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ABSTRACT

Background Tissue transglutaminase (TG2), an enzyme
overexpressed in cancer cells, promotes metastasis and
resistance to chemotherapy. Its distinct effects in cancer
versus the host compartments have not been elucidated.
Methods Here, by using a TG2”" syngeneic ovarian
cancer mouse model, we assessed the effects of TG2
deficiency in the host tissues on antitumor immunity

and tumor progression. Multicolor flow cytometry was
used to phenotype immune cell populations in the
peritoneal environment. Cancer cells recovered from
malignant ascites were characterized by RNA sequencing,
proliferation, and apoptosis assays.

Results We observed that host TG2 loss delayed tumor
growth and ascites accumulation and caused increased
infiltration of CD8* T cells and decreased numbers of
myeloid cells in the peritoneal fluid. Tumor antigen-
specific CD8" T cell cytotoxic responses were enhanced
in ascites from TG2”" versus TG2*'* mice and CD8* T cell
depletion caused accelerated ascites accumulation in
TG2”" mice. CD8* T cells from tumor-bearing TG2”~ mice
displayed an effector T cell phenotype, differentiated
toward effector memory (T, ). Mechanistically, absence of
TG2 augmented signals promoting T cell activation, such
as increased cytokine-induced STAT1 and attenuated
STAT3 phosphorylation in T cells. Additionally, immune-
suppressive myeloid cell populations were reduced in the
peritoneal milieu of TG2”" tumor-bearing mice. In response
to the more robust immune response caused by loss of
TG2, cancer cells growing intraperitoneally exhibited an
interferon-y

(IFN-7) responsive gene signature and underwent
apoptosis. In human specimens, stromal, not tumor, TG2
expression correlated indirectly with numbers of tumor-
infiltrating lymphocytes.

Conclusions Collectively, our data demonstrate
decreased tumor burden, increased activation and effector
function of T cells, and loss of immunosuppressive signals
in the tumor microenvironment of TG2”~ mice. We propose
that TG2 acts as an attenuator of antitumor T cell immunity
and is a new immunomodulatory target.

BACKGROUND
Tissue transglutaminase (TG2) belongs to
the transglutaminase family and contains an
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N-terminus B-sandwich domain, which binds
to fibronectin, a catalytic triad C277H335D358,
which carries out the acyl-transfer function,
and two B-barrel domains.! 2 A GTP/GDP
binding site is located between the catalytic
and the first barrel domain. The functions
of the protein are modulated through large
allosteric changes, which are tightly regu-
lated by Ca®* and GTP levels.” Over the past
decade, several studies have linked TG2 to
cancer. Upregulation of TG2 was reported
in ovarian,*® pancreatic carcinoma,’ glioblas-
toma,’ lung,® and breast cancer.” TG2 over-
expression was correlated with poor clinical
outcome in pancreatic,10 ovarian,11 and lung
cancer,12 suggesting that it functioned as a
tumor promoter, and several oncogenic path-
ways (NF-xB, B-catenin, Rho, FAK, Akt, YAP)
were shown to be activated by TG2 and linked
to cancer progression.'”!” TG2 expression
was linked to chemotherapy and radiation
resistance in cancer cells.' This was attributed
to activation of the NF-kB survival pathway'’ *’
and of ‘outside-in’ signaling.w Second, TG2
was linked to metastasis in ovarian,4 b breast,
and lung cancer models.'®?! Third, TG2 was
found to be highly expressed in cancer stem
cells in ovaurian,22 breast,15 skin,23 and brain
cancer models.”* While the majority of the
evidence points to an oncogenic phenotype
linked to TG2, there is still lack of consensus
regarding which function(s) of the protein
promote cancer progression, with evidence
pointing to context-dependent roles of TG2.

Studies linking TG2 to cancer progres-
sion have focused on the activity of TG2
expressed in cancer cells, while the func-
tions of the protein expressed by the host
have been less well investigated. Given TG2’s
wide pattern of expression, it is reasonable
to hypothesize that its expression in normal
tissues could also influence cancer initiation

BM)

Sima LE, et al. J Immunother Cancer 2021;9:€002682. doi:10.1136/jitc-2021-002682 1


http://bmjopen.bmj.com/
http://orcid.org/0000-0002-3404-4162
http://orcid.org/0000-0002-1095-8875
http://dx.doi.org/10.1136/jitc-2021-002682
http://dx.doi.org/10.1136/jitc-2021-002682
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2021-002682&domain=pdf&date_stamp=2022-06-29

and/or progression. TG2 is expressed by fibroblasts,
endothelium, and immune cells, which are components
of the tumor microenvironment (TME) and of the
metastatic niche. T and B lymphocytes, myeloid cells,
and macrophages express variable amounts of TG2, and
the enzyme was shown to alter immune responses under
physiological and pathological conditions. TG2 null
mice were shown to display mildly increased autoim-
munity with aging® and were more efficient in clearing
Mycobacterium tuberculosis.®® TG2 mediates the inter-
action between dendritic cells and T cells promoting
responses to antigen stimulation,”” while TG2”" T cells
were shown to generate decreased numbers of memory
T cells.”® On the other hand, TG2 null macrophages
were less efficient in phagocytosis® ** and displayed a
proinflammatory phenotype, characterized by interleu-
kin-6 (IL-6) and tumor necrosis factor-o. (TNF-o1) secre-
tion.”! However, the role of TG2 in antitumor immunity
has not been studied.

Here, by using the ID8 syngeneic ovarian cancer (OC)
model, we report the effects of host TG2 deficiency on
peritoneal tumor progression and antitumor immune
responses. We show that OC dissemination was delayed
and ascites formation was inhibited in TG2”" mice. The
peritoneal environment of TG2” mice was enriched
in cytotoxic CD8" T cells and T cells differentiated to
an effector/memory phenotype. STAT3 activation in
response to IFN-y, IL-6 and TGF- was decreased in TG’
/- CD4" and CD8" T cells, consistent with an immuno-
stimulated phenotype. On the other hand, proliferation
of cancer cells was inhibited by treatment with ascites
from TG2” compared with TG2"" mice and cancer cells
isolated from TG2” ascites exhibited improved antigen
presentation. Our data support that loss of TG2 in the
host promotes an antitumor cytotoxic T cell response,
limiting disease progression.

MATERIALS AND METHODS

Animals

Female C57BL/6 mice (6-8 weeks of age) were purchased
from Envigo (Indianapolis, Indiana, USA). TG2 knockout
mice (TG2-KO) were generated by Nanda et al™ A
TG2-KO mice colony was established at Northwestern
University using breeders provided by Dr Gail Johnson,
University of Rochester. TG2 knockout was verified by
PCR-based genotyping using tail gDNA and the primers
described in online supplemental table S1. In addition,
absence of TG2 protein was confirmed in liver tissue
by western blotting. Representative genotyping results
are presented in online supplemental figure 1A and B.
Mice were housed in a specific pathogen-free facility, and
all studies were carried out under Animal Use Protocol
#1S00002537 approved by the Northwestern University
Animal Care and Use Committees and performed in
accordance with federal regulations.

Cell lines

Murine ID8 OC cells were provided by Dr Katherine Roby
(University of Kansas). ID8 ovalbumin-GFP-expressing
cells (ID8-OVA) were produced by transducing ID8 cells
with MIGRI-ovalbumin (OVA)-IRES-eGFP vector and
selected by fluorescence activated cell sorting (FACS)
based on green fluorescence protein (GFP) expres-
sion (PMC2883609). OVA production by ID8 cells was
confirmed by ELISA. ID8 and ID8-OVA cells were grown
in Dulbecco Modified Eagle Medium (DMEM, Corning,
Cat. # 10-017-CV, Manassas, Virginia, USA) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin solution.

In vivo experiments

Female TG2-KO and wild-type C57BL/6 mice, 6-8 weeks
old, were injected intraperitoneally with 5million ID8
cells or ID8-OVA cells to induce tumors. Numbers of
tumors >1 mm, volume and cellular content of abdominal
ascites, and spleen weights were measured at necropsy,
typically at 6-7 weeks after inoculation of ID8 cells.
Spleens and ascites of mice implanted with ID8-OVA cells
were used to isolate immune cell populations. For survival
experiments, tumor development induced by ID8 cells
was allowed to continue until mice showed accumulation
of abdominal ascites and 15% increase or loss of body
weight, body condition score of 2 (unconditioned, thin)
or less, or signs of distress and significant lethargy.

Tissue processing

Spleens were mechanically dissociated and passed through
a 70 pm strainer to produce single-cell suspensions. Red
cells were lysed using RBC lysis buffer (BioLegend, Cat.
#420301) for 3min at room temperature (RT) followed
by quenching with RPMI medium. After centrifugation,
cells were resuspended in cell culture media and used for
experiments. For all immune assays, cR10 media was used
consisting of RPMI 1640 medium (Sigma-Aldrich, Cat.
#R8758) supplemented with 10% FBS, penicillin/strepto-
mycin solution, 1% Na-pyruvate, and 1% Minimum Essen-
tial Media (MEM). Ascites specimens were centrifuged to
separate fluid and cellular fractions, and red cells were
eliminated through lysis.

T cell assays

Ex vivo restimulation assay

Ex vivo restimulation assay was performed as described
previously.33 For IFN-yand granzyme B secretion analyses,
cells were rested for 3-5hours in cR10 medium and then
treated for 3hours with phorbol 12-myristate 13-acetate
(PMA, 50ng/mL, Sigma Cat. # P8139), ionomycin (5pg/
mL, Fisher Scientific, Cat. # 124222), and brefeldin A
(1:500, BioLegend, Cat. # 42060) in a 37°C incubator.
Cells were stained for 15min at 4°C with antibodies to
surface antigens, fixed using BD Cytofix buffer (BD
Biosciences, Fixation/Permeabilization Solution Kit, Cat.
# 554714) for 15min at 4°C, washed with BD Cytoperm
buffer, and then stained in Perm/Wash buffer.
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Figure 1 Tissue transglutaminase (TG2) promotes peritoneal tumor growth in a syngeneic ovarian cancer (OC) mouse model
by preventing CD8" T cell infiltration into ascites. (A, B) Volume of peritoneal ascites (mean+SEM, n=23 per group, cumulative
data from four independent experiments are shown) (A), and numbers of cells in ascites (mean+SEM, n=5 per group, data

from one representative experiment out of two performed are shown) (B) in C57BL/6 (TG2**) and TG2 knockout (TG27") female
mice 6 weeks after intraperitoneal injection of ID8 cells. Shown are t-test p values. (C) Images of peritoneal metastases in
TG2** and TG2”" abdominal cavities. Tumor implants are indicated by blue arrows. (D) Kaplan-Meier survival analysis of TG2**
(n=12) and TG2”" (n=14) mice injected intraperitoneally with ID8 cells. Graph represents data from one experiment out of two
performed. (E-H) Measurements by flow cytometry of percentages of immune cells in TG2** and TG2”~ mice-bearing tumors
induced by intraperitoneal inoculation of ID8 cells. (E) CD8* and CD4* T cells in spleens (TG2**, n=10; TG2”", n=9; data from
two experiments). (F) CD8* and CD4" T cells in abdominal ascites (TG2**, n=13; TG2™", n=16; data from four experiments).

(E, F) Programmed cell death protein 1 (PD-1) expressing CD8" T cells in spleen (n=7 per group; data from one representative
experiment) and ascites (n=9 per group; data pooled from three experiments). Values are means + SEM (*p<0.05; **p<0.01). (G,
H) T regulatory cells (Tregs) in spleen (n=10 per group; data from two experiments) and ascites (n=13 per group; data from three
experiments). Activation marker expressions from one representative experiment are shown (n=4-7 per group). () Absolute cell
counts in ascites (TG2+/+, n=6; TG2™", n=5). Total cell counts were used for determination of total cell number for each subset
from data retrieved from fluorescence activated cell sorting (FACS, ****p<0.0001).

In vitro T cell polarization

Splenocytes were obtained from non-tumor-bearing
CH7BL/6 and TG2-KO mice as described above. CD8*
and CD4" T cells were obtained via magnetic bead separa-
tion using EasySep Mouse CD8a Positive Kit II (Stemcell
Technology, Cat. # 18953) and EasySep Mouse CD4" T
Cell Isolation Kit (Stemcell Technologies, Cat. # 19852).
Cells were counted using a Countess II (Life Technolo-
gies) instrument, seeded at 3x10° cells/well in a round
bottom 96-well plate, and cultured for 4days. Anti-CD3
and anti-CD28 antibodies (1pg/mL, eBioscience) were
used for polyclonal activation. Polarizing conditions were
as follows: TcO (cR10 media alone), Tcl (Ing/mL IL-2,
4ng/mL IL-12, 1pg/mL anti-Il-4), and Tcl7 (50ng/
mL IL-6, 10ng/mL TGF-B, 1pg/mL ant-IFN-y, 1pg/
mL anti-IL-4, 1pg/mL anti-IL-2). All cytokines were
from BioLegend. Anti-IL-4 antibody was from BioL.egend
(Cat. # 504108). After 4 days, cells were restimulated with

PMA (1pM) and ionomycin (0.1 pM) in the presence of
brefeldin (BioLegend) for 5hours before intracellular
FACS analysis of activation markers (IFN-y, IL-17A). Data
were acquired using a BD LSRII instrument.

ELISPOT assay

Detection of OVA-specific IFN-ysecreting CD8" T cells was
performed using the ELISPOT assay, as described previ-
ously.”* Ascites from ID8-OVA-bearing mice was harvested
8 weeks after tumor cells inoculation. CD8" T cells were
isolated with magnetic beads by using EasySep Mouse
Naive CD8" T Cell Isolation Kit (Stemcell Technology,
Cat. # 19853), according to the manufacturer’s protocol.
Cells were counted and seeded at 2x10° cells/well in a
Millipore plate (Cat. # S2EMO004M99) and stimulated
with/without OVA peptide (0.5pg/mL). The control
SIY peptide concentration was 5pg/mL. The ELISPOT
assay was performed 24hours later according to the
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manufacturer’s instructions (eBioscience). Numbers and
diameters of spots were measured in triplicate samples by
an automatic ELISPOT counter.

T cell killing assay

CD8" T cells from ascites of TG2"* (C57BL/6) and TG2
/" (TG2-KO) ID8-OVA tumor-bearing mice were enriched
by negative selection using a CD8a" T Cell Isolation kit
(Miltenyi Biotec, Cat. # 130-104-075) and LS magnetic
columns. After selection, 10°CD8" T cells were sorted
by FACS in duplicate for each genotype and co-cultured
with ID8-OVA cells at 20:1 (effector:target) ratio to assess
CD8" T cells killing capacity. Flow cytometry was used
to determine apoptosis in the tumor cell fraction. For
this, cells were washed with staining buffer (BioLegend,
#420201) and subsequently were stained by using anti-
CD45 Pacific Blue and anti-CD8 PerCP-Cy5.5 for 15min
at 4°C. After washing, cells were resuspended in 50 pL. of
Annexin binding buffer and double-stained with Annexin
V-FITC/7-AAD (BioLegend, Cat. # 640922).

Flow cytometry and cell sorting

Ascites (40 pL) and single-cell suspensions of splenocytes
(3.5x10° cells) were used for FACS analyses. Cells were
incubated with 1pg/mL antibody, washed twice with
cold phosphate buffered saline (PBS), and fixed using
BioLegend Fixation buffer. Nuclear Ki-67 and Foxp3
staining was performed according to the manufactur-
er’s instructions (eBioscience). For OVA-specific dimer
staining,” H-2kb:Ig Dimer X was loaded with 40 M excess
of the OVA peptide and cells were stained according to the
manufacturer’s instruction (BD Bioscience) within the T
cell differentiation panel. For pSTAT1/3/5 staining, cells
were treated with IFN-y (Ipg/mL), IL-6 (bpg/mL), or
TGF-B (1 pg/mL) for 15 min and then fixed in 1.5% para-
formaldehyde for 10min at RT.** Cells were centrifuged
and resuspended in cold methanol for 10min before
storage at ~80°C until staining.” Cells were washed twice
with ice-cold PBS containing 1% bovine serum albumin
(BSA). Anti-pSTAT antibodies were added for 30min
at RT together with those for surface markers in a final
volume of 100pL of ice-cold PBS and incubated at RT
for 30min. Cells were washed with staining buffer and
analyzed by flow cytometry. Heatmaps were generated
to show fold change of pSTATs in response to respec-
tive cytokine by using logl0 ratio values of stimulated to
unstimulated conditions. Median fluorescence intensity
(MFI) of pSTATs was determined to acquire basal and
stimulated expression levels before and after IL-6 stim-
ulation, respectively, while the percentages were deter-
mined to evaluate the proportion of cells expressing the
phosphoproteins. Uncompensated data were collected
using either an LSRFortessa or an LSRII cytometer with
FACSDiva software (both BD Biosciences). Compensation
and analyses were performed using Cytobank (www.cyto-
bank.org) or FlowJo V.10 software. UltraComp eBeads
(ThermoFisher) were used for single color compensa-
tion. For some experiments, Zombie NIR Fixable Viability

Dye was used (BioLegend) to stain PBS resuspended cells
for live/dead discrimination. See supplemental material
(SM) for additional details.

Colony formation assay

Post-seeding, ID8 cells were starved overnight and treated
for 7days with 20% or 50% pooled ascites supernatant or
cultured in DMEM complete media. Media with 2xFBS
was used to compensate for the ascites volume added
to the wells. Day 7 pretreated cells were harvested and
cultured for colony forming units assay at 150 cells per
60 mm dish for 10 days.

Apoptosis analysis

Ascites-treated ID8 cells for 5days were FACS analyzed
for apoptosis using Annexin V FITC/7-AAD double
staining according to manufacturer’s recommendations
(BioLegend).

RNA sequencing (RNAseq)

Total RNA was extracted from EpCAM" epithelial cells
sorted from ascites and from ascites-treated ID8 cells
using the RNeasy Mini Kit (Qiagen, Cat. # 74104). See
SM for details. Data are deposited in GEO (GSE139686).

Immunohistochemistry (IHC)

OC tissue microarray (TMA, #OVC1021) were obtained
from Pantomics and stained for TG2 and CDS8, as
described in SM. TMAs were automatically scanned using
the TissueFAXSiPlus imaging system (TissueGnostics,
Vienna, Austria), and reconstituted virtual slides were
subjected to quantitative image analysis (SM).

Image cytometry

From the 102 TMA cores, 15 specimens were excluded
due to inadequate sample area or sample processing arti-
facts and 3 normal specimens were not included in the
analysis. To quantify TG2, the scanned TMA was imported
into the StrataQuest (V.5.0.1.336) image analysis soft-
ware (TissueGnostics, Vienna, Austria) and processed
with a customized analysis profile (APP) to differentiate
epithelial from stromal tissue areas (online supplemental
figure S2A) and to quantify the DAB signal (intensity
and abundance) by using single-cell measurement masks
and image cytometry scattergrams (online supplemental
figure S2B) following a dedicated gating strategy (see
SM). TG2 expression score was determined overall and
within each tissue compartments using the formula:
%TG2" cells*mean of single-cell mean pixel intensity
of TG2. For estimating the numbers of CD8" T cells in
the tumor or stromal compartments, tissue areas were
inspected under 20X magnification. ‘Cold’ tissues were
classified as 0, weakly infiltrated regions (<5-10CD8" T
cells) were scored as 1, and highly infiltrated specimens
(>10CDS8" T cells) were scored as 2.

Statistical analyses
RNAseq data were analyzed using the Exact test which
is based on quantile-adjusted conditional maximum
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likelihood method in the edgeR package of R.* P values
were adjusted for multiple hypotheses testing using false
discovery rate (FDR) correction. The list of differentially
expressed genes (FDR<0.05) was uploaded into the Inge-
nuity Pathway Analysis (IPA, Ingenuity Systems) software
to identify upstream regulators associated with the two
conditions. Pathway analysis for the genes differentially
expressed was performed with the web-based tool Enrichr
(http://amp.pharm.mssm.edu/Enrichr/) RO The
threshold for significance was set as a p value less than 0.05
and FDR at <30% (Fisher’s exact test). The most signifi-
cantly enriched pathways were displayed in R (V.4.0.3)
(https://www.r-project.org/) using a horizontal bar chart.
Significantly upregulated genes from Cholesterol Biosyn-
thesis, Cholesterol Metabolism, and Interferon Signaling
pathways were represented as red rose petals, the intensity
of the red shade representing the magnitude of the fold
change. The petals were generated with LaTeX (miKTex
V.20.12) (https://miktex.org/). TGM2 RNA expression
levels for different cell types were retrieved from the DICE
(Database of Immune Cell Expression, Expression quan-
titative trait loci and Epigenomics) project (https://dice-
database.org/). The Mann-Whitney-Wilcoxon test was
applied to assess the relationship between TGM2 expres-
sion and different groups after testing for normality of
the data with a Shapiro-Wilk test. Results are presented
as box-and-whisker plots (boxes represent first and third
quartiles, whiskers represent 1.5 times the IQR). Analyses
were performed in R (V.3.5.1, http:///www.r-project.
org/) and statistical significance was set at p<0.05. Other
experimental data from in vitro and in vivo experiments
were analyzed by the Student’s t-test. Kaplan-Meier anal-
ysis was applied to survival data. Correlation analyses
were performed on the image cytometry TMA-derived
data using the Pearson correlation coefficient. Analyses
were performed in GraphPad Prism V.8 for Windows and
V.9 for Mac (GraphPad software, San Diego, California,
USA). Results are presented as mean+SEM, unless other-
wise indicated. P values<0.05 were considered significant.

RESULTS

TG2 deficiency inhibited tumor progression in an 0C
syngeneic model

To determine whether TG2 expression in the host alters
OC progression, the Roby syngeneic mouse model™ was
tested in TG2”" mice. TG2 knockout was confirmed by
PCR (online supplemental figure S1A) and western blot-
ting (online supplemental figure SIB). ID8 cells were
injected intraperitoneally in TG2 knockout (TG2”") and
wild-type (TG2"") mice. Tumor burden was assessed at 6
weeks, when ascites became clinically detectable. Ascites
volume (figure 1A, *p=0.0134) and number of cancer
cells in ascites (figure 1B, *p=0.0187) were significantly
decreased in TG2”" versus TG2"”" mice, while miliary
tumor dissemination on peritoneal surfaces was similar
between TG2” and TG2"* mice (figure 1C). ID8-bearing
TG2”" mice survived longer compared with controls

(*p=0.0209; median survival 47 days (n=12) vs 43 days
(n=14), figure 1D).

TG2 deficiency promotes accumulation of effector CD8* T
cells in ascites associated with 0C

To determine whether the diminished tumor burden
observed in TG2”" mice was related to altered antitumor
immune response, immune cell populations were charac-
terized by flow cytometry at tumor site (in ascites) and in
the spleens of tumor-bearing mice. FACS demonstrated a
decrease in CD8" T cells in the spleens from TG2” mice
compared with controls (figure 1E, *p=0.0144) and a
corresponding increase in CD4" T cells proportion within
the CD45" leukocytes fraction in ascites from TG2”" mice
versus TG2"* controls (figure 1F, #p=0.0244). There were
no significant differences in the percentage of CD4" T
cells between TG2"* and TG2”" mice in spleens or ascites
(figure 1E-F). A higher percentage of CD4" T regulatory
cells (Treg) was detected in the spleens of TG2” mice
(figure 1G, *p=0.0371), while a non-significant differ-
ence was observed in ascites (figure 1H). Activation of
Tregs was observed in TG2”" mice (figure 1G-H), with
a significant increase in the percentage of GITR" Tregs
(figure 1H, **p=0.0079). However, the CDS8" T cells/
Treg ratios in ascites and spleens (online supplemental
figure S3A) were not different between TG2"* and TG2”
mice. In addition, higher percentages of PD-1" cells were
detected among TG2”~ CD8" T cells versus controls, in
both spleens and ascites (figure 1E-F, *#*p=0.0091and
*p=0.0272). The gating strategy for FACS is in online
supplemental figure S3B. The results support that TG2
loss correlates with increased fraction of activated CD8"
T cells in the peritoneal environment of OC-bearing
mice. Cell counting revealed increased CD45" cell accu-
mulation in ascites from TG27 mice, as well as increased
number of all T cell subsets (figure 1I).

To determine whether TG2 deficiency alters the T cell
compartments independent of cancer context, spleens of
non-tumor-bearing mice were analyzed. Decreased CD8"
and increased CD4" percentages were observed in TG2
/" versus control mice (online supplemental figure S3C,
*#%p=0.0007 and *p=0.0181). There were no measurable
differences between Tregs and PD1 expressing CD8" T
cells in the spleens of non-tumorbearing TG2” versus
control mice (online supplemental figure S3C). Gating
strategy is shown in online supplemental figure S3D.
These data support the presence of modest differences
in the immune milieu associated with TG2 deficiency, as
previously reported.*

TG2 deficiency enhances the cytotoxic function of CD8* T cells
To further determine the function of tumor-associated
cytotoxic T cells, response to ex vivo stimulation was
assessed. Ascites-derived TG2”~ CD8" and CD4" T cells
demonstrated a significant threefold to fourfold increase
in IFN-y secreting cell fractions upon stimulation with
ionomycin and PMA (figure 2A-B *p=0.0219and
**p=0.0044), as compared with controls. Interestingly,
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Figure 2 Tissue transglutaminase (TG2) deficiency enhances the effector function of CD8" T cells isolated from ovarian cancer
(OC)-associated ascites. (A, B) Representative flow cytometry density plots (A), and FACS quantification of percentages and
counts (B) of IFN-y secreting CD8", total CD4* T cells, and subsets of effector CD4* T cells and T regulatory cells (Tregs), on

ex vivo restimulation (at least n=5 mice per group; *p<0.05, **p<0.005, **p<0.001, ***p<0.0001). (C, D) Representative flow
cytometry density plots (C), and FACS quantification of percentages and counts (D) of granzyme B secreting CD8", total CD4*
T cells, and subsets of effector CD4* T cells and Tregs, on ex vivo restimulation (n=4 mice per group, one representative
experiment; **p<0.001, ****p<0.0001). (E, F) Representative flow cytometry density plots (E) and FACS analysis (F) of CD8* T

cell differentiation subsets (naive, CD8*CD62L"CD44""; central memory, T, , CD8*CD62L"CD44"; and effector/memory, T, ,
CD8*CD62L"°"CD44") among CD8* T cells in ascites of TG2** (n=5) and TG2- (n=7) mice injected with ID8 cells. Data from
two independent experiments are represented as means + SEM. *p<0.05; **p<0.005.

we found a greater accumulation of Tregs producing
IFN-y in ascites of tumor-bearing TG2”" mice compared
with TG2"™ mice, supporting a potential effect of TG2
on intrinsic IFN-y-mediated Treg fragility to promote
antitumor immunity’’ (figure 2A-B). Moreover, signifi-
cantly increased absolute numbers, but not percentages,
of granzyme B+ cells were observed in TG2”" lympho-
cytes (figure 2C-D). Spleen-derived T cells showed no
significant difference in IFN-y response between TG2”
and TG2"" cells (online supplemental figures S4A-B),
but a significant increase in granzyme B secretion by
spleen TG2”" CD8" T cells stimulated ex vivo compared
with TG2"" T cells was observed (online supplemental
figure S4C,D, *p=0.0159), supporting increased effector
function of TG2” CD8" T cells. However, no significant
difference in T cell subsets restimulation between TG2
genotypes was noted in spleens of non-tumor-bearing
mice (online supplemental figure S4E-L).

To identify whether TG2 deficiency affects T cell differ-
entiation, we analyzed the distribution of CDS8" T cells
between different subgroups in ascites from TG2”" versus
TG2"* mice. These subsets are defined by specific markers
that allow the quantification of CD8" T cells residing in

each differentiation stage from naive-like (CD62L"C-
D44'°") to central memory (CD62L"CD44") and effector/
memory (CD62L/*CD44™) T cells. The effector/memory
pool (T ) was increased in ascites from TG2/ mice, while
both the naive-like (Naive) and central memory (T )
CDS8" T cells pools were decreased compared with CD8"
T cells from TG2"" ascites (figure 2E-F, **p=0.0065,
**p=0.0075, *p=0.0218). In spleen, there was an increase
in naive CD8" T cells in TG2”" mice (*p=0.0208), with
no significant difference observed between TG2” and
TG2"* mice for the other differentiated subsets (online
supplemental figure S5A,B). Conversely, spleens of TG2”
mice showed decreased proportion of T cells in tumor-
free conditions (online supplemental figure S5C,D,
*p=0.0248), suggesting a potential role of TG2 regulating
CDS8" T cells differentiation. Ascites-sorted TG2”~ CD8"
T cells had a higher capacity to recognize and kill ID8
tumor cells (more Annexin V" apoptotic cells) in a co-cul-
ture experiment compared with TG2"" CD8" T cells
(online supplemental figure S5E). These results support
thatin the peritoneal TME, CDS8' T cells from TG2” mice
possess an enhanced effector T cell phenotype, differenti-
ated towards the effector memory pool.
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Decreased myeloid cells in the peritoneal TME of tumor-
bearing TG2"~ mice

Myeloid cell subsets in spleens and ascites from TG2
/~and TG2"" mice were also assessed. This population,
including myeloid-derived suppressor cells (MDSCs)
and tumor-associated macrophages (TAMs), negatively
affects the antitumor immune response by inhibiting
T cell cytotoxicity." FACS demonstrated an overall
tendency toward decreased CD11b" myeloid cell density
within the TG2”" ascites microenvironment (figure 3A-B,
*p=0.0848). Within this population, decrease in
granulocytic-type ~ CD11b*Gr1"Ly6C™  (G-MDSCs),
monocytic-type CD11b*Gr-1"Ly6C™ (M-MDSCs) MDSCs,
and CD11b‘F4/80" TAMs was observed in the ascites
from TG2”" mice (figure 3A-B, *p=0.0301, *p=0.0353).
The programmed death receptor ligand 1 (PD-L1) is
expressed on the surface of antigen-presenting and
myeloid cells in the TME and by engagmg PD-1 on T
cells, contributes to lymphocyte exhaustion.*” There was
a slight increasing trend in the percentages of PD-L1
expressing ascites-derived myeloid subsets in TG2”~ tumor-
bearing mice (figure 3C-D, non-significant). In contrast
to the peritoneal TME, myeloid cells were increased
in the spleens of TG2”" mice compared with controls
(figure 4A-B, *p=0.0468). However, the MDSC subsets
showed decreased percentages in TG2”™ spleens, more
predominantly for G-MDSCs (figure 4B, *p=0.0061).
PD-L1 expression was consistently decreased in the total
splenic myeloid cell pool (figure 4C-D, **p=0.0053), as
well as on all subsets (figure 4C-D, *p=0.0016, *p=0.0489)
in TG2” mice compared with controls (figure 4D; online
supplemental figure S6A, *p=0.0130). Gating strate-
gies for MDSC subsets and TAMs are included in online
supplemental figure S6B,C. In all, the results support that
fewer immunosuppressive MDSCs and TAMs infiltrate the
peritoneal TME in TG2” mice compared with controls.

TG2 depletion enhanced antigen-specific antitumor T cell
responses

To further characterize the effector phenotype of CD8"
T cells in the TG2” background versus controls, antigen-
specific T cell response was measured. For this, OVA-
expressing ID8 cells were injected intraperitoneally in
TG2”* and TG2”" mice, and OVA-specific CD8" T cell
response was assessed by using Dimer-OVA staining and
the ELISPOT assay. Increased percentages of CD8" T
cells were detected in TG2”" mice ascites (figure HA,
#p=0.0248). Further, the fraction of OVA-specific CD8" T
cells was increased in ascites from TG2”" mice as quanti-
fied by using Dimer-OVA staining (figure 5B; *p=0.0449).
The ELISPOT assay measured IFN-y secretion in magnet-
ically separated ascites CD8" T cells recovered from ID8-
OVA tumor-bearing mice (figure 5C-D). An increased
response to OVA peptide stimulation was observed in
TG2” T cells compared with controls (figure 5C and
D, #p<0.0001). The data support that antigen-specific
CDS8' T cell response is more potent in TG2” mice versus
controls ascites.

Antibody-mediated CD8" T cell depletion assessed the
importance of CD8" T cells to the delayed tumor progres-
sion observed in TG2”" mice. The experiment schema is
included in online supplemental figure S7A, and CD8"
T cell depletion was confirmed in ascites, whereas CD4"
T cell numbers were not affected (online supplemental
figure S7B). Depletion of CD8" T cells caused significant
and faster ascites accumulation in TG2”~ compared with
TG2"* mice (figure 5E, *p=0.0352) with a trend toward
increased number of cancer cells in ascites (figure 5F,
p=0.0595), representing a reversal of the observed
phenotype. The mice were sacrificed at an earlier point
precluding detection of the expected difference in ascites
accumulation in isotype-treated TG2”" versus TG2"*
mice. The data support the concept that the delay in
tumor progression in TG2”" mice depends on enhanced
CD8" T cell activity. The percentage of CD8" T cells
resident in the spleens of both TG2"" and TG2”" mice
subjected to CD8" T cell depletion decreased to ~20% for
the TG2"* and to ~40% for the TG2” mice, as compared
with isotype-treated animals, with a slight accumulation of
CD4' T cells (online supplemental figure S7C). Like non-
treated (online supplemental figure S5A,B) and isotype
IgG-treated mice (figure 5G-left panel), the persistent
CD8" T cell fraction in the spleens of anti-CD8 treated
TG2”" mice included an enhanced T (CD62L+CD44)
pool, compared with TG2"* mice (mean % TG2" T, _ e
cells 67.95%>47.43% in TG2"*, *¥p=0.0066). CD8" T cells
in spleens from TG2” mice retained the T, fraction with
no detectable alteration of their differentiation pattern
(figure 5G—H, bottom panels), while TG2"* splenocytes
were almost depleted of this fraction upon anti-CD8 treat-
ment (figure 5G-H, top panels, **p=0.0038, *p=0.0238).
These results suggest a potential intrinsic role of TG2 in
CD8' T cell differentiation.

Additionally, exploration of the publicly available
transcriptomic Database of Immune Cell Expression,*
comparing TGM2 expression levels between immune
cell subsets, revealed a 1.37-fold upregulation of TG2
mRNA in activated CD8" T cells as compared with inac-
tive cells (figure 5I). TGM?2 transcript levels were also
high in monocytes (online supplemental figure S7D) and
in activated CD4" and Treg cells (online supplemental
figure S7E), supporting a correlation between TG2 and
immune responses.

TG2”~ CD8* T cells display altered STAT3 activation

To further understand the mechanism implicated in
TG2-regulated CD8' T cell differentiation and activation
in tumor-bearing hosts, STAT activation was measured.
Ascites-derived T cells were stimulated ex vivo with
cytokines commonly secreted in the OC TME (IFN-y,
TGF-B, and IL-6)** ** and which are representative for
activating each STAT node. The engagement of JAK/
STAT signaling, a pathway which plays an important
role in regulation of T cell activation,” was assessed by
phospho-flow cytometry. Steps of the gating strategy
are presented in figure 6A. The heatmap in figure 6B
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Figure 3 Myeloid cell populations in ascites of TG2** and TG2”" tumor-bearing mice. (A, B) Flow cytometry analysis

of myeloid cell populations in ascites: total myeloid cells (CD11b", n=7, two experiments), granulocytic myeloid-derived
suppressor cells (G-MDSCs, CD11b*Gr-1"Ly6c™, n=5, one experiment), monocytic myeloid-derived suppressor cells (M-
MDSCs, CD11b*Gr-1*LyBC™, n=9, two experiments), and tumor-associated macrophages (TAMs, CD11b"F4/80"°", n=11,
three experiments). (C, D) FACS analysis of percentages of programmed death receptor ligand 1 (PD-L1) expressing cells
within the total myeloid cell population and within the myeloid subpopulations G-MDSCs, M-MDSCs, and TAMs (n=4 for
TG2** and n=5 for TG27~, one representative experiment) in ascites. Data are presented as means+SEM. *p<0.05. TG2, tissue
transglutaminase.

demonstrates differences in STAT-1, 3, and 5 phos-  STATI and STAT3 were activated more effectively in
phorylation in response to IFN-y, TGF-B, and IL-6 in T~ CD4" cells from TG2"* compared with TG2”" ascites in
cells from ascites collected from TG2”" or TG2"* mice. response to IFN-y and TGF-B (figure 6B, upper panels).
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Figure 4 Myeloid cell populations in spleens of TG2** and TG2”" tumor-bearing mice. (A, B) Flow cytometry analysis

of myeloid cell populations in the spleen: total myeloid cells (CD11b"), granulocytic myeloid-derived suppressor cells (G-
MDSCs, CD11b*Gr-1"LyBC™), monocytic myeloid-derived suppressor cells (M-MDSCs, CD11b*Gr-1*LyBC"), and tumor-
associated macrophages (TAMs, CD11b"F4/80°") (n=7, data from one representative experiment). (C, D) Fluorescence
activated cell sorting (FACS) analysis quantified programmed death receptor ligand 1 (PD-L1) expressing cells in the total
myeloid cell population (n=10, two experiments) and subpopulations: G-MDSCs (n=9, 2 experiments), M-MDSCs (n=10, two
experiments), and TAMs (n=7, 1 experiment) from spleens. Data are presented as means + SEM. *p<0.05 **p<0.005. TG2, tissue

transglutaminase.

STAT3, but not STAT1, was phosphorylated more
potently in response to IL-6 in CD4" cells from TG2"*
compared with TG2” ascites. Likewise, STATS phos-
phorylation was increased in response to all cytokines

in CD8" cells from TG2"* compared with TG2”" ascites
(figure 6B-C, online supplemental figure S8A), while
activation of STAT1 appeared increased in CD8" cells
from TG2”" ascites (figure 6B, lower panels; figure 6C;
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Figure 5 Antigen-specific T cell responses and in vitro T cell differentiation of TG2** and TG2” CD8" T cells. (A). Flow
cytometry quantification of total CD8* T cells infiltrated into ascites of TG2** and TG2” mice (=10, *p<0.05). (B) OVA-specific
CD8" T cells infiltrated into ascites, and representative flow cytometry dot plots depicting OVA-specific CD8"* T cells fractions
detected by dimer-OVA staining in ascites of TG2** and TG2”" mice (n=10, *p<0.05). (C, D) ELISPOT assay quantifies numbers
of IFN-y-secreting CD8" T cells in the ascites of TG2** (n=6) and TG2”" (n=5) mice responding to OVA peptide stimulation.
****n<0.0001. (E, F) Tumor burden assessment (as in figure 1A,B) in mice on depletion of CD8* T cells includes assessment of
ascites volumes (n=9, *p<0.05) and numbers of cells (n=9, p=0.0595). Data represent three independent experiments. (G, H)
Representative dot plots and summary of CD8" T cell differentiation subsets in TG2” versus TG2** spleens at the end of CD8*
T cell depletion treatment. (l) Expression levels of TGM2 in activated and naive CD8" T cells extracted from the DICE database.
P values were obtained by using the Mann-Whitney test. TG2, tissue transglutaminase.
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Figure 6 STAT activation in TG2** and TG2”" T cells. (A) Ascites cells from tumor-bearing mice were either left unstimulated
or stimulated with cytokines. Density plots show the gating strategy for measuring phosphorylated STAT in T cells isolated from
ascites. Example of pSTAT3 signal detected in CD4* T cells before (median fluorescence intensity (MFI)=1691.17) and after
(MFI1=2000.29) IL-6 stimulation by using Cytobank generated contour plots. (B) Analysis of cytokine-induced phosphorylation
of STAT proteins. MFI (log10 fold-change) of pStat1, pStat3, and pStat5 in ascites-derived CD4* and CD8" T cells from tumor-
bearing TG2"* or TG2”~ mice (n=5 per condition, shown are data from one representative experiment), stimulated for 15 min
with IFN-v (1 pg/mL), transforming growth factor (TGF-) 1 ug/mL), or IL-6 (5 ug/mL). Protein phosphorylation is represented

as a heatmap using the Cytobank platform. Each square represents the response of a specific STAT protein to the respective
cytokine in a distinct cell type. The scale is specific to each pSTAT and consistent across cell types and represented beneath
as blue to yellow color code (log10 ratio of medians). (C) Radar plots of pStat1 and pStat3 levels in B (median of log10 ratios)
in CD8* T cells from TG2** and TG2”" mice on IFN-vy, TGF-B and IL-6 cytokine stimulation. Blue indicates TG2**, while orange
represents TG2™". (D) Quantification of pStat1/pStat3 MFI ratio before and after cytokine stimulation in CD8* T cells isolated
from ascites of TG2”~ and TG2** mice (*p<0.05, **p<0.01). (D) Quantification of pStat1/pStat3 percentages ratio in unstimulated
CD8* T cells isolated from ascites of TG2”~ and TG2** mice (*p<0.01). TG2, tissue transglutaminase.
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online supplemental figure S8B, *p=0.049, *p=0.011).
A significant increase in the ratio of pSTAT1/pSTAT3
levels (figure 6D, *¥p=0.004, *p=0.031, *p=0.011) in
response to IFN-y, IL-6, and TGF-B was detected in
CDS8" cells from TG2”" compared with TG2"" ascites.
Of note is that under unstimulated conditions, the
ratio of %pSTAT1/%pSTAT3 within CD8" T cells was
already increased (figure 6E, *p=0.0085). There were
no measurable differences in STAT)H activation in
either CD4" and CD8" T cells from TG2”" versus TG2"*
in response to the three cytokines (figure 6B, online
supplemental figure S8C). These results suggest the
potential involvement of TG2 in differential activation
of STAT1 versus STAT3 to fine tune the effector func-
tion of T cells (figure 6C-E).

We next investigated the possibility that TG2 could
affect the intrinsic capacity of CD8" T lymphocytes to
polarize and differentiate to effector cells on activation
signals. First, we quantified under TcO conditions the
expression of two key reprogramming transcription
factors Tbet™® and Gata-3.*” There was an increasing
trend in expression of both factors in TG2” versus TG2"*
CDS8' T cells isolated from the spleens of tumor-free mice
(figure 7A-B). When assessing differentiation toward Tcl,
an increased percentage of IFN-y secreting Tc0 and Tcl
polarized CD8" T cells was observed in TG2”" compared
with TG2"* mice (figure 7C and D, *##¥p<0.0001). Simi-
larly, increased percentages of IL-17A secreting TcO and
Tcl7 polarized CD8' T cells were detected in TG2” versus
TG2"" mice (figure 7C and E, *p<0.05, **¥p<0.001).

Splenic CD8' T cells isolated from tumor-free TG2"*
and TG2” mice were cultured in TcO conditions for 4 days
prior to IL-6 stimulation. Decreased STAT3 phosphory-
lation was observed in TG2”" versus TG2"* cytotoxic T
cells (figure 7F). To determine whether the enzymatic
activity of TG2 plays a role in regulating STAT3 activation
in CD8" T cells, two specific TG2 transamidase inhibitors
(ERW1041E and NC9)* * were used during TcO polar-
ization of TG2"" CD8' T cells. Both inhibitors decreased
STAT3 phosphorylation (figure 7G), consistent with the
phenotype observed in TG2”" models (figure 6B-E),
suggesting that the enzymatic function of TG2 may
contribute to the observed phenotype. Together, the
results support an inhibitory role of TG2 in the differenti-
ation of cytotoxic T cells mediated likely through STAT3.

Effects of host TG2 on tumor cells in the peritoneal
environment

We next evaluated whether TG2 expression in the tumor
stroma affected CD8" T cell intratumoral infiltration. We
used a cohort of 84 human OC specimens arrayed on a
TMA and assessed TG2 expression by IHC in cancer cells
and in the stroma. Intratumoral CD8" T cell infiltration
was graded as 0, 1, and 2, based on numbers of detect-
able CD8" T cells (figure 8A). Stromal TG2 expression
correlated negatively with intratumor CD8" T cell infil-
tration in human OC specimens (r=-0.2252, *p=0.0360,

figure 8A-B), like observations in the immunocompetent
animal model.

To determine the global effects of host TG2 deple-
tion on tumor cells in the peritoneal environment,
sorted EpCAM" cells from TG2”" and TG2"" ascites
(online supplemental figure S9A) were analyzed by RNA
sequencing. The analysis revealed 921 transcripts differ-
entially expressed, p<0.05, fold-change >2 (online supple-
mental tables 2,3) and hierarchical clustering showed
distinct transcriptomic profiles of tumor cells harvested
from TG2”" and TG2"" mice (figure 8C). Upregulation
of genes related to antigen presentation and immune
response was observed in EpCAM" cells separated from
TG2”" compared with cells isolated from TG2"" ascites
(online supplemental table S2). Among them, interferon
inducible GTPase 1 (Iighl), Immunity-related GTPase family
M member 2 (Irgm2), Interferon gamma induced GTAse (Igtp),
interferon induced protein 44 (Ifi44), and STATI were among
the genes significantly (FDR<0.01) upregulated (>3-fold)
in cancer cells from TG2”" ascites (online supplemental
table S2), reflecting a gene signature responsive to IFN-y
secreted in the peritoneal TME of TG2” mice. Enrichr
analysis of differentially expressed genes revealed enrich-
ment in Metabolism of Lipids and Lipoproteins, Interferon
Signaling, Cholesterol Biosynthesis Pathways, Antigen Processing
and Presentation Pathways (figure 7D). Conversely, path-
ways involved in Glycolysis and Gluconeogenesis, HIFI-o. Tran-
seription Factor Network, and Tumor Infiltrating Macrophages
in Cancer Progression and Immune Escape were downregu-
lated (figure S8E). Among the top upstream regulators
identified by using IPA, IFN-y was activated, whereas lipo-
polisacharide (LPS), TP53, and TGF-f1 were inhibited
in epithelial cells from TG2” mice (online supplemental
figure S9B). Transcripts involved in Interferon Signaling
(figure 8F), Cholesterol Biosynthesis, and Cholesterol Metabo-
lism (online supplemental figure S9B) were significantly
upregulated in the cancer cells from ascites from TG2’
/" compared with TG2"" mice. Genes related to cell
homing, adhesion, and invasion were downregulated in
EpCAM" cells from TG2”" versus TG2"* ascites (online
supplemental table S3). The data suggest that cancer
cells in the TG2” peritoneal environment are likely more
visible and more vulnerable to immune attack, while
simultaneously being less invasive.

To further test the effects of ascites on tumor cells,
colony forming, cell cycle, and apoptosis assays were
performed after ex vivo treatment of ID8 cells with ascites
from tumor-bearing TG2”" and TG2"* mice. Ascites from
TG2” mice inhibited colony formation more potently
than ascites from TG2"* control mice (figure 8G). On
treatment with TG2”" ascites, a modest decrease in the
cell population transiting from S to G2/M phase was
observed (online supplemental figure S9C) along with
a significant increased apoptosis of ID8 cells (figure 8H
and online supplemental figure S9D). Collectively,
these data support that the proliferation and survival
of cancer cells are negatively affected by TG2”" ascites.

12

Sima LE, et al. J Immunother Cancer 2021;9:€002682. doi:10.1136/jitc-2021-002682


https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682
https://dx.doi.org/10.1136/jitc-2021-002682

A 2000
2
8
~ 1500
1Y)
8
= 1000
T
s
g 500
2
i
0
<>
&
<0
TG2+/+

B . 100
3
S 800
)
S 600
£
% 400
@
£ 200
8
0
- &
GO
Tcl7
TG2++ TG2/

Tc0

Te0

68.8

Tel

15.4

Tel17

Tei

*kk

[

IL-17A

60

40

Percentage of pStat3*
in CD8* T cells (%)

20

Figure 7

TG2"*

TG2-

CD8

TG2 inhibitors:
Intrinsic CD8" T cell modifications produced by tissue transglutaminase (TG2) targeting. (A, B) Percentage of T-bet

pStat3

B TG2++ ?20_ . TG4+
I TG2+- < 454 =3 TG2--
=
S104
()
o
@
c 54
8
| S ol
TcO Tc17
Te2* G
68.1 N w{pstat3 s pstat3
g a0 {412
i 8
% “ & untreated
CD8+" .|
IL-6:pStat3 *
3 5 ’—‘
g e
: §§ 50uM
&
s

NC9

ERW1041E

Open access

(n=4) and Gata-3 (n=3) expressing CD8" T cells determined by flow cytometry in TcO polarized cells from TG2"* and TG2"
mice spleens. One representative experiment is represented. (C) Representative dot plots of IFN-y and IL-17A secreting CD8*
T cells determined by flow cytometry in Tc1 versus TcO (left) and Tc17 versus TcO (right) polarization conditions, respectively,
from TG2"* and TG2”" mice. (D, E) Percentage of IFN-y and IL-17A secreting CD8" T cells determined by flow cytometry in
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one experiment out of two performed. (F) STAT3 activation status in CD8"* T cells isolated from naive TG2** and TG2”" mice
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*p<0.05; **p<0.01; **p<0.001; ***p<0.0001.

The morphology of ID8 cells treated with TG2”" ascites
changed toward a mesenchymal appearance, with accu-
mulation of intracellular vacuolae, indicating cytotoxicity

(online supplemental figure S10A). RNA sequencing also
compared the transcriptomic profiles of ID8 cells treated
with TG2” versus TG2"" ascites. Distinct transcriptomic
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40

the tumor microenvironment (TME) on tumor cells. (A)

Representative fields showing IHC staining for TG2 and CD8 in human OC specimens on a tissue microarray (TMA) (n=84).
Representative paired specimens show TG2 and CD8 expression in tumors with low (left) and high (right) stromal TG2
expression. Stroma is delimited by white dashed contours and CD8" T cells are indicated by red circles. Insets depict the
whole TMA spots. (B) Indirect correlation between stromal TG2 expression level and level of intratumoral CD8" T cell infiltration

(*p=0.0217, r=—0.2487). (C) Unsupervised hierarchical clustering

shows gene expression profiles measured by RNAseq in

sorted EpCAM" cells from ascites of TG2”" and TG2** mice inoculated with ID8 cells (n=3 specimens per group). (D, E)

Enriched pathways upregulated (F) or downregulated (E) in sorted EpCAM" cells from ascites of TG2” versus TG

2+ mice.

The bar chart illustrates the number of differentiated genes on each pathway, the ratio of the number of differentiated genes

to the total number of genes known on the pathway, and the p value of the Fisher test. (F) Representation of the fold change
(FCH) for the genes associated with interferon, with different shades of red as they were upregulated, the intensity of the color
representing the magnitude of fold change; petals are arranged according to the fold change. (G) Colony formation assay for
ID8 cells cultured in media containing ascites pooled fromTG2** or TG2”" mice (n=8). (H) Flow cytometry using Annexin V/7AAD
double labeling quantifies apoptosis in ID8 cells treated with ascites pooled from TG2"* or TG2”" mice. Data are represented as

means + SEM (*p<0.05; **p<0.05; **p<0.001; “***p<0.0001).

profiles were evident in ID8 cells treated ex vivo with
TG2” versus TG2"" ascites (online supplemental figure
S10B) with the top enriched pathways in TG2”" versus
TG2"" ascites-treated cells being Cholesterol Biosynthesis
and Immune Response (online supplemental figure S10C,

online supplemental tables S4,5) similar to the transcrip-
tomic profiles of cancer cells isolated from ascites. While
we suspected that secreted factors in ascites were respon-
sible for the observed changes, no significant differences
in IL-6 and IFN-y concentrations were detected in ascites
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collected from TG2” versus TG2"* tumor-bearing mice
(online supplemental figure S10D). In all, the data
support that when TG2 is absent in the peritoneal TME,
tumor cells are less likely to survive and undergo apop-
tosis, due to enhanced immune surveillance.

DISCUSSION

We describe a previously unappreciated function of TG2
as an attenuator of antitumor immunity. In parallel to
significant decrease in tumor burden detected in OC
syngeneic models, increased numbers of active cytotoxic
lymphocytes differentiated toward an effector pheno-
type were observed in malignant ascites collected from
TG2”" mice compared with controls. TG2 knockout, or
its enzymatic inhibition in CD8" T cells, led to reduced
cytokine-induced STAT3 phosphorylation, a known
inhibitory T cell signal. In all, our studies reveal a new
mechanism by which TG2 modulates T cell immunity
and tumor progression in OC models. Our findings have
several implications.

First, to our knowledge, the effects of TG2 on the
antitumor immune response have not been previously
assessed. We had identified TG2 as an adhesion protein
overexpressed in cancer cells and at their interface with
the TME and demonstrated its metastasis promoting role
in this context.*” The role of TG2 modulating the behavior
of cancer cells was also reported in other solid tumors,
with high levels of the enzyme being generally correlated
with unfavorable prognosis."" 2 * ** %1 Using genetic
knockdown models and pharmacological inhibitors, we
and others have shown that TG2 inhibition blocks cancer
cell spheroid formation and tumor progression.” **
However, contradictory results were reported when TG2
was knocked out in the host. In a subcutaneous syngeneic
model of melanoma, accelerated tumor progression was
observed in TG2”" mice™ through a mechanism depen-
dent on lack of stroma crosslinking and stimulation of
angiogenesis induced by deficiency of the active enzyme.
In another report, accelerated melanoma progression in
TG2” mice was attributed to the lost interaction between
TG2 and the G-protein coupled receptor GPR56, with
tumor suppressor functions.”

By conducting immune profiling of cells recovered
from the ascites of TG2”" and TG2”" tumorbearing
mice, here we describe the impact of TG2 on the peri-
toneal immune cell populations and their functions in
OC. Our results demonstrating increased accumulation
and enhanced effector function of CD8" and CD4" cells
in TG2”" mice-bearing ovarian tumors are consistent
with the known phenotype of these mice, which display
increased auto-immunity with age® and clear infec-
tions, such as M. tuberculosis, more effectively.26 In those
contexts, however, the role of TG2 was linked to the defi-
cient function of macrophages clearing apoptotic bodies
or mycobacteria, with limited evaluation of the T cell
function. TG2 was shown recently to facilitate the interac-
tion between dendritic cells and T cells leading to more

potent responses to antigen stimulation.?” Interestingly,
here we detected an increase in the T effector/memory
(T,,) pool in the ascites recovered from TG2”" mice,
as well as a propensity of the CD8" T cell fraction from
the spleens of TG2”" naive tumorfree mice to differen-
tiate toward a Tcl fate. It had been established that in
the context of antitumor immune response, T cells
exhibit rapid effector function, readily differentiating
into IFN-y secreting T effector cells (T ) with enhanced
cytotoxicity.” It is possible that complete deficiency of the
enzyme in the knockout animal creates a more vulnerable
state, which is compensated through other mechanisms,
such as enhanced immune responses. Additionally, we
noted an increase in TG2 expression level in human acti-
vated CD8" T cells compared with inactive cells, based on
bioinformatic analyses, corroborating our findings from
animal experiments. Lastly, IHC of human OC specimens
showed a negative correlation between TG2 expression
in the stroma of ovarian tumors and intratumoral CD8" T
cellinfiltration, further supporting the proposed concept.

Second, we found that absence of TG2 attenuates STAT3
phosphorylation in CD8" and CD4" T cells in response
to IL-6, IFN-y, and TGF-B, cytokines abundantly secreted
in the peritoneal microenvironment.”** To analyze JAK-
STAT intracellular signaling, we used phospho-flow, a
highly sensitive technique,” and observed that STATS,
but not STAT1 or STATH, was less responsive to cyto-
kine stimulation in T cells collected from the ascites of
TG2”" mice. The distinction between immune responses
that suppress and promote cancer is regulated by the
STAT family members. In particular, STATI activation
leads to enhanced THI1-type responses and CD8" T cell-
mediated cytolytic activity, which is often antagonized by
STAT3.7*%" STATS has emerged as a critical regulator for
CD8" T-cell cytotoxic capacities and their tumor infiltra-
tion.”' ® STATS depletion in CD8" T cells was shown to
alter the cross-talk between effector T cells and myeloid
cells through IFNy/CXCR3/CXCL10 axis, resulting
in efficient accumulation of CD8" T cells in the tumor
milieu.”” Activation of STAT3 in antigen presenting
cells caused impaired antigen-specific T cell responses,
while its depletion decreased T cell anergy.”* In the
TME, STAT3 activation was shown to alter the balance
between IL-23 secretion from TAMs and IL1-2 produc-
tion from dendritic cells, leading to decreased antitumor
immunity.”” However, STAT3 was also shown to play an
important role preserving the T memory cell function by
sustaining the expression of ‘pro-memory’ transcription
factors.®® STATS ablation in CD8" T cells prior to adop-
tive transfer allowed efficient in vivo tumor infiltration
and robust proliferation, resulting in increased tumor
antigen-specific T-cell activity and tumor growth inhibi-
tion in melanoma and renal cell carcinoma.®’ The effects
of TG2 on STATS signaling have been previously unex-
plored. A single report noted that TG2 affected 1L-6/
Stat3 signaling in mantle cell lymphoma cells, decreasing
autophagy.”” Our experiments using TG2 inhibitors
which inactivated STAT3 in CD8" T cells suggest that the
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enzymatic function of the protein may be important for
regulating this pathway. These data suggest that thera-
peutic interventions targeting TG2 have the potential to
tip the balance of STAT1/STAT3 to augment antitumor
CDS8' T cell immunity.

Third, we observed significant changes in the tran-
scriptomic profiles of cancer cells generating tumors in
TG2” mice and of tumor cells treated ex vivo with TG2
/~ ascites, including significant increase in IFN-y response
genes and alterations of Cholesterol Synthesis and Antigen
Presentation pathways. Upregulation of IFN responsive
genes (lighl, Irgm2, Igtp, Ifi44, STATI, and others) reflects
that cancer cells in the peritoneal milieu of TG2”" mice
respond to the IFN-y attack initiated by activated CD8" T
cells. IFN-y was the top upstream regulator in the gene
network differentially expressed in cancer cells grown in
TG2” versus control mice. Further, Cholesterol Synthesis
was found to a consistently upregulated pathway in
cancer cells recovered from TG2” ascites. Recent data
suggest that cholesterol derivatives in tumor cells could
regulate immune recognition and the activity of immune
cells in the TME.*® Cholesterol is a key element of lipid
rafts, which contain among other receptors, major histo-
compatibility complex molecules and toll like receptors,
perhaps facilitating immune recognition of cancer cells.
A proinflammatory TME like the conditions observed
in the TG2” peritoneal milieu was shown to upregulate
cholesterol synthesis in liver cancer models.”” Tt is also
possible that under the attack of cytotoxic T cells in the
TG2” environment, OC cells upregulate lipid metabolic
pathways as an escape survival mechanism.

Lastly, we detected fewer MDSCs and TAMs in the
peritoneal microenvironment of TG2”™ mice compared
with controls, suggesting that the milieu of tumors devel-
oping in these animals is less immunosuppressive. TG2
was shown to be enriched in M2 monocytes,70 as we
also found here through bioinformatic exploration of a
public database. These findings may explain the decrease
in number of cells of monocytic lineage being attracted
to the TME in TG2”" animals. Interestingly, presence of
PD-Ll-expressing dendritic cells and macrophages is
recognized as a factor contributing to tumor immune
tolerance and is emerging as a potential predictor of
response to immune checkpoint inhibitors in OC and
other models.”" The observations that PD-L1 expression
on myeloid cells is reduced in a TG2 null context could
fuel speculations that TG2 blockade may be investigated
as a potential modality of blocking this immune inhibi-
tory pathway.

In summary, here we describe a new role of TG2 regu-
lating the host antitumor response by altering the effector
function of CD8" T cells and reducing the immunosup-
pressive myeloid cell populations in the peritoneal envi-
ronment of tumor-bearing mice. Mechanistically, we show
that absence of TG2 caused dampened STAT3 signaling
in response to local cytokines in CD8" and CD4" T cells.
We propose TG2 as a novel molecular target for manip-
ulating immune activation/tolerance in the context of

cancer. Our studies have implications for understanding
autoimmunity, antitumor immunity, and perhaps, for
refining cancer immunotherapy.
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