








Figure 8 Effects of tissue transglutaminase (TG2) expressed in 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 TG2** 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 * ** %! 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.

Author affiliations

'Department of Obstetrics and Gynecology, Northwestern University Feinberg
School of Medicine, Chicago, lllinois, USA

*Department of Molecular Cell Biology, Institute of Biochemistry of the Romanian
Academy, Bucharest, Romania

®Department of Medicine; Hematology/Oncology Division, Northwestern University
Feinberg School of Medicine, Chicago, lllinois, USA

“Department of Experimental Therapeutics, Center for RNA Interference and Non-
Coding RNA, The University of Texas MD Anderson Cancer Center, Houston, Texas,
USA

SRobert H. Lurie Comprehensive Cancer Center, Northwestern University Feinberg
School of Medicine, Chicago, lllinois, USA

®Jesse Brown Veterans Affairs Medical Center, Chicago, IL, USA

Contributors LES designed experiments, performed experiments, performed
analysis, and wrote the manuscript. SC and HC designed experiments, performed
experiments, performed analysis, and edited the manuscript. GZ and Cl performed
analysis and edited the manuscript. YW and HH performed experiments and edited
the manuscript. BZ and DM designed experiments, performed analyses, and wrote
the manuscript.

Funding This research was supported by funding from the US Department

of Veterans Affairs (101 BX000792-06), the Diana Princess of Wales endowed
Professorship from the Robert H. Comprehensive Cancer Center to DM, the Walter
S. and Lucienne Driskill Immunotherapy Research fund to BZ, and UEFISCDI (PN-III-
P1-1.1-TE- 2019-0670) to LS. Flow cytometry analyses were performed in the
Northwestern University — Flow Cytometry Core Facility supported by Cancer Center
Support Grant NCI CA060553. We are thankful for generous sharing of animals

and reagents from Drs Katherine Roby, Gail Johnson, and Siri lisma and to Bianca
Plosnita for the technical support with the StrataQuest software.

Competing interests No, there are no competing interests.
Patient consent for publication Not required.
Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available in a public, open access repository.
The GEO dataset for our RNAseq analysis is available under GSE139686.

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
Livia Elena Sima http://orcid.org/0000-0002-3404-4162
Guangyuan Zhao http://orcid.org/0000-0002-1095-8875

REFERENCES
1 Huang X, Lin T, Gu J, et al. Combined TRAIL and Bax gene therapy
prolonged survival in mice with ovarian cancer xenograft. Gene Ther
2002;9:1379-86.
2 Stephens P, Grenard P, Aeschlimann P, et al. Crosslinking and G-
protein functions of transglutaminase 2 contribute differentially to
fibroblast wound healing responses. J Cell Sci 2004;117:3389-403.

16

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

yBLAdoo Aq paroaloid 1sanb Aq £202 ‘vZ YoreN uo jwod g only:dny woiy papeojumod "TZ0zZ Jaquialdas 0g uo 2g9z00-T202-oM/9STT 0T Se paysignd 1si1 J1gsued Jsyounwiw| ¢


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-3404-4162
http://orcid.org/0000-0002-1095-8875
http://dx.doi.org/10.1038/sj.gt.3301810
http://dx.doi.org/10.1242/jcs.01188
http://jitc.bmj.com/

3

4

20

21

22

23

24

25

26

Fesus L, Piacentini M. Transglutaminase 2: an enigmatic enzyme with
diverse functions. Trends Biochem Sci 2002;27:534-9.

Satpathy M, Cao L, Pincheira R, et al. Enhanced peritoneal ovarian
tumor dissemination by tissue transglutaminase. Cancer Res
2007;67:7194-202.

Shao M, Cao L, Shen C, et al. Epithelial-to-mesenchymal transition
and ovarian tumor progression induced by tissue transglutaminase.
Cancer Res 2009;69:9192-201.

lacobuzio-Donahue CA, Ashfaq R, Maitra A, et al. Highly
expressed genes in pancreatic ductal adenocarcinomas: a
comprehensive characterization and comparison of the transcription
profiles obtained from three major technologies. Cancer Res
2003;63:8614-22.

Derynck R, Zhang YE. Smad-dependent and Smad-independent
pathways in TGF-beta family signalling. Nature 2003;425:577-84.
Martinet N, Bonnard L, Regnault V, et al. In vivo transglutaminase
type 1 expression in normal lung, preinvasive bronchial lesions, and
lung cancer. Am J Respir Cell Mol Biol 2003;28:428-35.

Grigoriev MY, Suspitsin EN, Togo AV, et al. Tissue transglutaminase
expression in breast carcinomas. J Exp Clin Cancer Res
2001;20:265-8.

Verma A, Wang H, Manavathi B, et al. Increased expression of
tissue transglutaminase in pancreatic ductal adenocarcinoma and
its implications in drug resistance and metastasis. Cancer Res
2006;66:10525-33.

Hwang JY, Mangala LS, Fok JY, et al. Clinical and biological
significance of tissue transglutaminase in ovarian carcinoma. Cancer
Res 2008;68:5849-58.

Jeong J-H, Cho BC, Shim HS, et al. Transglutaminase 2 expression
predicts progression free survival in non-small cell lung cancer
patients treated with epidermal growth factor receptor tyrosine
kinase inhibitor. J Korean Med Sci 2013;28:1005-14.

Condello S, Cao L, Matei D. Tissue transglutaminase regulates
B-catenin signaling through a c-Src-dependent mechanism. Faseb J
2013;27:3100-12.

Lee J, Yakubov B, Ivan C, et al. Tissue transglutaminase activates
cancer-associated fibroblasts and contributes to gemcitabine
resistance in pancreatic cancer. Neoplasia 2016;18:689-98.

Kumar A, Gao H, Xu J, et al. Evidence that aberrant expression

of tissue transglutaminase promotes stem cell characteristics in
mammary epithelial cells. PLoS One 2011;6:e20701.

Kumar A, Xu J, Brady S, et al. Tissue transglutaminase promotes
drug resistance and invasion by inducing mesenchymal transition in
mammary epithelial cells. PLoS One 2010;5:e13390.

Kumar A, Xu J, Sung B, et al. Evidence that GTP-binding domain but
not catalytic domain of transglutaminase 2 is essential for epithelial-
to-mesenchymal transition in mammary epithelial cells. Breast
Cancer Res 2012;14:R4.

Mehta K, Lopez-Berestein G, Moore WT, et al. Interferon-gamma
requires serum retinoids to promote the expression of tissue
transglutaminase in cultured human blood monocytes. J Immunol
1985;134:2053-6.

Cao L, Petrusca DN, Satpathy M, et al. Tissue transglutaminase
protects epithelial ovarian cancer cells from cisplatin-induced
apoptosis by promoting cell survival signaling. Carcinogenesis
2008;29:1893-900.

Mann AP, Verma A, Sethi G, et al. Overexpression of tissue
transglutaminase leads to constitutive activation of nuclear factor-
kappaB in cancer cells: delineation of a novel pathway. Cancer Res
2006;66:8788-95.

Mehta K, Fok J, Miller FR, et al. Prognostic significance of tissue
transglutaminase in drug resistant and metastatic breast cancer. Clin
Cancer Res 2004;10:8068-76.

Cao L, Shao M, Schilder J, et al. Tissue transglutaminase links
TGF-B, epithelial to mesenchymal transition and a stem cell
phenotype in ovarian cancer. Oncogene 2012;31:2521-34.

Kerr C, Szmacinski H, Fisher ML, et al. Transamidase site-targeted
agents alter the conformation of the transglutaminase cancer stem
cell survival protein to reduce GTP binding activity and cancer stem
cell survival. Oncogene 2017;36:2981-90.

Sullivan KE, Rojas K, Cerione RA, et al. The stem cell/cancer stem
cell marker ALDH1A3 regulates the expression of the survival
factor tissue transglutaminase, in mesenchymal glioma stem cells.
Oncotarget 2017;8:22325-43.

Szondy Z, Sarang Z, Molnar P. Transglutaminase 2-/- mice reveal

a phagocytosis-associated crosstalk between macrophages and
apoptotic cells 2003;100:7812-7.

Palucci |, Matic |, Falasca L. Transglutaminase type 2 plays a key
role in the pathogenesis of Mycobacterium tuberculosis infection
2018;283:303-13.

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Kim JH, Jeong EM, Jeong YJ. Transglutaminase 2 on the surface

of dendritic cells is proposed to be involved in dendritic cell-T cell
interaction 2014;289:55-62.

Kim JH, Hong JM, Jeong EM. Lack of transglutaminase 2 diminished
T-cell responses in mice 2014;142:506-16.

Toéth B, Garabuczi E, Sarang Z, et al. Transglutaminase 2 is needed
for the formation of an efficient phagocyte portal in macrophages
engulfing apoptotic cells. J Immunol 2009;182:2084-92.

Falasca L, ladevaia V, Ciccosanti F, et al. Transglutaminase type I

is a key element in the regulation of the anti-inflammatory response
elicited by apoptotic cell engulfment. J Immunol 2005;174:7330-40.
Sarang Z, Koroskényi K, Pallai A, et al. Transglutaminase 2 null
macrophages respond to lipopolysaccharide stimulation by
elevated proinflammatory cytokine production due to an enhanced
ovP3 integrin-induced Src tyrosine kinase signaling. Immunol Lett
2011;138:71-8.

Nanda N, lismaa SE, Owens WA, et al. Targeted inactivation of Gh/
tissue transglutaminase Il. J Biol Chem 2001;276:20673-8.

Wang L, Fan J, Thompson LF, et al. CD73 has distinct roles in
nonhematopoietic and hematopoietic cells to promote tumor growth
in mice. J Clin Invest 2011;121:2371-82.

Chen S, Fan J, Zhang M, et al. CD73 expression on effector T cells
sustained by TGF- facilitates tumor resistance to anti-4-1BB/CD137
therapy. Nat Commun 2019;10:150.

Krutzik PO, Nolan GP. Intracellular phospho-protein staining
techniques for flow cytometry: monitoring single cell signaling
events. Cytometry A 2003;55:61-70.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor
package for differential expression analysis of digital gene expression
data. Bioinformatics 2010;26:139-40.

Chen EY, Tan CM, Kou Y, et al. Enrichr: interactive and collaborative
HTML5 gene list enrichment analysis tool. BMC Bioinformatics
2013;14:128.

Kuleshov MV, Jones MR, Rouillard AD, et al. Enrichr: a
comprehensive gene set enrichment analysis web server 2016
update. Nucleic Acids Res 2016;44:W90-7.

Roby KF, Taylor CC, Sweetwood JP, et al. Development of a
syngeneic mouse model for events related to ovarian cancer.
Carcinogenesis 2000;21:585-91.

Overacre-Delgoffe AE, Chikina M, Dadey RE, et al. Interferon-y Drives
T, Fragility to Promote Anti-tumor Immunity. Cell 2017;169:1130-41.
Raber PL, Thevenot P, Sierra R. Subpopulations of myeloid-derived
suppressor cells impair T cell responses through independent nitric
oxide-related pathways 2014;134:2853-64.

Juneja VR, McGuire KA, Manguso RT. PD-L1 on tumor cells is
sufficient for immune evasion in immunogenic tumors and inhibits
CD8 T cell cytotoxicity 2017;214:895-904.

Schmiedel BJ, Singh D, Madrigal A, et al. Impact of genetic
polymorphisms on human immune cell gene expression. Cell
2018;175:1701-15.

Li B, Antonyak MA, Druso JE, et al. EGF potentiated oncogenesis
requires a tissue transglutaminase-dependent signaling

pathway leading to Src activation. Proc Natl Acad Sci U S A
2010;107:1408-13.

O'Shea JJ, Plenge R. Jak and STAT signaling molecules in
immunoregulation and immune-mediated disease. Immunity
2012;36:542-50.

ZhuY, Ju S, Chen E, et al. T-bet and eomesodermin are required

for T cell-mediated antitumor immune responses. J Immunol
2010;185:3174-83.

Tai T-S, Pai S-Y, Ho I-C. GATA-3 regulates the homeostasis and
activation of CD8+ T cells. J Immunol 2013;190:428-37.

Clouthier CM, Mironov GG, Okhonin V, et al. Real-time monitoring of
protein conformational dynamics in solution using kinetic capillary
electrophoresis. Angew Chem Int Ed Engl 2012;51:12464-8.

Yuan L, Siegel M, Choi K, et al. Transglutaminase 2 inhibitor,
KCCO009, disrupts fibronectin assembly in the extracellular matrix
and sensitizes orthotopic glioblastomas to chemotherapy. Oncogene
2007;26:2563-73.

Herman JF, Mangala LS, Mehta K. Implications of increased tissue
transglutaminase (TG2) expression in drug-resistant breast cancer
(MCF-7) cells. Oncogene 2006;25:3049-58.

Mangala LS, Fok JY, Zorrilla-Calancha IR, et al. Tissue
transglutaminase expression promotes cell attachment, invasion and
survival in breast cancer cells. Oncogene 2007;26:2459-70.
Condello S, Sima L, Ivan C, et al. Tissue transglutaminase regulates
interactions between ovarian cancer stem cells and the tumor niche.
Cancer Res 2018;78:2990-3001.

Jones RA, Kotsakis P, Johnson TS, et al. Matrix changes induced

by transglutaminase 2 lead to inhibition of angiogenesis and tumor
growth. Cell Death Differ 2006;13:1442-53.

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

17

yBLAdoo Aq paroaloid 1sanb Aq £202 ‘vZ YoreN uo jwod g only:dny woiy papeojumod "TZ0zZ Jaquialdas 0g uo 2g9z00-T202-oM/9STT 0T Se paysignd 1si1 J1gsued Jsyounwiw| ¢


http://dx.doi.org/10.1016/S0968-0004(02)02182-5
http://dx.doi.org/10.1158/0008-5472.CAN-07-0307
http://dx.doi.org/10.1158/0008-5472.CAN-09-1257
http://www.ncbi.nlm.nih.gov/pubmed/14695172
http://dx.doi.org/10.1038/nature02006
http://dx.doi.org/10.1165/rcmb.2002-0114OC
http://www.ncbi.nlm.nih.gov/pubmed/11484985
http://dx.doi.org/10.1158/0008-5472.CAN-06-2387
http://dx.doi.org/10.1158/0008-5472.CAN-07-6130
http://dx.doi.org/10.1158/0008-5472.CAN-07-6130
http://dx.doi.org/10.3346/jkms.2013.28.7.1005
http://dx.doi.org/10.1096/fj.12-222620
http://dx.doi.org/10.1016/j.neo.2016.09.003
http://dx.doi.org/10.1371/journal.pone.0020701
http://dx.doi.org/10.1371/journal.pone.0013390
http://dx.doi.org/10.1186/bcr3085
http://dx.doi.org/10.1186/bcr3085
http://www.ncbi.nlm.nih.gov/pubmed/2857744
http://dx.doi.org/10.1093/carcin/bgn158
http://dx.doi.org/10.1158/0008-5472.CAN-06-1457
http://dx.doi.org/10.1158/1078-0432.CCR-04-1107
http://dx.doi.org/10.1158/1078-0432.CCR-04-1107
http://dx.doi.org/10.1038/onc.2011.429
http://dx.doi.org/10.1038/onc.2016.452
http://dx.doi.org/10.18632/oncotarget.16479
http://dx.doi.org/10.4049/jimmunol.0803444
http://dx.doi.org/10.4049/jimmunol.174.11.7330
http://dx.doi.org/10.1016/j.imlet.2011.03.004
http://dx.doi.org/10.1074/jbc.M010846200
http://dx.doi.org/10.1172/JCI45559
http://dx.doi.org/10.1038/s41467-018-08123-8
http://dx.doi.org/10.1002/cyto.a.10072
http://dx.doi.org/10.1093/bioinformatics/btp616
http://dx.doi.org/10.1186/1471-2105-14-128
http://dx.doi.org/10.1093/nar/gkw377
http://dx.doi.org/10.1093/carcin/21.4.585
http://dx.doi.org/10.1016/j.cell.2017.05.005
http://dx.doi.org/10.1016/j.cell.2018.10.022
http://dx.doi.org/10.1073/pnas.0907907107
http://dx.doi.org/10.1016/j.immuni.2012.03.014
http://dx.doi.org/10.4049/jimmunol.1000749
http://dx.doi.org/10.4049/jimmunol.1201361
http://dx.doi.org/10.1002/anie.201205575
http://dx.doi.org/10.1038/sj.onc.1210048
http://dx.doi.org/10.1038/sj.onc.1209324
http://dx.doi.org/10.1038/sj.onc.1210035
http://dx.doi.org/10.1158/0008-5472.CAN-17-2319
http://dx.doi.org/10.1038/sj.cdd.4401816
http://jitc.bmj.com/

54

55

56

57

58

59

60

Xu L, Begum S, Hearn JD, et al. Gpr56, an atypical G protein-
coupled receptor, binds tissue transglutaminase, TG2, and inhibits
melanoma tumor growth and metastasis. Proc Nat/ Acad Sci U S A
2006;103:9023-8.

Bachmann MF, Wolint P, Schwarz K. Functional properties and
lineage relationship of CD8+ T cell subsets identified by expression
of IL-7 receptor alpha and CD62L 2005;175:4686-96.

Dalal V, Kumar R, Kumar S, et al. Biomarker potential of IL-6 and
VEGF-A in ascitic fluid of epithelial ovarian cancer patients. Clinica
Chimica Acta 2018;482:27-32.

Hotson AN, Hardy JW, Hale MB, et al. The T cell STAT signaling
network is reprogrammed within hours of bacteremia via secondary
signals. J Immunol 2009;182:7558-68.

Yu H, Pardoll D, Jove R. STATs in cancer inflammation and immunity:
a leading role for STAT3. Nat Rev Cancer 2009;9:798-809.
Kortylewski M, Kujawski M, Wang T, et al. Inhibiting Stat3 signaling
in the hematopoietic system elicits multicomponent antitumor
immunity. Nat Med 2005;11:1314-21.

Ho HH, Ivashkiv LB. Role of STAT3 in type | interferon responses.
Negative regulation of STAT1-dependent inflammatory gene
activation. J Biol Chem 2006;281:14111-8.

63

64

65

66

67

68

69

Yue C, Shen S, Deng J, et al. STAT3 in CD8" T Cells Inhibits Their
Tumor Accumulation by Downregulating CXCR3/CXCL10 Axis.
Cancer Immunol Res 2015;3:864-70.

Cheng F, Wang H-W, Cuenca A, et al. A critical role for STAT3
signaling in immune tolerance. Immunity 2003;19:425-36.
Kortylewski M, Xin H, Kujawski M, et al. Regulation of the IL-23 and
IL-12 balance by STAT3 signaling in the tumor microenvironment.
Cancer Cell 2009;15:114-23.

Cui W, Liu Y, Weinstein JS, et al. An interleukin-21-interleukin-10-
STAT3 pathway is critical for functional maturation of memory CD8+
T cells. Immunity 2011;35:792-805.

Zhang H, Chen Z, Miranda RN, et al. Tg2 and NF-kB signaling
coordinates the survival of mantle cell lymphoma cells via IL6-
Mediated autophagy. Cancer Res 2016;76:6410-23.

Huang B, Song B-L, Xu C. Cholesterol metabolism in cancer:
mechanisms and therapeutic opportunities. Nat Metab
2020;2:132-41.

He M, Zhang W, Dong Y, et al. Pro-Inflammation NF-«xB signaling
triggers a positive feedback via enhancing cholesterol
accumulation in liver cancer cells. J Exp Clin Cancer Res
2017;36:15.

61 Kujawski M, Zhang C, Herrmann A, et al. Targeting STAT3 in 70 Martinez FO, Helming L, Milde R, et al. Genetic programs expressed
adoptively transferred T cells promotes their in vivo expansion and in resting and IL-4 alternatively activated mouse and human
antitumor effects. Cancer Res 2010;70:9599-610. macrophages: similarities and differences. Blood 2013;121:e57-69.

62 Yue C, Shen S, Deng J, et al. STAT3 in CD8+ T cells inhibits their 71 Lin H, Wei S, Hurt EM. Host expression of PD-L1 determines
tumor accumulation by downregulating CXCR3/CXCL10 axis. Cancer efficacy of PD-L1 pathway blockade-mediated tumor regression
Immunol Res 2015;3:864-70. 2018;128:805-15.

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

yBLAdoo Aq paroaloid 1sanb Aq £202 ‘vZ YoreN uo jwod g only:dny woiy papeojumod "TZ0zZ Jaquialdas 0g uo 2g9z00-T202-oM/9STT 0T Se paysignd 1si1 J1gsued Jsyounwiw| ¢


http://dx.doi.org/10.1073/pnas.0602681103
http://dx.doi.org/10.1016/j.cca.2018.03.019
http://dx.doi.org/10.1016/j.cca.2018.03.019
http://dx.doi.org/10.4049/jimmunol.0803666
http://dx.doi.org/10.1038/nrc2734
http://dx.doi.org/10.1038/nm1325
http://dx.doi.org/10.1074/jbc.M511797200
http://dx.doi.org/10.1158/0008-5472.CAN-10-1293
http://dx.doi.org/10.1158/2326-6066.CIR-15-0014
http://dx.doi.org/10.1158/2326-6066.CIR-15-0014
http://dx.doi.org/10.1158/2326-6066.CIR-15-0014
http://dx.doi.org/10.1016/S1074-7613(03)00232-2
http://dx.doi.org/10.1016/j.ccr.2008.12.018
http://dx.doi.org/10.1016/j.immuni.2011.09.017
http://dx.doi.org/10.1158/0008-5472.CAN-16-0595
http://dx.doi.org/10.1038/s42255-020-0174-0
http://dx.doi.org/10.1186/s13046-017-0490-8
http://dx.doi.org/10.1182/blood-2012-06-436212
http://jitc.bmj.com/

