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ABSTRACT

Background Pancreatic ductal adenocarcinoma

(PDAC) is one of the deadliest tumors owing to its robust
desmoplasia, low immunogenicity, and recruitment

of cancer-conditioned, immunoregulatory myeloid

cells. These features strongly limit the success of
immunotherapy as a single agent, thereby suggesting the
need for the development of a multitargeted approach.
The goal is to foster T lymphocyte infiltration within the
tumor landscape and neutralize cancer-triggered immune
suppression, to enhance the therapeutic effectiveness of
immune-based treatments, such as anticancer adoptive
cell therapy (ACT).

Methods We examined the contribution of
immunosuppressive myeloid cells expressing arginase

1 and nitric oxide synthase 2 in building up a reactive
nitrogen species (RNS)-dependent chemical barrier and
shaping the PDAC immune landscape. We examined

the impact of pharmacological RNS interference on
overcoming the recruitment and immunosuppressive
activity of tumor-expanded myeloid cells, which render
pancreatic cancers resistant to immunotherapy.

Results PDAC progression is marked by a stepwise
infiltration of myeloid cells, which enforces a highly
immunosuppressive microenvironment through the
uncontrolled metabolism of L-arginine by arginase 1

and inducible nitric oxide synthase activity, resulting in
the production of large amounts of reactive oxygen and
nitrogen species. The extensive accumulation of myeloid
suppressing cells and nitrated tyrosines (nitrotyrosine,
N-Ty) establishes an RNS-dependent chemical barrier
that impairs tumor infiltration by T lymphocytes and
restricts the efficacy of adoptive immunotherapy. A
pharmacological treatment with AT38 ([3-(aminocarbonyl)
furoxan-4-ylmethyl salicylate) reprograms the tumor
microenvironment from protumoral to antitumoral, which
supports T lymphocyte entrance within the tumor core and
aids the efficacy of ACT with telomerase-specific cytotoxic
T lymphocytes.

Conclusions Tumor microenvironment reprogramming
by ablating aberrant RNS production bypasses the current

1

limits of immunotherapy in PDAC by overcoming immune
resistance.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC)
is a late stage-diagnosed, treatment orphaned
disease that is characterized by a dismal
10% overall survival at 5 years. The poor
progress in early-diagnosis biomarker iden-
tification and therapeutic options will soon
make this malignancy the second leading
cause of cancerrelated deaths.! Further-
more, immunotherapy approaches, such as
immune checkpoint inhibitor-based thera-
pies, do not provide any benefit when used
as a single agent® mainly because of the
intrinsic low immunogenicity’ and the estab-
lishment of a powerful immunosuppressive
tumor microenvironment (TME).* Indeed,
PDAC has a low mutation load, with almost
complete absence of tumor-specific neoepi-
topes in both human specimens and mouse
preclinical models,” unlike immunotherapy-
responsive cancers.’ In contrast, pancreatic
cancer expresses several tumor-associated
antigens (TAAs), such as mesothelin,
enolase, telomerase (TERT), carcinoem-
bryonic antigen and Wilms’ tumor gene 1.”
TERT is ranked as one of the most prior-
itized TAAs, as its expression is shared in
tumors with different histology, in all evolu-
tionary phases of tumor progression and
cell subsets, including metastatic and cancer
stem cells.” TERT is an enzyme that replaces
the ends of chromosomes during DNA repli-
cation and prevents cell senescence. For
this reason, TERT is enlisted as a key tumor
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hallmark® ? and several TERT-targeting and anticancer
vaccination protocols have been developed in different
tumor settings. Nonetheless, most of these approaches do
not improve survival of patient with cancer. The failure
can be mainly attributed to the limited endogenous
repertoire of T lymphocytes specific for self-proteins,
which are constrained and deleted during thymus devel-
opment, thereby generating a pool of lymphocytes with
low avidity T cell receptors (TCRs). Adoptive immuno-
therapy can overcome these limitations. Mouse (H-2
K -restricted TERT]98_205-speciﬁc),10 or human (HLA-A2-
restricted TERT865_873-speciﬁc)H cytotoxic T lymphocyte
(CTL)-based adoptive cell therapy (ACT) restricts tumor
progression in both hematological and solid cancers in
mouse and human preclinical settings, respectively,' ™
thereby justifying the application of TERT-targeting adop-
tive immunotherapy for a large fraction of patients.

Pancreatic cancer progression establishes a ‘cold’
microenvironment where T lymphocytes are limited to
the tumor border and exhibit low expression of acti-
vation markers.* '* These features delineate a state of
immunological ignorance, which can underlie both
primary and adaptive immunotherapy resistance.'”
Tumor hijacks both fibroblasts and myeloid cells to
promote its outgrowth and sustain a state of immune
tolerance. High extracellular matrix (ECM) deposi-
tion, triggered by cancer-associated fibroblasts (CAFs),
along with progressive myeloid-derived suppressor cell
(MDSC) and tumor-associated macrophage (TAM)
infiltration can restrain the homing of T lymphocytes
to the tumor core.'® ' Cancer-associated myeloid cells
abrogate adaptive T lymphocyte-based responses by
many mechanisms,"” including synergic expression of
arginase-1 (ARGI) and inducible nitric oxide synthase
(iNOS/NOS2), which support reactive nitrogen species
(RNS) generation. These hyper-reactive molecules are
responsible for altering protein structure by promoting
post-translational modifications, such as 3-nitrotyrosine
(N-Ty) induction, a consistent marker of RNS production,
which in turn critically affects protein-protein interac-
tions and functions, including homing of T lymphocytes
to tumors, antigen recognition and T lymphocyte acti-
vation." Therefore, the targeting of RNS-dependent
immune alterations in TME is a relevant goal to support
immunotherapy effectiveness in PDAC.

In the present study, we validated TERT expression in
PDAC and clarified how the organization of an immuno-
suppressive TME that assists N-Ty accumulation can limit
the homing of T lymphocytes to tumors in human PDAC,
as well as in transplantable and genetically engineered
mouse pancreatic cancer models (ie, H—2b, Kras"S6120/ *
Trp53LSL'R1 72H/* . pax-1-Cré’*; KPC). Moreover, we unveiled
how TME can be converted from a protumoral to an anti-
tumoral milieu by AT38 ((3-(aminocarbonyl)furoxan-
4yl)methyl salicylate) administration,' which impairs
RNS-based barrier by interfering with the expression of
ARGI and NOS2 enzymes in myeloid cells. Finally, we
investigated whether the abrogation of RNS-dependent

hurdles can unleash the antitumor effect of TERT-specific
ACT in the context of PDAC.

METHODS

Animal studies

Eightweek-old C57Bl/6] (H-2", referred as wild type,
WT) mice were purchased from Charles River Labora-
tories Inc (Calco, Italy); NOG mice (NOD.Cg-Prkdc“Ii-
2rg""%"¢/JicTac) were purchased from Taconic (Hudson,
New York, USA); B6.S]L-Ptprc”Pepcb/ Boy] (H—Qb, referred
as CD45.1) congenic mice and TCR-transgenic mice
C57BL/6-Tg(TcraTerb)1100Mjb/]  (H-2°, referred as
OT-1) were purchased from Jackson Laboratories (Bar
Harbor, Maine, USA). KPC mice were kindly supplied
by Dr D Tuveson (Cold Spring Harbor Laboratory, New
York, USA).” All mice were maintained under specific
pathogen-free conditions in the animal facility of the
University of Verona. Food and water were provided ad
libitum. All genetically transgenic mice and their respec-
tive controls were gender and age-matched (typically
8-10 weeks) and both males and females were used in this
study. Animal experiments were performed according
to national (protocol number C46F4.1 approved by the
Ministerial Decree Number 1044/2016-PR of October
26, 2016 and protocol number C46F4.8 approved by the
Ministerial Decree Number 207,/2018-PR of March 14,
2018) and Europeans laws and regulations. All animal
experiments were approved by Verona University Ethical
Committee (http:/ /www.medicina.univr.it/fol/main?
ent=bibliocr&id=85) and conducted according to the
guidelines of Federation of European Laboratory Animal
Science Association (FELASA). All animal experiments
were in accordance with the Amsterdam Protocol on
animal protection and welfare: mice were monitored daily
and euthanized when displaying excessive discomfort.

Human samples

Tissue specimens and clinical data of two independent
PDAC patient cohorts were retrieved from the ARC-Net
Biobank at Verona University Hospital (https://arcnetit.
wordpress.com/biobanca/). All patients gave informed
consent to biobank prior the study (Prot. 52070, Prog.
1885 on 17/11/2010, principal investigator (PI): A.S.)
and the study was approved by the Ethics Committee
(Prot. 25978, Prog. 2172 on 29/05/2012, PI: A.S.). The
clinical features of PDAC subjects involved in the study
are recapitulated in tables 1 and 2.

Statistical analysis

Comparison between two groups were performed
using an unpaired two-tailed Mann-Whitney U-test
(unpaired samples), a paired two-tailed Mann-Whitney
U-test (paired samples), and a two-tailed Student’s ttest
(normally distributed parameters). Multiple samples were
compared using analysis of variance with Turkey’s post-
test for multiple comparisons. Correlations were analyzed
with Spearman’s rank correlation. Survival curves were
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Table 1 Clinical features of 88 treatment-naive patients
with PDAC involved in the study of TERT antigen expression

Patient characteristics No. (IQR) %
Age (years)

Median 65 (57.2-71.5)

Gender

Female 39 44.3
Male 49 55.7
Tumor grade

G2 47 53.4
G3 41 46.6

PDAC, pancreatic ductal adenocarcinoma.

compared using long-rank test (Mantel-Cox). All analyses
were performed with SigmaPlot software.

More detailed information is available in the online
supplemental material section.

RESULTS

TERT is a versatile immune target in PDAC

More than 95% of pancreatic cancer cases, regardless
of the histological and molecular classification, exhibit
enhanced TERT activity, when compared with normal
tissues and benign pancreatic lesions.” However, the rele-
vance of TERT expression in patient prognosis has not
yet been investigated. To address this issue, we enrolled
a PDAC patient cohort (n=88, table 1) based on the
following inclusion criteria: resected pancreatic cancers
and treatmentnaive patients. Immunohistochemistry
(IHC) analysis revealed the presence of TERT antigen
in most PDAC tissues, regardless of tumor stage. Notably,
TERT was detected in 73% of the analyzed samples with
either a highly intense motif (++) or a positive framework
(+) (figure 1A, B). Although TERT expression was not
associated with a statistically significant overall survival,
a fraction of long-term PDAC survivors displayed tumors

Table 2 Clinical features of the patients involved in the
study of TME characterization

Patient characteristics No. (IQR) %
Age (years)

Median 68 (50-84)

Gender

Female 16 53.3
Male 14 46.7
Tumor grade

G2 22 733
G3 8 26.7

TME, tumor microenvironment.

expressing either moderate or high levels of the TERT
antigen (online supplemental figure 1A).

We also tested TERT expression in the pancreatic
tissues of H-2" inbred KPC mice, which spontaneously
develop invasive PDAC, starting from precursor lesions
identified as pancreatic intraepithelial neoplasia
(PanIN).? %! We identified disease evolution from acinar-
to-ductal metaplasia (ADM) stage, characterized by low-
grade lesions with minimal cytological and architectural
atypia, to PanIN#1 stage marked by cytological abnor-
malities, PanIN#2 lesions characterized by an intense
degree of dysplasia, and eventually the PDAC disease
stage (figure 1C). Notably, TERT antigen in mouse tissues
increased according to tumor progression (figure 1C),
and was mainly expressed in both mouse and human
PDAC specimens (figure 1A and C). In contrast, TERT
immunostaining was present only in the Langerhans islets
of both human and mouse normal pancreatic tissues.

Orthotopic transplantation of two different KPC-
derived cell lines, FC1242 (figure 1D) and FC1199
(online supplemental figure 1B), led to the development
of TERT-expressing PDAC tumors that recapitulated
KPC-associated cancer phases,”’ in a time window of 30
days. We confirmed increased in vitro TERT expression
and enzymatic activity in these PDAC cells, as well as in
several human PDAC cell lines (online supplemental
figure 1C), compared with normal pancreas tissue
(figure 1E). Finally, orthotopic injection of HF2 cells into
immunodeficient mice generated TERT-positive tumors,
suggesting that TERT expression was maintained during
in vivo tumor growth (online supplemental figure 1D).
Altogether, these data confirm that TERT is a preserved
antigen during pancreatic cancer evolution and highlight
its pertinence as immunotherapy target.

In vivo efficacy of TERT-based immunotherapy as single
treatment

Toaddress theabilityof PDAC cells toactivate TERT-specific
CTLs through correct antigen processing, we performed
in vitro killing assays with either polyclonal mouse (m)
TERT specific CD8" T lymphocytes or human (h)
TERT,,, . -specific, TCR-engineered T lymphocytes that
we previously characterized."” ' As expected, mouse
TERT-specific CTLs specifically recognized PDAC cells in
mouse H-2 K’restricted fashion, compared with the nega-
tive control, that is, OVA,,, . -pulsed MBL2 cells (online
supplemental figure 2A). Similarly, human (h)TERT;
gyspecific, human TCR-engineered T lymphocytes,
recognized PDAC cells in HLA-A2-restricted fashion,
compared with the negative control, that is, HCV, . .-
pulsed, HLA A2*, T2 cells, in terms of activation (online
supplemental figure 2B, measured as IFNY release, white
bar, right axis) and cytotoxic ability (online supplemental
figure 2B, black bar, left axis). Notably, mouse and human
anti-TERT lymphocytes killed PDAC cell lines to the same
extent as TERT peptide-loaded controls MBL-2 cells and
T2 cells, respectively. These data confirm that PDAC cells
process and present TERT-derived peptides on class I
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Figure 1 TERT expression in human and mouse PDAC tissues. (A) Representative H&E staining and TERT IHC analysis in
human normal pancreas and PDAC tissues (G2/G3 tumor grade). PDAC tissues were scored as negative (-), positive (+), highly
positive (++) according to hTERT antigen. (B) Patients with pancreatic cancer were stratified according to TERT expression.
(C) Representative TERT IHC analysis (top panel) and H&E staining (bottom panel) in pancreas specimens isolated from KPC
mice at different stages of neoplastic evolution, or in tumors isolated from C57BL/6 mice orthotopically injected with FC1242
cells (D) and sacrificed at different time points (10-30 days) from tumor challenge. Scale bar (A,C,D), 100 um. (E) TERT activity
and expression in normal pancreatic cells and KPC-derived cell lines by TRAP assay (top panel; untreated samples, black;
heat-inactivated-negative control samples, white; TPG) and Western blot (bottom panel), respectively. Representative samples
are shown. IHC, immunohistochemistry; PDAC, pancreatic ductal adenocarcinoma; TERT, telomerase; TPG, total product
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major histocompatibility complex (MHC) proteins. To
assess whether TERT-dependent immune killing resulted
in cancer growth restriction in vivo, we treated s.c. FC1242
or FC1199 tumor bearing mice with two consecutive
systemic infusions of either mTERT-specific (TERT-ACT)
or control ovalbumin-specific (OVA-ACT) CTLs (online
supplemental figure 2C). Tumor growth restriction was
observed on TERT-ACT administration in both PDAC
models, leading to a significant improvement in survival
compared with the control (online supplemental figure
2D,E).

We then questioned whether immunotherapy could
be effective when tumors grew in the original tissue envi-
ronment. To answer this question, we engineered KPC-
derived cell lines with a firefly luciferase (Luc)-expressing
lentivirus, generating FC1242-Luc and FC1199-Luc cells,
to monitor tumor growth by bioluminescence with in vivo
imaging. After proving that the transduced cells were
recognized to the same extent by mouse TERT-specific
CTLs (online supplemental figure 2A) and exhibited
similar tumor growth as their parental counterparts
(online supplemental figure 2F), we orthotopically trans-
planted Luc-expressing PDAC cells into immunocom-
petent mice to evaluate the therapeutic effectiveness of
TERT-based ACT (online supplemental figure 2G). In
this experimental setting, TERT-based immunotherapy
partially restricted both FC1242-Luc (figure 2A) and
FC1199-Luc (figure 2B) tumor progression, and improved
mouse survival. Several factors may be responsible for
limited immunotherapy efficacy. T lymphocyte-intrinsic
factors linked to the T effector memory phenotype of
CTLs employed in our ACT protocol that express also
exhaustion markers (ie, programmed death (PDI1),
online supplemental figure 2H) strongly affect the in
vivo antitumor efficacy through their limited prolifera-
tion potential.*® T lymphocyte-extrinsic factors are mainly
due to tumor features that may hinder T lymphocyte
infiltration by multiple strategies, avoiding T lymphocyte-
mediated tumor immune restriction.”” In accordance
with this hypothesis, we identified few adoptively infused
TERT=specific CTLs (CD45.2" cells) in orthotopic tumors
isolated from congenic (CD45.1) mice (figure 2C).
Therefore, vessels and ECM modifications as well as the
presence of multiple inhibitory soluble factors in the
TME" limit but do not completely abrogate T lymphocyte
trafficking inside pancreatic tumors.

To extend these results to mice that spontaneously
develop PDAC, we treated a cohort of KPC mice with either
TERT-specific or OVA-specific T lymphocytes (online
supplemental figure 2I). A significant TERT-dependent
tumor control was achieved in KPC mice (figure 2D),
confirming the potential of adoptive immunotherapy in
PDAC. To address whether TERT-based immunotherapy
could be suitable in a preclinical human PDAC setting,
we orthotopically engrafted immunodeficient NOG mice
with HLA-A2" PDAC, Luc-expressing cells (HF2-Luc cell
line) and treated them with repeated injections of either
hTERT,, . .-specific (TERT-ACT) or HCV -specific,

65-873 1406-1415

TCR-engineered T lymphocytes (HCV-ACT, Citrl)
followed by in vivo detection of bioluminescence (online
supplemental figure 2G). TERT-based immunotherapy
significantly improved tumor control and mouse survival
(figure 2E). Collectively, our data reveal the ability of
TERT-specific CTLs to reach the TME, thereby triggering
an immune-based tumor control.

Pancreatic cancers establish an immunosuppressive barrier
that limits the T lymphocyte-mediated response
Considering the limited impact of TERT-based ACT on
survival, we investigated the TME to identify factors that
might restrain T lymphocyte homing to tumor core and
cytotoxic activity. TME in PDAC comprises immunosup-
pressive myeloid cells, such as MDSCs and TAMs.** * We
performed a deep analysis of the tumor immune micro-
environment evolution at different time-points: day 10,
day 20, and day 30 post-tumor challenge. Both FC1242-
derived and FC1199-derived orthotopic tumors gradually
shaped the immune contexture in consecutive develop-
mental stages, resulting in progressive ECM deposition,
T lymphocyte contraction, and increased myeloid cell
infiltration (figure 3A, B). Indeed, we found an inverse
correlation between the percentage of T lymphocytes and
the frequency of either tumor-infiltrating myeloid cells
(CD11b" cells) or MDSCs in both experimental models
using flow cytometry (figure 3C, D). Furthermore,
using multiparametric flow cytometric staining (online
supplemental figure 3A), we characterized different
myeloid cell subsets: TAM-MHCIT" (CD11b"Ly6G Ly6C:
CD11cMHCII™F4/80%), TAM-MHCII®" (CD11b'Ly6G
Ly6CCD1 1cMHCII'®"F4/80"), dendritic cells
(CD11b"Ly6GLy6CCD11c¢"MHCII'F4/80),  polymor-
phonuclear (PMN)-MDSCs (CD11b'Ly6G'Ly6C"""),
and monocytic (M)-MDSCs (CD11b'Ly6GLy6C"). In
the FC1242 orthotopic model, a shift in the immune
composition of the tumor-infiltrating CD11b" cells could
be mainly ascribed to a consistent accumulation of PMN-
MDSCs, which reached 16% at day 30 from 6.8% at the
first time-point (p=0.012), associated with a progres-
sive increase in M-MDSC frequency from 3% to 9%
(p=0.034) (figure 3E). Notably, we also identified a switch
between TAM-MHCII"™, which declined from 49.7% to
18.7% (p<0.001) and TAM-MHCII'", which consistently
increased to 30% of the total PDAC-associated myeloid
cells at late time-points of disease progression, after
starting from an initial frequency of 5.7% (p=0.001)
(figure 3E). The same immunological landscape was
observed in FC1199 tumors (PMN-MDSCs increasing
from 14% to 32% p=0.01; TAM-MHCIT'" ranging from
16% to 32%, p=0.002, TAM-MHCII" decreasing from
23% to 5% p=0.002) confirming a constant immunosup-
pressive milieu development during cancer progression
characterized by MDSCs and TAM-MHCIT'™ accumula-
tion (figure 3F).

To establish how tumors could promote MDSC and TAM
infiltration, we explored the cytokine milieu produced by
KPC-derived cell lines ex vivo and in vitro. We uncovered
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Figure 2 TERT-based ACT restrains PDAC progression. (A,B) C57BI/6 mice were orthotopically challenged with mouse
KPC-derived FC1242-Luc (A) or FC1199-Luc (B) cells. Mice were randomized in two groups which received mTERT-specific
(treatment group, n=10) or OVA-specific (control group n=10) mouse CTLs ACT. Therapeutic efficacy was evaluated over time
in terms of tumor progression (top panel) and survival (bottom panel). (C) Tracking of adoptively transferred T lymphocytes in

PDAC specimens. Congenic immunocompetent CD45.1 mice were orthotopically challenged with mouse KPC-derived FC1242
or FC1199 cells and subjected to CD45.2* mTERT-specific mouse CTLs ACT or left untreated. Tumor-infiltrating T lymphocytes
(CD3*CD8" cells) were stained with both CD45.1 (endogeneous lymphocytes) and CD45.2 (transferred lymphocytes) antibodies.
(D) KPC mice were enrolled in two groups receiving mTERT-specific (treatment group, n=20) or OVA-specific (control group
n=20) mouse CTLs ACT. Therapeutic efficacy was evaluated over time by Kaplan-Meier curves for OS. (E) Immunodeficient
NOG mice were orthotopically challenged with human PDAC HLA-A2* HF2_Luc cell line. Mice were randomized in two

groups which received, respectively, hTERT-specific (treatment group) or HCV-specific (control group) engineered human T
lymphocytes. Tumor growth was monitored by in vivo imaging (left panel). Therapeutic efficacy was evaluated over time in
terms of tumor progression (middle panel) and survival (right panel). Tumor growth was evaluated by in vivo imaging (IVIS-Perkin
Elmer: A,B,E; Vevo ultrasound imaging: D): a representative image for each analyzed time point was reported (A,B,E). Data are
reported as mean+SE of a representative experiment of two (A,B,E) and three (C) independent replicates. Statistical analysis
was performed using one-wayANOVA (A,B,E), Mantel-Haenszel (long-rank) test (A, B, D, E), two-tailed Student’s t-test (C). ACT,
adoptive cell therapy; ANOVA, analysis of variance; CTL, cytotoxic T lymphocyte; OS, overall survival; PDAC, pancreatic ductal
adenocarcinoma.
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Figure 3 Immunosuppressive tumor-infiltrating myeloid cells limit T lymphocytes trafficking. (A,B) C57BI/6 mice were
orthotopically challenged with mouse KPC-derived FC1242 (A) or FC1199 (B) cells. Mice were sacrificed at different time
points from tumor challenge. Representative Masson Trichrome and IHC staining for CD3, CD11b and Gr-1 tumor specimens
at different time point of PDAC progression. Scale bar, 100 um. (C,D) Tumors were enzymatically digested to isolate cell
suspensions and processed for immune phenotype analysis using the following markers: CD45, CD11b, Ly6C, Ly6G, CD11c,
MHCII, CD3, CD4, and CD8. Spearman’s rank correlation of cell frequency between tumor-infiltrating myeloid cells (CD11b*
cells) or MDSCs (CD11b* Ly6C* Ly6G~ M-MSDCs plus CD11b* Ly6C”°" Ly6G* PMN-MDSCs) and T lymphocytes (CD3" cells)
during FC1242 (C) or FC1199 (D) tumor evolution. Each plot refers to a pool of three mice. (E,F) Characterization of tumor
infiltrating myeloid cells subsets during FC1242 (E) or FC1199 (F) tumor progression, n=5 mice/time point. Myeloid cells were
divided into: M-MDSC (Ly6C* Ly6G cells), PMN-MDSC (Ly6C™°" Ly6G* cells) or macrophages/DCs characterized as: Ly6C"
Ly6G~ CD11c” MHCII" F4/80* (TAM MHCII'"), Ly6C™ Ly6G™ CD11c"MHCII* F4/80* (TAM MHCII"®") and Ly6C™ Ly6G™ CD11c*
MHCII" (DCs), respectively. On the contrary, T lymphocytes were characterized as CTL (CD3*CD8" cells) or T,, (CD3"CD4" cells)
lymphocytes. Within the CD11b* cell subsets, PMN-MDSCs (p=0.01 (E-F)) and TAM—MHCIIIOW (p<0.001 (E), p=0.001 (F)) were
those dramatically increasing according to tumor progression in spite of TAM-MHCII™ (p=0.001 (E), p=0.02 (F)). CTL, cytotoxic T
lymphocyte; MDSC, myeloid-derived suppressor cell; PDAC, pancreatic ductal adenocarcinoma.
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a peculiar inflammatory signature, characterized by high
levels of granulocyte monocyte colony-stimulating factor,
interleukin (IL)-6, IL-10, monocyte chemoattractant
protein-1 (also known as CCL2), and vascular endothe-
lial growth factor (online supplemental figure 3B,C).
These cytokines, which are crucially involved in MDSC
expansion, recruitment, and differentiation, as well as
in TAM polarization toward M2 protumoral functions,*
are produced mainly by tumor cells (online supple-
mental figure 3D); many of these proteins are positively
controlled by KRAS oncogenic activation.?” Nonetheless,
we cannot exclude the possibility that other components
of the TME (eg, CAFs) could also be actively involved in
their release in vivo.

Finally, we proved that PDAC-infiltrating myeloid cells
were endowed with highly immunosuppressive features
toward T lymphocytes. Purified CD11b" cells from both
FC1242 and FC1199 tumors significantly constrained
both the in vitro killing ability and the proliferation of
antigen-specific CTLs (online supplemental figure 3E,F).
Additionally, we evaluated the frequency (online supple-
mental figure 3G) and immunosuppressive function
(online supplemental figure 3H) of circulating CD11b"
cells isolated from the spleen of both FC1242 and FC1199
tumor-bearing mice, confirming their ability to affect T
lymphocyte response, even at a lower level compared with
the tumor-infiltrating counterpart.

To address whether this immunosuppressive landscape
was also established during autochthonous tumor evolu-
tion, we analyzed KPC mice. Consistently, the immune
composition of KPC-derived tumors revealed a consid-
erable accumulation of CD11b" cells during PDAC
progression. In contrast, T lymphocytes (CD3" cells) were
detected mainly in the early phases of PDAC progression
(online supplemental figure 4A). Indeed, the frequencies
of tumor-infiltrating T lymphocytes (CD3" cells), CTLs
(CD3'CD8" cells), and helper T lymphocytes (CD3"CD4"
cells) were inversely correlated with the frequency
of myeloid cells (CD11b" cells), MDSCs (CD11b'Ly-
6C'Ly6G" cells), and TAMs (CD11b'Ly6GLy6CCDI11c
MHCIT'"F4/80") (online supplemental figure 4B).

As NOS2 and ARGI are among the main players of
MDSC-mediated and TAM-mediated immune suppres-
sion, we evaluated their expression in PDAC TME. WB
analysis identified NOS2 and ARGI only in FC1242-
derived and FC1199-derived tumors and tumor-
infiltrating CD11b" cells regardless of tumor stage
(figure 4A, B); CD11b" cells were among the sources of
both enzymes. ARG1 and NOS2 metabolize L-arginine to
produce urea +L-ornithine and NO +L-citrulline, respec-
tively. In the TME, catabolism of L-arginine may generate
RNS-dependent hurdles that protect cancer cells from
immune attack, as shown in different transplantable
tumor models."” Although ARG1 is widely considered a
hallmark of immunosuppressive myeloid cells, the role of
NOS2 in the regulation of antitumor immunity is more
context-dependent, since it can both restrict or support
T lymphocyte immunity according to the immune cell

subset that expresses it and the presence of a tumor-
specific T cell response.17 3 However, in the context of
low immunogenic cancers, such as PDAC, NOS2 activity
correlates with increased tumor invasiveness and resis-
tance to therapy.”

We proceeded to determine whether the establishment
of N-Ty-based chemical barrier could affect T lymphocyte
infiltration in the PDAC TME. We identified an inverse
distribution of T lymphocytes and N-Ty-positive tumor
areas in both the FC1242 and FC1199 cancer specimens:
a progressive exclusion of CTLs from the PDAC tumor
core was indeed associated with the establishment of a
marked N-Ty-based shield (figure 4C, D). Furthermore,
a consistently increased N-Ty pattern in KPC mice from
PanIN phases to locally invasive tumors (figure 4E) was
confirmed, together with an opposite distribution of
CD8" T lymphocytes and N-Ty-positive tumor regions.
Notably, T lymphocytes were detected only in the early
phases of PDAC development (PanIN#1), while they
almost disappeared in the late tumor stage (PDAC). We
then evaluated whether a similar landscape could be
identified in human PDAC (table 2). Despite the interpa-
tient and intrapatient immune heterogeneity that charac-
terizes pancreatic cancer,"** an inverse correlation in the
spatial distribution of myeloid cells, detected as CD68"
macrophages or, more often, CD15* neutrophils and
CD8' T lymphocytes, was evident in all examined speci-
mens (n=30). While myeloid cells were identified both in
the peripheral and in the central zone of invasive tumors,
T lymphocytes were mostly found around the peripheral
tumor glands. In addition, we also identified N-Ty staining
on infiltrating immune cells or on tumor glands, close
to the zones of CD8" T cell infiltration, in about 25% of
analyzed specimens (figure 4F), mirroring the preclinical
PDAC setting. Notably, N-Ty deposition was evident in
both tumor and stromal tissue (figure 4C-F and online
supplemental figure 5A), whereas in normal pancreatic
samples it could be identified only in endocrine islets.

Together, these data suggest an immune evasive pattern
that is shared between human and mouse PDAC, in which
the accumulation of immunosuppressive myeloid cells
inside the TME promotes the establishment of an N-Ty-
dependent T lymphocyte trap by generating RNS, which
impairs the T lymphocyte accrual to the tumor core.

RNS-targeting contributes to enhanced cancer
immunotherapy in PDAC

Despite encouraging results of approaches targeting
MDSC/TAM accumulation, recruitment, or func-
tion, their clinical benefits still need to be confirmed
in the context of PDAC.” * An array of scavengers for
peroxynitrite-derived radicals and metalloporphyrinic
antioxidants have been developed to block RNS gener-
ation;33 however, most are not bioavailable and may
thus have limited therapeutic potential. Recently, we
designed a new compound, AT38 (cas. 46843548), that
can affect RNS generation.'” We sought to investigate
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Figure 4 NTy-based deposition is a hallmark of immunotherapy resistance in PDAC. (A,B) ARG1 and NOS2 expression in
normal pancreas, PDAC cells, PDAC tumor, tumors-isolated CD11b" cells at different stages of tumor progression (day 10,
20, 30 since tumor challenge) in FC1242 (A) and FC1199 (B) models, respectively. (C-E) Either, respectively, FC1242 (C) or
FC1199 (D) tumor samples or KPC-derived pancreas specimens (E) at different stages of tumor progression, were analyzed
for the presence of TILs and of RNS by IHC staining for CD8 and N-Ty. Non-contiguous ROIs with dimensions of 157x157
pixels were analyzed for both N-Ty or CD8 staining and applied to serial sections. The percentages of immunoreactive areas
for both markers were calculated for each ROI. Data are expressed as means+SD of ROI (n=20). Statistical analysis was
performed by a one-way ANOVA, followed by Tukey’s test. (F) Representative IHC staining for CD8, N-Ty, ARG1, CD15, CD68,
in human PDAC to evaluate the presence and localization of CTLs, RNS, ARG1, neutrophils and macrophages, respectively.
Tumor glands are indicated with *’. Scale bar, 100 um (C-F). ANOVA, analysis of variance; CTL, cytotoxic T lymphocyte; IHC,
immunohistochemistry; PDAC, pancreatic ductal adenocarcinoma; ROI, regions of interest.
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whether AT38 modulates nitrosative stress in the PDAC
microenvironment.

First, we addressed the ability of AT38 to abrogate NOS2
and ARGI expression in both in vitro differentiated bone
marrow-derived macrophages (figure 5A, B) and MDSCs
(figure 5C). The transcriptional inhibition of the two
genes restored the in vitro proliferation of antigen-specific
CTLs (figure 5D, E). Moreover, AT38 treatment metabol-
ically reprogrammed both MIl-polarized and M2-polar-
ized macrophages by blocking arginine consumption and
limiting the production of ornithine (figure 5F). We also
revealed an AT38-dependent modulation of energetic
metabolism, restricted to Ml-polarized macrophages by
Seahorse extracellular flux analyser (online supplemental
figure 6A-C). AT38 treatment promoted a significant
increase of basal, maximal respiration and ATP produc-
tion rate, suggesting an increased OXPHOS capacity in
AT38 treated compared with untreated M1 macrophages
(figure 5G). Finally, we assessed AT38 impact on rewiring
T lymphocyte energetic metabolism (online supplemental
figure 6D). AT38 treatment in activated CTLs improved
respiratory parameters such as basal, maximal and ATP-
linked respiration (figure 5H), highlighting an increased
mitochondrial bioenergetics in treated cells. Moreover,
AT38 administration enhanced the energetic metabolism
highlighted by the increased oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR), indic-
ative of oxidative and glycolytic metabolism, respectively
(figure 5I).

To gain further insights into the reprogramming cues
induced on AT38 treatment, we supplied a daily adminis-
tration of AT38 (for a week) to PDAC tumor-bearing mice
that were orthotopically engrafted with FC1242 cells. We
then performed single-cell RNA sequencing (scRNA-seq)
analysis of the PDAC-infiltrating immune cells. Postquality
control, we obtained 8454 and 7156 cells in the control
(CTRL) and AT38 samples, respectively. Following
reference-based classification and manual inspection
(online supplemental figure 7A), the identified immune
cells were visualized using uniform manifold approxima-
tion and projection (UMAP), followed by assessment of
their proportions (figure 6A). In AT38-treated mice, we
observed a decrease in the PMN-MDSC proportion (37%
CTRL; 28% AT38) and an increase in T/NKT lymphocytes
(20% CTRL; 29% AT38), whereas no relevant changes
were identified in M-MDSCs and TAMs (figure 6A).
Although we did not observe any imbalance in macro-
phage and monocyte composition, we found that AT38
treatment re-educates all the myeloid compartments to
support antitumor immunity. Gene set enrichment anal-
ysis (GSEA) underscored an upregulation of interferon
o./y response pathways (Cd74 and Isgl5, figure 6B), and
a downregulation of pathways associated with tumor
immune tolerance. Indeed, genes involved in immuno-
suppression (Cebpb, Argl, and Sppl), angiogenesis (Sppl
and S100a4), as well as ECM deposition and support of
tumor epithelial-to-mesenchymal transition (EMT) (Spp1,
Fnl, Ecml, Vim, and Thbsl) were downmodulated in TAMs

(figure 6C). AT38 equally induced the activation of inter-
feron o/y response in M-MDSCs (B2m, Isgl5, Bst2, Ifitm3,
and Zbpl) and PMN-MDSCs (Statl, PsmbS, Psmb9, Tapbp,
B2m, and Isgl5) (online supplemental figure 7B-E). GSEA
also revealed the downregulation of genes involved in
ECM deposition, support of tumor EMT (Fnrl and Ecml)
and Mtorcl signaling (Aldoal) in M-MDSCs (online
supplemental figure 7B) and upregulation of genes
involved in oxidative phosphorylation (Mdh2 and Atp5k)
in PMN-MDSCs (online supplemental figure 7D).

We further validated the impact of AT38 treatment in
reprogramming of PDAC TME in mice bearing FC1242
orthotopic tumors. We detected a remarkable reduction
in the N-Ty-positive tumor area in AT38-treated mice
(figure 6D), together with decreased ECM deposition
and lower expression of ARG1 and NOS2 (figure 6D,
E). As expected, AT38 administration promoted an
immune reorganization of the TME, characterized by an
intense accumulation of T lymphocytes and a contrac-
tion in tumor-infiltrating myeloid cells (figure 6F, online
supplemental figure 8A). More precisely, we identified
an increased frequency of CTLs (4.7% vs 6.6%, p=0.05)
and CD4" T lymphocytes (6.5% vs 9.7%, p=0.04), with a
concomitant reduction in total MDSCs (15.8% vs 11.7%,
p=0.035) in tumors isolated from treated mice (figure 6F).
Furthermore, we proved that tumor-infiltrating CD11b"
cells isolated from AT38-treated mice partially lost their
immunosuppressive properties (figure 6G). We substanti-
ated these findings in a second KPC-derived tumor model.
Characterization of the TME of the AT38-treated FC1199-
bearing mice revealed a similar immune rearrangement,
marked by an increased infiltration of lymphocytes at the
expenses of the immunosuppressive myeloid cells (online
supplemental figure 8B-E). Moreover, treatment with
AT38 reduced ECM deposition as well as ARG1 and NOS2
expression (online supplemental figure 8C, D). Accord-
ingly, tumor-infiltrating myeloid cells exhibited defective
inhibition of T lymphocyte proliferation (online supple-
mental figure 8F).

Finally, we addressed whether TME manipulation by
AT38 could improve the therapeutic effectiveness of
TERT-based ACT in PDAC. Therefore, tumor-bearing
mice orthotopically engrafted with FC1242 cells
received either single-arm treatment (AT38 alone
or TERT-ACT alone) or combined therapy (online
supplemental figure 9A). TME reprograming by AT38
improved the therapeutic impact of adoptively trans-
ferred, TERT-specific CTLs, leading to significant
control of tumor growth (figure 7A) and significant
survival benefit for the treated PDAC-bearing mice
(figure 7A). More importantly, we verified the effi-
cacy of this combined immunotherapeutic approach
for the treatment of KPC mice (online supplemental
figure 9B). Mice treated with AT38 plus TERT-ACT
displayed substantially restricted tumor growth
compared with untreated or single-arm treated mice,
thereby suggesting that the treatment promotes
some objective tumor regression (figure 7B) and a
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Figure 5 AT38 reprograms immune suppressive myeloid cells in vitro. (A,B) In vitro BM-derived M1 and M2-polarized
macrophages (M¢) were treated for 24 hours with AT38 (5 uM). Nos2 and Arg1 expression was assessed by gRT-PCR (A) and
WB (B). (C) In vitro BM-derived MDSCs were treated for 24 hours with AT38. Nos2 and Arg1 expression were assessed by
gRT-PCR. (D,E) Suppressive activity of in vitro differentiated M2-polarized macrophages (D) or MDSCs (E) treated 24 hours

with AT38 was evaluated by immune suppression assay as described in methods. Cell trace dilution representative plots are
shown in left panels. (F) High-performance liquid chromatography quantification of arginine and ornithine in the supernatants of
in vitro generated BM-derived MO-polarized, M1-polarized, M2-polarized macrophages, treated or not for 24 hours with AT38.
(G) Quantitative analysis of respiratory parameters: basal, maximal and ATP-linked respiration of in vitro generated BM-derived
MO-polarized, M1-polarized, M2-polarized macrophages, treated or not for 24 hours with AT38. (H) Quantitative analysis of
basal, maximal and ATP-linked respiration of in vitro differentiated CTLs treated or not with AT38 (5uM, 48 hours). (I) Energy
map displaying the overall basal metabolic profile shows a shift toward a more energetic state in AT38 treated CTLs. Data

are reported as mean+SD of three independent replicates (D-H). Statistical analysis was performed using unpaired two-tailed
Student’s t-test (A,C,F-H), one-way ANOVA test (D-E,G), followed by Tukey’s test. ANOVA, analysis of variance; CTL, cytotoxic
T lymphocyte; MDSC, myeloid-derived suppressor cell; gRT-PCR, quantitative real time-PCR.
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Figure 6 AT38 modifies the immune landscape of PDAC and reprograms myeloid cells toward antitumor immunity. C57BI/6
mice were orthotopically challenged with mouse KPC-derived FC1242 cells. Mice were randomized in two groups receiving
30 mg/kg/day AT38 or vehicle (CTRL) alone through a double i.p. injection each day for 7 days. Mice were sacrificed, tumors
isolated and processed in order to obtain cell suspensions. Two samples/group (each one composed by a pool of four
mice) were enriched for CD45 marker by FACS sorting and analyzed with scRNA-seq 10 x technology as detailed in online
supplemental methods. (A) UMAP representation of scRNA-seq data for leukocytes infiltrating FC1242 tumors of CTRL and
AT38 treated mice, colored according to cell types (left panel). Stacked bar plots representing cell type proportions across
mouse conditions (right panel). (B) GSEA analysis with upregulated (red) or downregulated (blue) hallmark gene sets in TAMs
of AT38 treated mice. (C) Violin plots showing the expression of genes involved in IFN o/y response and antigen processing
and presentation (top panel), supporting immune suppression and angiogenesis (middle panel), and promoting tumor EMT
(lower panel) (*p<0.05, **p<0.01, **p<0.001) in TAMs of CTRL and AT38 treated mice. (D) Tumor samples obtained from
immunocompetent mice orthotopically challenged with FC1242 tumor cells, either treated or not with AT38 for 7 days were
subjected to IHC analysis to monitor RNS production (N-Ty), ECM deposition (Masson Trichrome), CTLs (CD8) and MDSCs
(GR1) tumor infiltration, and the presence of NOS2 and ARG1 enzymes. Scale bar, 100 uym. (E) Quantification of collagen
deposition in tumor specimens of AT38-treated or untreated FC1242 tumor-bearing mice. (F) Tumor samples obtained from
immunocompetent mice orthotopically challenged with FC1242 tumor cells, either treated or not with AT38 for 7 days (n=6

mice/group) were subjected to multiparametric immune phenotype analysis with the following markers: B220, CD3, CD4, CDS8,
CD11b, CD11c, CD45, F4/80, Ly6C, Ly6G, MHCII. (G) Suppressive activity of tumor-infiltrating CD11b* cells purified from CTRL
or AT38 treated mice. Data are reported as mean+SD of three independent replicates. Statistical analysis was performed using
one-way ANOVA test. ANOVA, analysis of variance; CTL, cytotoxic T lymphocyte; IFN, interferon; NOS2, inducible nitric oxide
synthase; PDAC, pancreatic ductal adenocarcinoma.

Areiqr urep ge JogueH Bunds pjoD 1e g0z ‘0z Arenuer uo /wod lwganl/:dny woiy papeojumod "zz0g Arenuer ZT uo 6S£00-TZ02-OM9ETT 0T Se paysiiand Isiy LI9oueD Jayjounwiw) ¢

12 De Sanctis F, et al. J Immunother Cancer 2022;10:2003549. doi:10.1136/jitc-2021-003549


https://dx.doi.org/10.1136/jitc-2021-003549
https://dx.doi.org/10.1136/jitc-2021-003549
http://jitc.bmj.com/

Open access

A
D12 D27 D33 D42 D47 -®-CTRL -O-AT38 -@-TERT-ACT -@-AT38+TERT-ACT
CTRL 2 3.5¢"
3.0e*
s ol )
ﬁ 2.5¢ p=0.03
X 2.0e*|
(=
AT38 5 15"
o
F 1.0e™ .
=0.038
5.0e™ '(QI'ERT»ACT vs
0.0 = | AT38+TERT-ACT)
TERT-ACT i R =TT =TT =]
E[baor 0 10 20 30 40 50 0 20 40 60 &0
i Time (days) Time (days)
3ll10
AT38+ : fos
TERT-ACT [ i ) N 5

Change in volume (%)

(|) 190 2(|)0 300I 1|000 %OOO

-0-CTRL -O-AT38 -@TERT-ACT

-@-AT38 +TERT-ACT
CTRL
100
[ 1
I -
AT38 [] = I
a5 5 & g
= Q
(% 40 2
TERT-ACT g
) 20 | p=0.00819 o
(TERT-ACT vs o
AT38+TERT-ACT) Z
0 50 100 150 200 250 Lg.
AT38+ Time (days) -

Figure 7 AT38 renders PDAC responsive to immunotherapy. (A) C57BL/6 mice were orthotopically challenged with FC1242
cells, randomized in four groups receiving, respectively, vehicle (CTRL, n=10), AT38 only (AT38, n=10), mTERT-specific mouse
CTLs only (TERT-ACT, n=10), AT38+mTERT-specific mouse CTLs (n=10). Tumor growth was evaluated by in vivo imaging:

a representative image for each analyzed time point was reported (left panel). Therapeutic efficacy was evaluated over time

in terms of tumor progression (middle panels) and survival (right panel). Data are reported as mean+SD of a representative
experiment of two independent replicates. Statistical analysis was performed using one-way ANOVA followed by Tukey’s

test for tumor growth and Mantel-Haenszel (long-rank) test for survival. (B) KPC mice were enrolled in four groups receiving,
respectively, vehicle (CTRL), AT38 only (AT38), mTERT-specific mouse CTLs only (TERT-ACT), AT38+mTERT-specific mouse
CTLs (AT38+TERTACT). Tumor growth was evaluated by high-resolution ultrasound images of pancreatic tumor in KPC mice
before (-, left panel) and 10 days after treatment (+, left panel) and shown as waterfall plots (right panel) of therapeutic response.
(C) Kaplan-Meier curves for overall survival of KPC mice with invasive disease untreated (n=25) or treated with AT38 (n=20),
TERT-ACT (n=15) or combined approach (n=20). Statistical analysis was performed using Mantel-Haenszel (long-rank) test. ACT,
adoptive cell therapy; ANOVA, analysis of variance; CTL, cytotoxic T lymphocyte; PDAC, pancreatic ductal adenocarcinoma;
TERT, telomerase.

significant increase in the survival rate (mean overall DISCUSSION

survival from 138 days for CTRL to 190 days for AT38  Although immunotherapy has revolutionized the treat-

in combination with TERT-ACT; figure 7C). ment of cancer, no substantial clinical benefits have been
Collectively, these results demonstrate that successful reported for PDAC when employed as a single agent.”

TME reprogramming by limiting RNS-dependent  Several factors, including low tumor mutational burden

immune restrictions can render PDAC more susceptible  and poor intrinsic antigenicity of PDAC cells, promote

to T lymphocyte-based immunotherapy. primary resistance to proficient adaptive immune
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responses induced by immune checkpoint inhibitors.
Accordingly, only a small PDAC patient cohort, charac-
terized by mismatch repair deficiency and microsatellite
instability where tumors harbor neoantigens gener-
ated by mutations, showed tangible clinical responses
to pembrolizumab.” However, this proimmunogenic
phenotype is quite rare in patients with PDAC, repre-
senting less than 2% of all cases.” Therefore, only a very
limited number of patients are amenable to checkpoint-
based therapy, suggesting the crucial need for the devel-
opment of other therapeutic strategies.

Our data support the use of TERT as a target antigen
for cancer immunotherapy in PDAC. We identified the
TERT protein in more than 70% of human PDAC cases,
confirming that TERT is a shared and leading antigen for
immunotherapy. Moreover, we identified TERT expres-
sion in the tumors of a small cohort of long-term survi-
vors, suggesting that TERT antigenicity is preserved at
the late stage of PDAC evolution, and its immunogenicity
might promote endogenous immune-mediated tumor
control in some patients. Further studies are required to
evaluate better the PDAC patients’ endogenous response
toward TERT antigen. Notably, TERT expression is mainly
restricted to embryonic stem cells, tumor cells and,
although at lower level, to adult stem cells, and male germ
line.”” However, telomere shortening occurs during
organism lifetime even in adult stem cells, confirming low
TERT expression and activity in these tissues.”® In cancer,
TERT gene is transcriptionally active due to the presence
of two highly recurrent mutations in the gene promoter
region.™™* Accordingly, several reports have revealed
the presence of anti-TERT T lymphocytes (absent in
healthy subjects) in the blood of patients with chronic
myeloid or B-cell leukemia, lung, colorectal, and breast
cancers."' *! Owing to thymic immune-tolerance mecha-
nisms involving the depletion of T lymphocytes with the
highest affinity for self-proteins such as TERT and the
poor T lymphocyte immunity in patients with PDAC, off-
the-shelf, tumor-specific T lymphocyte adoptive therapy
may represent an effective approach. In the present study,
we report, for the first time, the possibility of restricting
human and mouse PDAC progression using TERT-
specific T lymphocyte ACT. These data confirm the new
concept of PDAC as a ‘cold’ tumor and not an immune
desert, suggesting the possibility of evoking an anticancer
immune response via immunotherapy. Although the
major limitation in developing a TERT-based therapy
program for large-scale treatment is MHC-restriction, it
is important to highlight two crucial aspects. First, HLA-
A*0201 represents the most frequently detected HLA-A2
allele in different ethnic groups (approximately 50% in
the American and European populations).** Second,
TERT is a ‘universal’ antigen that is shared by 80%-90%
of tumors with different histology.” Therefore, a TERT-
based ACT approach may be amenable to treat a very
large number of patients with cancer, providing an effec-
tive solution for the treatment of orphan diseases, such
as PDAC. An improved therapeutic efficacy of TERT-ACT

may be obtained by exploiting the use of genetically trans-
duced T memory stem cells (Tj,,), which exhibit stem-
cell properties, high self-renewing capacity and resistance
to apoptosis. Indeed, transferred genetically engineered
Ty showed an extraordinary longevity after in vivo
infusion without cytokine support.” However, potential
on-target off-tumor concerns should be evaluated prop-
erly. TERT reactivation in actively proliferating cells,
such as B-lymphocytes and keratinocytes, can result in
the processing of the endogenous protein and antigen
presentation to CTLs with high avidity, TERT-specific
TCR. Mouse models cannot easily predict autoimmunity
consequences of TERT-specific adoptive transfer, since
TERT expression in mouse tissues is higher compared
with the human counterpart.* Species-specific differ-
ence in TERT expression can partially explain why the
adoptive cell transfer of mTERT-specific CTLs are able
to induce a transient, selfresolving lymphopenia.'?
Conversely, human CTL clones endowed with low affinity
TERT-specific TCR are not able to kill CD40-activated B
cells.* Moreover, clinical trials evaluating the safety of
TERT-specific vaccines evidenced no autoimmunity side
effects in patients with cancer.”

Tumors progressively establish a condition of immune
resistance by promoting the expansion and accumulation
of protumor cell subsets (ie, myeloid cells, CAFs, and
tumor-associated endothelial cells),*® which cooperate
to inhibit T lymphocyte fitness and trafficking inside the
TME. Several reports have confirmed that T lympho-
cyte response in tumors is mainly abrogated by the pres-
ence of tumorinfiltrating myeloid cells."”” We showed
that this paradigm is also true for PDAC. Indeed, our
results revealed a shared immune sculpting of TME, in
both spontaneous and implanted PDAC mouse models
and clinical samples, which rely on the establishment
of a chemical barrier that can shade tumors from cyto-
toxic T lymphocyte recognition. Accordingly, we recently
proved that PMN-MDSCs and macrophage accumula-
tion are inversely correlated with T lymphocyte infil-
tration in human pancreatic cancer specimens.”’ We
unveiled an immunosuppressive switch, namely caspase
modulator 8 and FADD-like apoptosis regulator (FLIP),
whose expression in circulating monocytes (together
with PDL1) is associated with worse overall survival of
patients with pancreatic cancer.*® Consequently, targeting
myeloid cells represents the most promising strategy for
reprogramming the PDAC microenvironment. Consis-
tent with these premises, preclinical approaches based
on interfering with monocyte or granulocyte trafficking
using specific blocking antibodies,” and abrogating
macrophage survival or polarization by small molecule
delivery,” have been explored. However, myeloid cell
plasticity favors compensatory mechanisms, such as the
proliferative rebound and expansion of untargeted cells,
which limits the effectiveness of these strategies.”” CAFs
also support MDSC recruitment by granulocytic chemo-
kine release during colony stimulating factor 1 receptor
(CSFIR) blockade, thereby sustaining immune-evading
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compensatory strategies.”’ Altogether, these studies
suggest the need for a multitargeting approach acting on
more than one myeloid subset to educate a lymphocyte
hostile TME toward an antitumor landscape.

The use of AT38 suits these needs. TME precondi-
tioning with AT38 skewed the immunological landscape
of pancreatic cancer in both quantitative and quali-
tative manners (figure 6). By integrating molecular
(sc-RNA-seq), phenotypic (flow cytometry), and spatial
analyses (IHC), we showed that AT38 modifies the TME
immune landscape by promoting T lymphocyte entrance
and weakening the local immune suppression established
by tumor-infiltrating myeloid cells, thereby triggering
an essential breach in PDAC immunotherapy resis-
tance. Molecular analysis of tumor-infiltrating leukocytes
confirmed that AT38 reprograms all myeloid compart-
ments, inducing the activation of antitumor signaling
pathways and repressing immune suppressive processes,
and pathways supporting tumor angiogenesis and
EMT, which are peculiar features of pro-tumor myeloid
cells. Moreover, we identified increased expression of
immunogenicity-associated pathways, such as antigen
presentation (ie, Cd74, H2-Aa, and H2-Abl in TAMs; B2m
in M-MDSCs; and PsmbS8, Psmb9, and Tapbp B2m in PMN-
MDSCs reminiscent of tumor-associated neutrophils with
antigen-presenting cell features)”, T lymphocyte stim-
ulation, and immune recognition of cancer cells. Thus,
the observed TME manipulation reconfigured TAM
polarization toward an antitumor role. Although sc-R-
NA-seq analysis was performed only on tumor-infiltrating
immune cells, we cannot exclude the possibility that
AT38-dependent TME reprogramming could extend to
CAFs. Accordingly, new insights have been recently added
on fibroblast heterogeneity in pancreatic cancer, with the
identification of a new CAF subset expressing MHCII
and CD74 molecules endowed with antigen-presenting
features that can activate T helper lymphocytes in an
antigen-specific manner.”

In addition, AT38 can rewire the metabolic profile
of the TME immune landscape, supporting antitumor
immunity in both innate and adaptive arms. We showed
that AT38 restricts ARGI expression in both MDSCs and
M2-polarized macrophages (figure 5); this pathway has a
dominant hierarchical role in inducing immunosuppres-
sion by limiting arginine availability.”* > Moreover, we
verified that AT38 increased mitochondrial bioenergetics
in CTLs (figure 5, online supplemental figure 6). Taking
into account the crucial role of TME in both repressing
T cell oxidative metabolism and impairing T cell fitness,”
AT38 treatment could reinvigorate dysfunctional TILs at
the metabolic level. Intriguingly, a similar AT38 activity
in regulating energetic metabolism of MI-polarized
macrophages emerged. These cells are characterized
by high production of NO, which in turn poisons the
respiratory chain and causes dependency on glycol-
ysis.” ™ By contrast, macrophages that cannot produce
NO maintain oxidative phosphorylation and mitochon-
drial respiratory integrity that concurrently operate with

glycolysis. Therefore, AT38-dependent NOS2 abrogation
can promote a metabolic reprogramming of MI-polar-
ized macrophages supporting their antitumor abilities.
The overall effect of AT38 modulation fosters an intense
T-lymphocyte trafficking to the tumor core, together with
an unexpected remodeling of tumor-associated stroma
characterized by a significant decrease in ECM deposi-
tion (figure 6, online supplemental figure 8); all of this
ultimately contributes to the improved control of tumor
progression (figure 7). Notably, AT38 did not afford
any clear therapeutic benefit in PDAC setting, when
employed as a single treatment, suggesting no direct anti-
tumor function (figure 7).

Our results provide a proof of concept that, by limiting
nitrosative stress, tumor preconditioning may improve
the efficacy of cancer immunotherapy, which is usually
failing in the context of patients with pancreatic cancer.
Further investigations are necessary to define patients
with a peculiar, molecularly defined subset of pancreatic
cancer, as well as additional tumor types and subtypes
with high nitrosative stress that can benefit from this
treatment. Furthermore, additional immunotherapeutic
approaches might be considered in combination with
AT38, such as immune checkpoint inhibitors. As nitrosa-
tive stress in the TME is peculiar to several malignancies,'?
we advance that RNS-targeting by AT38 can be applied in
combination with the current immune checkpoint-based
protocols to increase the therapeutic success of these
treatments in diverse cancer settings.

CONCLUSION

Altogether, these findings suggest that pharmacological
nitrosative-stress manipulation is an effective strategy for
reprogramming both the innate immune and stromal
compartments of the TME to enhance immunotherapy
effectiveness. In conclusion, our data strongly support
the design of new, pharmacoimmunological approaches
based on tumor-specific T lymphocyte ACT and drugs
that render tumors more prone to immune attack. We
believe that these results lay the foundation for new
immunotherapy protocols for the treatment of PDAC and
other solid malignancies.
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