UT (C) or CD1d°"®" (D) MC38 target cells at increasing effector-
to-target ratios, and percent cytotoxicity was determined by %'CR release after 4 hours in the presence of blocking antibodies
against CD1d (gray), H-2K® (red), or control irrelevant IgG antibody (dashed black). Representative of three experiments. (E and
F) Subcutaneous MC38 tumor growth (E) and overall survival until endpoint (F) of C57BL/6 mice inoculated in the flank with UT
(dashed black), EV (gray), or CD1d°**" (red) MC38 cells (n=12). (G) Subcutaneous MC38 tumor growth in NSG mice inoculated
in the flank with UT (black) or CD1d°"*" (red) MC38 cells. (H) In vitro growth kinetics of UT (dashed black), EV (gray), or CD1d°"*"
(red) MC38 cells. () MC38 tumor growth in wild-type control mice or in CD1d™~ mice at day 14 postinoculation (n=10). *p<0.05;

**p<0.01; **p<0.001; ***p<0.0001 for indicated comparisons. FMO, fluorescence-minus-one; NKT, natural killer T cell; TIL,

tumor infiltrating lymphocyte.

DISCUSSION

The immune profiling of CB-responsive TIL revealed two
contrasting landscapes of effector lymphocytes at 11 and
21 days of MC38 tumor growth. At the earlier time point,
effector function appears to hinge on highly inflamma-
tory NKT cell populations, producing copious amounts
of TNFo., and make up a combined majority of all TIL,
whereas significantly less NKT cells persist at the later
time point, which produce lower levels of TNFo. This
is concurrent with increased frequencies of T cells and
more activated phenotypes and IFN-y production among
both T, and T, populations. Importantly, treatment
with CB appears to hasten this switch, reducing TNFo
across many TIL populations, greatly reducing NKT cell
frequencies while augmenting T and T, frequencies and
IFN-y production. This is particularly true for T, popula-
tions, many of which increase frequency by factors of 2-5
following CB. NK cells appear to be less dynamic between

early and later time points and appear less affected by CB.
These results provide an important temporal context of
a NKT-T cell switch that may represent a key milestone
at which the antitumor immune response turns from
an inflammation-driven axis and toward an adaptive
axis (online supplemental figure 7). Thus, CB may have
an additional benefit in shortening early-stage tumor-
associated inflammation, which is widely recognized as a
hallmark of tumor progression.

The scope of this analysis, while in depth, was limited to
the spectrum of tumor-infiltrating NK, NKT, and T cells.
Recent advances in the field have highlighted the impor-
tance of tumor-infiltrating B cells as regulators of tertiary
lymphoid structure function**™* and antigen presenting
cells within the tumor microenvironment.* This is
added to the myriad of other immune cells affecting
antitumor immunity, including macrophage, dendritic
cells, and suppressive populations such as regulatory T
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cells and myeloid-derived suppressor cells. CB is known
to reduce the frequency of immune suppressive popula-
tions including Treg.” * While the immune phenotyping
panel employed here was limited by the lack of a func-
tional Treg marker, it is likely that T, populations repre-
senting Treg are among those that produce little or no
TNF-0. or IFN-y due to the propensity of Treg to produce
anti-inflammatory or suppressive cytokines and not type
I interferons or proinflammatory factors.”” Possible
Treg populations include P33, which had no detectable
TNF-o. or IFN-y at either time point or following any treat-
ment or control. While not highlighted in figure 2, P33
was significantly reduced by CB (online supplemental
table 2). Temporal studies such as the one performed
here that include markers for suppressive populations
and other lymphocyte populations such as B cells may
provide further context or insight regarding the NKT/T
cell switch identified here, reveal additional immune
response shifts and broaden our understanding of how
CB response can change over time.

This study reveals that a surprising proportion of the
overall immune response is represented by NKT cells
during early MC38 tumor growth. The potential of
NKT cells, and in particular iNKT cells, to lyse tumor
cells has been well described,”™ ™" yet NKT cells are not
widely regarded as major contributors to tumor clear-
ance, with some subpopulations implicated in tumor-
induced immune suppression due to the production of
soluble suppressive factors or by modulating dendritic
cell function.”' °* Here, we demonstrate that NKT popu-
lations within MC38 TIL can recognize and lyse MC38
target cells when CD1d is overexpressed, suggesting that
cognate lipid antigen is produced by MC38 and presented
by CDld. However, low levels of CDld expressed on
parent MC38 are insufficient to meaningfully induce
NKT cytotoxicity. In some cases, NKT cells may be able to
lyse target cells independently of CD1d through NK-like
mechanisms such as NKG2D engagement,** and thus
non-TCR mediated cytotoxicity from MC38 NKT calls
cannot be ruled out. However, blockade of H-2K" clearly
demonstrates that most cytotoxic pressure from MC38
TIL comes from conventional T cells. Nevertheless,
MC38 NKT cells appear highly activated and produce
large amounts of TNFa, raising the possibility that a
significant portion of the early immune response may be
mediated by inflammation secondary to CD1d-restricted
NKT activation. This is reinforced by greatly impaired
MC38 tumor growth following CDId overexpression
and increased tumor burden in mice genetically lacking
CD1d. The role of TNF has been called paradoxical,”
owing to observations that it can be both protumor® *
and antitumor’™® depending on context in the tumor
microenvironment. Importantly, TNFo has been shown
to upregulate PD-L1 in the tumor microenvironment,”
and in this way, its blockade overcomes resistance to CB in
melanoma.”” While early control of MC38 tumor growth
may benefit from NKT-mediated TNFa production, this
study suggests that acquiescence of this response may be a

provisional condition permissive to conventional T, and
T, adaptive immunity and adds to the reciprocal nature
of TNFo and immune checkpoint axes.

Previous reports have identified exhausted-like T
populations, as well as ICOS™ T, populations as the major
TIL subtypes responding to CB at 21 days.” ** Here, we
report a significant increase in the frequency of P4, a
TIM-3" T, population lacking central memory markers.
This population may be analogous to the exhausted-like
T, previously described.” Among MC38 TIL, we observed
a greater heterogeneity in T, cells compared with T, cells,
and these include the highly activated TIM-3" EM-like
population P31 and the less activated P35 and P36. While
itis possible these populations are analogous to the CB-re-
sponding follicular-like T, cells previously described in
MC38 tumors,” additional transcription factor data are
needed to draw more definitive parallels.

Due to heavy immune cell infiltration, the MC38 tumor
model has been widely used to study response to immuno-
therapies. Yet, the involvement of NKT cells in this model
has not been investigated, possibly due to the temporal
nature of the NKT response described here. By day 21, a
time point representative of most in vivo MC38 studies,
NKT effector response is diminished in favor of conven-
tional T cell response. These studies do not address
NKT involvement in other tumor models, although the
conclusions drawn here would suggest that other CD1d-
expressing tumors may experience a similar NKT/TNFo
to T cell/ IFN-y switch. An important question raised by
these studies is whether an analogous switch occurs in
CD1d™ tumors. NKT cells are not the only effector cells
capable of TNFa production, and it is possible that popu-
lations analogous to these cells may exist in early tumor
growth in other models. Likewise, other cells in the
tumor microenvironment, such as dendritic cells, may
express CD1d and present lipid antigen to infiltrating
NKT cells, thereby eliciting antitumor immunity.” There-
fore, temporal analysis of effector immune response in
both CDIld-expressing and CDld  tumors represents
important future directions to better understand the
NKT/TNFa to T cell/ IFN-y switch and how it relates to
CB response.

Contributors SA, AWM, and JUM conceived of the project, designed experiments,
and interpreted results. AWM wrote the manuscript with assistance from SA, PP-V,
and JJM; SA, RN, SN, PP-V, and AWM developed methodologies, and SA and PP-V
executed animal experiments, cytotoxicity assays, and some flow cytometry assays.
AM developed and acquired the main flow cytometry panel with assistance from
SA, RN, SN, and PPV; AM performed t-distributed stochastic neighbor embedding
(t-SNE) analysis and subsequent statistical analyses. AWM created figures with
assistance from SA and PP-V.

Funding This work was supported by the Flow Cytometry Shared Resource at the
H. Lee Moffitt Cancer Center and Research Institute, a National Cancer Institute
(NCI)-designated Comprehensive Cancer Center (P30-CA076292). This work was
funded by the NCI-NIH (1R01 CA148995, 1R01 CA184845, P30 CA076292, P50
CA168536, and R21 CA214285-01A1), Cindy and Jon Gruden Fund, Chris Sullivan
Fund, V Foundation, and Dr. Miriam and Sheldon G. Adelson Medical Research
Foundation.

Competing interests None declared.
Patient consent for publication Not required.

12

Aoyama S, et al. J Immunother Cancer 2021;9:002269. doi:10.1136/jitc-2020-002269


https://dx.doi.org/10.1136/jitc-2020-002269
https://dx.doi.org/10.1136/jitc-2020-002269

Ethics approval All animal protocols were reviewed and approved by the
Institutional Animal Care and Use Committee at the University of South Florida.

Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement Data are available on reasonable request.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
James J Mulé http://orcid.org/0000-0001-7354-0516
Adam William Mailloux http://orcid.org/0000-0002-4563-6489

REFERENCES

1 Bindea G, Mlecnik B, Tosolini M, et al. Spatiotemporal dynamics of
intratumoral immune cells reveal the immune landscape in human
cancer. Immunity 2013;39:782-95.

2 Keim S, Zoernig |, Spille A, et al. Sequential metastases of colorectal
cancer: Immunophenotypes and spatial distributions of infiltrating
immune cells in relation to time and treatments. Oncoimmunology
2012;1:593-9.

3 Tamborero D, Rubio-Perez C, Muifios F, et al. A pan-cancer
landscape of interactions between solid tumors and infiltrating
immune cell populations. Clin Cancer Res 2018;24:3717-28.

4 Hodi FS, O'Day SJ, McDermott DF, et al. Improved survival with
ipilimumab in patients with metastatic melanoma. N Engl J Med
2010;363:711-23.

5 Schadendorf D, Hodi FS, Robert C, et al. Pooled analysis of
long-term survival data from phase Il and phase Il trials of
ipilimumab in unresectable or metastatic melanoma. J Clin Oncol
2015;33:1889-94.

6 Larkin J, Chiarion-Sileni V, Gonzalez R, et al. Combined nivolumab
and ipilimumab or monotherapy in untreated melanoma. N Engl J
Med 2015;373:23-34.

7 Robert C, Schachter J, Long GV, et al. Pembrolizumab versus
ipilimumab in advanced melanoma. N Engl J Med 2015;372:2521-32.

8 Ansell SM, Lesokhin AM, Borrello |, et al. Pd-1 blockade with
nivolumab in relapsed or refractory Hodgkin's lymphoma. N Engl J
Med 2015;372:311-9.

9 Nghiem PT, Bhatia S, Lipson EJ, et al. Pd-1 blockade with
pembrolizumab in advanced Merkel-cell carcinoma. N Engl J Med
2016;374:2542-52.

Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint

blockade. Science 2018;359:1350-5.

11 Ribas A, Kefford R, Marshall MA, et al. Phase Il randomized clinical
trial comparing tremelimumab with standard-of-care chemotherapy
in patients with advanced melanoma. J Clin Oncol 2013;31:616-22.

12 Robert C, Thomas L, Bondarenko |, et al. Ipilimumab plus
dacarbazine for previously untreated metastatic melanoma. N Engl J
Med 2011;364:2517-26.

13 Chemnitz JM, Parry RV, Nichols KE, et al. Shp-1 and SHP-2

associate with immunoreceptor tyrosine-based switch motif of

programmed death 1 upon primary human T cell stimulation,

but only receptor ligation prevents T cell activation. J Immunol

2004;173:945-54.

Freeman GJ, Long AJ, lwai Y, et al. Engagement of the PD-1

immunoinhibitory receptor by a novel B7 family member leads

to negative regulation of lymphocyte activation. J Exp Med

2000;192:1027-34.

15 Krummel MF, Allison JP. Cd28 and CTLA-4 have opposing effects on

the response of T cells to stimulation. J Exp Med 1995;182:459-65.

Latchman Y, Wood CR, Chernova T, et al. Pd-L2 is a second ligand

for PD-1 and inhibits T cell activation. Nat Immunol 2001;2:261-8.

17

18

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Perkins D, Wang Z, Donovan C, et al. Regulation of CTLA-4
expression during T cell activation. J Immunol 1996;156:4154-9.
Stojanovic A, Fiegler N, Brunner-Weinzierl M, et al. Ctla-4 is
expressed by activated mouse NK cells and inhibits NK cell IFN-y
production in response to mature dendritic cells. J Immunol
2014;192:4184-91.

Walunas TL, Lenschow DJ, Bakker CY, et al. Ctla-4 can function as a
negative regulator of T cell activation. Immunity 1994;1:405-13.

Keir ME, Butte MJ, Freeman GJ, et al. Pd-1 and its ligands in
tolerance and immunity. Annu Rev Immunol 2008;26:677-704.
Oestreich KJ, Yoon H, Ahmed R, et al. Nfatc1 regulates PD-1
expression upon T cell activation. J Immunol 2008;181:4832-9.
Schildberg FA, Klein SR, Freeman GJ, et al. Coinhibitory pathways in
the B7-CD28 ligand-receptor family. Immunity 2016;44:955-72.
Staron MM, Gray SM, Marshall HD, et al. The transcription factor
FoxO1 sustains expression of the inhibitory receptor PD-1 and
survival of antiviral CD8(+) T cells during chronic infection. Immunity
2014;41:802-14.

Schneider H, Rudd CE. Diverse mechanisms regulate the surface
expression of immunotherapeutic target CTLA-4. Front Immunol
2014;5:619.

Wei SC, Levine JH, Cogdill AP, et al. Distinct cellular mechanisms
underlie anti-CTLA-4 and anti-PD-1 checkpoint blockade. Cell
2017;170:e17:1120-33.

Chen P-L, Roh W, Reuben A, et al. Analysis of immune signatures in
longitudinal tumor samples yields insight into biomarkers of response
and mechanisms of resistance to immune checkpoint blockade.
Cancer Discov 2016;6:827-37.

Dunn GP, Bruce AT, lkeda H, et al. Cancer immunoediting: from
immunosurveillance to tumor escape. Nat Immunol 2002;3:991-8.
Dunn GP, Koebel CM, Schreiber RD. Interferons, immunity and
cancer immunoediting. Nat Rev Immunol 2006;6:836-48.
Beldi-Ferchiou A, Lambert M, Dogniaux S, et al. Pd-1 mediates
functional exhaustion of activated NK cells in patients with Kaposi
sarcoma. Oncotarget 2016;7:72961-77.

lwasaki M, Tanaka Y, Kobayashi H, et al. Expression and function

of PD-1 in human y3 T cells that recognize phosphoantigens. Eur J
Immunol 2011;41:345-55.

Parekh VV, Lalani S, Kim S, et al. PD-1/PD-L blockade prevents
anergy induction and enhances the anti-tumor activities of glycolipid-
activated invariant NKT cells. J Immunol 2009;182:2816-26.

Wei SC, Anang N-AAS, Sharma R, et al. Combination anti-CTLA-4
plus anti-PD-1 checkpoint blockade utilizes cellular mechanisms
partially distinct from monotherapies. Proc Natl Acad Sci U S A
2019;116:22699-709.

Amir E-adD, Davis KL, Tadmor MD, et al. viSNE enables visualization
of high dimensional single-cell data and reveals phenotypic
heterogeneity of leukemia. Nat Biotechnol 2013;31:545-52.

van der Maaten L, Hinton G. Visualizing data using t-SNE. J Mach
Learn Res 2008;9:2579-605.

Dellabona P, Padovan E, Casorati G, et al. An invariant V alpha 24-J
alpha Q/V beta 11 T cell receptor is expressed in all individuals by
clonally expanded CD4-8- T cells. J Exp Med 1994;180:1171-6.
Kawano T, Cui J, Koezuka Y, et al. Cd1D-Restricted and TCR-
mediated activation of Valpha14 NKT cells by glycosylceramides.
Science 1997;278:1626-9.

Porcelli S, Yockey CE, Brenner MB, et al. Analysis of T cell antigen
receptor (TCR) expression by human peripheral blood CD4-

8- alpha/beta T cells demonstrates preferential use of several

V beta genes and an invariant TCR alpha chain. J Exp Med
1993;178:1-16.

Cui J, Shin T, Kawano T, et al. Requirement for Valpha14 NKT cells in
IL-12-mediated rejection of tumors. Science 1997;278:1623-6.
Kawano T, Cui J, Koezuka Y, et al. Natural killer-like nonspecific
tumor cell lysis mediated by specific ligand-activated Valpha14 NKT
cells. Proc Natl Acad Sci U S A 1998;95:5690-3.

Smyth MJ, Thia KY, Street SE, et al. Differential tumor surveillance by
natural killer (NK) and NKT cells. J Exp Med 2000;191:661-8.

Alter G, Malenfant JM, Altfeld M. CD107a as a functional marker for
the identification of natural killer cell activity. J Immunol Methods
2004;294:15-22.

Betts MR, Brenchley JM, Price DA, et al. Sensitive and viable
identification of antigen-specific CD8+ T cells by a flow cytometric
assay for degranulation. J Immunol Methods 2003;281:65-78.
Bryceson YT, March ME, Barber DF, et al. Cytolytic granule
polarization and degranulation controlled by different receptors in
resting NK cells. J Exp Med 2005;202:1001-12.

Kuylenstierna C, Bjoérkstrdom NK, Andersson SK, et al. Nkg2D
performs two functions in invariant NKT cells: direct TCR-
independent activation of NK-like cytolysis and co-stimulation of
activation by CD1d. Eur J Immunol 2011;41:1913-23.

Aoyama S, et al. J Immunother Cancer 2021;9:002269. doi:10.1136/jitc-2020-002269

13


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-7354-0516
http://orcid.org/0000-0002-4563-6489
http://dx.doi.org/10.1016/j.immuni.2013.10.003
http://dx.doi.org/10.4161/onci.20179
http://dx.doi.org/10.1158/1078-0432.CCR-17-3509
http://dx.doi.org/10.1056/NEJMoa1003466
http://dx.doi.org/10.1200/JCO.2014.56.2736
http://dx.doi.org/10.1056/NEJMoa1504030
http://dx.doi.org/10.1056/NEJMoa1504030
http://dx.doi.org/10.1056/NEJMoa1503093
http://dx.doi.org/10.1056/NEJMoa1411087
http://dx.doi.org/10.1056/NEJMoa1411087
http://dx.doi.org/10.1056/NEJMoa1603702
http://dx.doi.org/10.1126/science.aar4060
http://dx.doi.org/10.1200/JCO.2012.44.6112
http://dx.doi.org/10.1056/NEJMoa1104621
http://dx.doi.org/10.1056/NEJMoa1104621
http://dx.doi.org/10.4049/jimmunol.173.2.945
http://dx.doi.org/10.1084/jem.192.7.1027
http://dx.doi.org/10.1084/jem.182.2.459
http://dx.doi.org/10.1038/85330
http://www.ncbi.nlm.nih.gov/pubmed/8666782
http://dx.doi.org/10.4049/jimmunol.1302091
http://dx.doi.org/10.1016/1074-7613(94)90071-x
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090331
http://dx.doi.org/10.4049/jimmunol.181.7.4832
http://dx.doi.org/10.1016/j.immuni.2016.05.002
http://dx.doi.org/10.1016/j.immuni.2014.10.013
http://dx.doi.org/10.3389/fimmu.2014.00619
http://dx.doi.org/10.1016/j.cell.2017.07.024
http://dx.doi.org/10.1158/2159-8290.CD-15-1545
http://dx.doi.org/10.1038/ni1102-991
http://dx.doi.org/10.1038/nri1961
http://dx.doi.org/10.18632/oncotarget.12150
http://dx.doi.org/10.1002/eji.201040959
http://dx.doi.org/10.1002/eji.201040959
http://dx.doi.org/10.4049/jimmunol.0803648
http://dx.doi.org/10.1073/pnas.1821218116
http://dx.doi.org/10.1038/nbt.2594
http://dx.doi.org/10.1084/jem.180.3.1171
http://dx.doi.org/10.1126/science.278.5343.1626
http://dx.doi.org/10.1084/jem.178.1.1
http://dx.doi.org/10.1126/science.278.5343.1623
http://dx.doi.org/10.1073/pnas.95.10.5690
http://dx.doi.org/10.1084/jem.191.4.661
http://dx.doi.org/10.1016/j.jim.2004.08.008
http://dx.doi.org/10.1016/s0022-1759(03)00265-5
http://dx.doi.org/10.1084/jem.20051143
http://dx.doi.org/10.1002/eji.200940278

45

46

47

48

49

50

Sonoda KH, Exley M, Snapper S, et al. CD1-reactive natural killer T
cells are required for development of systemic tolerance through an
immune-privileged site. J Exp Med 1999;190:1215-26.

Cabrita R, Lauss M, Sanna A, et al. Tertiary lymphoid structures
improve immunotherapy and survival in melanoma. Nature
2020;577:561-5.

Helmink BA, Reddy SM, Gao J, et al. B cells and tertiary

lymphoid structures promote immunotherapy response. Nature
2020;577:549-55.

Petitprez F, de Reynies A, Keung EZ, et al. B cells are associated
with survival and immunotherapy response in sarcoma. Nature
2020;577:556-60.

Affara NI, Ruffell B, Medler TR, et al. B cells regulate macrophage

phenotype and response to chemotherapy in squamous carcinomas.

Cancer Cell 2014;25:809-21.

Yano H, Andrews LP, Workman CJ, et al. Intratumoral regulatory T
cells: markers, subsets and their impact on anti-tumor immunity.
Immunology 2019;157:232-47.

54

55

56

57

58

59

Carswell EA, Old LJ, Kassel RL, et al. An endotoxin-induced serum
factor that causes necrosis of tumors. Proc Natl Acad Sci U S A
1975;72:3666-70.

Ratner A, Clark WR. Role of TNF-alpha in CD8+ cytotoxic T
lymphocyte-mediated lysis. J Immunol 1993;150:4303-14.

Beyer M, Abdullah Z, Chemnitz JM, et al. Tumor-necrosis factor
impairs CD4(+) T cell-mediated immunological control in chronic viral
infection. Nat Immunol 2016;17:593-603.

Chopra M, Riedel SS, Biehl M, et al. Tumor necrosis factor receptor
2-dependent homeostasis of regulatory T cells as a player in TNF-
induced experimental metastasis. Carcinogenesis 2013;34:1296-303.
Okubo Y, Mera T, Wang L, et al. Homogeneous expansion of human
T-regulatory cells via tumor necrosis factor receptor 2. Sci Rep
2013;3:3153.

Sade-Feldman M, Kanterman J, Ish-Shalom E, et al. Tumor necrosis
factor-a. blocks differentiation and enhances suppressive activity

of immature myeloid cells during chronic inflammation. Immunity
2013;38:541-54.

j ‘ . . 60 Zhao X, Rong L, Zhao X, et al. Tnf signaling drives myeloid-derived
51 Pilones KA, Aryankalayil J, Babb JS, et al. Invariant natural killer T suppressor cell accumulation. J Clin Invest 2012;122:4094-104.
cells regulate anti-tumor immunity by controlling the population of 61 Lim S-O, Li C-W, Xia W, et al. Deubiquitination and stabilization of
dendritic cells in tumor and draining lymph nodes. J Immunother PD-L1 by CSNS5. Cancer Cell 2016;30:925-39.
Cancer 2014;2:37. ) 62 Bertrand F, Montfort A, Marcheteau E, et al. Tnfo. blockade
52 Terabe M, Matsui S, Noben-Trauth N, et al. Nkt cell-mediated overcomes resistance to anti-PD-1 in experimental melanoma. Nat
repression of tumor immunosurveillance by IL-13 and the IL-4R- Commun 2017;8:2256.
STAT6 pathway. Nat Immunol 2000;1:515-20. 63 LiY, Zhao C, Liu J, et al. Cd1D highly expressed on DCs reduces
53 Montfort A, Colacios C, Levade T, et al. The TNF paradox in cancer lung tumor burden by enhancing antitumor immunity. Oncol Rep
progression and immunotherapy. Front Immunol 2019;10:10. 2019;41:2679-88.
14 Aoyama S, et al. J Immunother Cancer 2021;9:6002269. doi:10.1136/jitc-2020-002269


http://dx.doi.org/10.1084/jem.190.9.1215
http://dx.doi.org/10.1038/s41586-019-1914-8
http://dx.doi.org/10.1038/s41586-019-1922-8
http://dx.doi.org/10.1038/s41586-019-1906-8
http://dx.doi.org/10.1016/j.ccr.2014.04.026
http://dx.doi.org/10.1111/imm.13067
http://dx.doi.org/10.1186/s40425-014-0037-x
http://dx.doi.org/10.1186/s40425-014-0037-x
http://dx.doi.org/10.1038/82771
http://dx.doi.org/10.3389/fimmu.2019.01818
http://dx.doi.org/10.1073/pnas.72.9.3666
http://www.ncbi.nlm.nih.gov/pubmed/8482837
http://dx.doi.org/10.1038/ni.3399
http://dx.doi.org/10.1093/carcin/bgt038
http://dx.doi.org/10.1038/srep03153
http://dx.doi.org/10.1016/j.immuni.2013.02.007
http://dx.doi.org/10.1172/JCI64115
http://dx.doi.org/10.1016/j.ccell.2016.10.010
http://dx.doi.org/10.1038/s41467-017-02358-7
http://dx.doi.org/10.1038/s41467-017-02358-7
http://dx.doi.org/10.3892/or.2019.7037

	Checkpoint blockade accelerates a novel switch from an NKT-­driven TNFα response toward a T cell driven IFN-γ response within the tumor ﻿
﻿microenvironment
	Abstract
	Introduction
	Methods
	Mice
	Cell lines and lentiviral transductions
	﻿51﻿Chromium-release cytotoxicity assay
	In vivo MC38 tumor growth and CB treatment
	Tumor dissociation and TIL isolation
	Immunofluorescent staining and flow cytometry acquisition
	t-SNE analysis and hierarchical clustering of TIL populations
	Statistics

	Results
	Identification of MC38 TIL populations with effector activity
	CB alters temporal dynamics among MC38 TIL populations
	CB reduces TNFα production and TNFα-producing TIL at both early and late time points in MC38 tumor growth
	CB increases IFN-γ production and IFN-γ-producing TIL at both early and late time points in MC38 tumor growth
	CB induces little change in CD107a expression among TIL MC38 TIL populations
	NKT populations display cytotoxic potential but likely serve as cytokine producers in MC38 tumors

	Discussion
	References


