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ABSTRACT

Background/Objectives: Mutant KRAS (mtKRAS) tumors are highly
immunosuppressive, largely through secretion of IL-10 and TGF-B2, which prevent
immune cell infiltration. Nerofe (dTCApFs), a peptide derivative of Tumor Cell
Apoptosis Factor, induces endoplasmic reticulum stress and modulates immune
signaling through the T1/ST2 receptor, which is overexpressed in mtKRAS tumors.
We evaluated whether combining Nerofe with low-dose doxorubicin (ldDox) could
remodel the immune microenvironment and overcome tumor immunosuppression.

Methods: In vitro experiments were performed in PANC-1 pancreatic
adenocarcinoma cells harboring a KRAS mutation. Cytokine expression, c-Jun activity,
and c-Jun-ST2 binding were measured by western blotting, immunocytochemistry,
and immunoprecipitation. In a clinical trial (NCT05661201), patients with mtKRAS
tumors received weekly Nerofe (288 mg/m?2) plus IdDox (8 mg/m2). Tumor biopsies
were analyzed by immunohistochemistry before treatment and after 7 weeks.

Results: Nerofe+IldDox treatment increased IL-2 and suppressed IL-10 in PANC-1
cells, reversing the immunosuppressive cytokine profile. Patient biopsies confirmed
these effects, showing higher IL-2, lower IL-10, and increased infiltration of NK cells,
CD8* cytotoxic T lymphocytes, and CD4* helper T cells. KRAS protein levels were
reduced in post-treatment biopsies. Mechanistically, Nerofe+IldDox elevated total c-Jun
protein but reduced phosphorylation at Ser63 and Ser73. Co-immunoprecipitation
showed that c-Jun was bound to nuclear ST2 under basal conditions; this complex
was disrupted within 3 h of treatment, releasing c-Jun to activate IL-2 and miR-217
transcription before re-forming after 24 h. This transient release corresponds to the
early induction of IL-2 and later reduction in KRAS levels.

Conclusions: Nerofe+ldDox reprograms the immune microenvironment of mtKRAS
tumors by releasing c-Jun from inhibitory nuclear ST2, enabling expression of IL-2
and miR-217. This “nuclear immunomodulation” promotes immune cell infiltration
and downregulates KRAS expression, highlighting Nerofe+ldDox as a promising
therapeutic approach for mtKRAS-driven cancers.
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INTRODUCTION

KRAS mutations are among the most frequent
oncogenic alterations in human cancers, particularly
in pancreatic, colorectal, and lung adenocarcinomas
[1, 2]. These mutations drive constitutive activation of
downstream signaling pathways that promote tumor
growth, survival, and immune evasion. Despite decades
of research, direct pharmacological targeting of mutant
KRAS (mtKRAS) has proven challenging, and only a
limited subset of mutations can currently be addressed by
targeted inhibitors [3].

A major obstacle in treating mtKRAS-driven
tumors is their profoundly immunosuppressive
microenvironment. Tumor cells secrete inhibitory
cytokines such as interleukin-10 (IL-10) and transforming
growth factor-B2 (TGF-B2), which prevent immune
effector cells from infiltrating and attacking the tumor
[4, 5]. As a result, mtKRAS tumors often show poor
responses to conventional immunotherapies, including
immune checkpoint inhibitors [6]. Strategies capable
of reversing this immune exclusion and reprogramming
the tumor microenvironment are therefore urgently
needed.

Nerofe (dTCApFs) is a synthetic 14-amino-acid
derivative of the Tumor Cell Apoptosis Factor peptide,
originally identified by bioinformatics screening [7].
Preclinical studies demonstrated that Nerofe enters cells
through the T1/ST2 receptor and induces apoptosis via
disruption of Golgi function, induction of endoplasmic
reticulum (ER) stress, and suppression of ER stress
repair mechanisms [8]. Importantly, the ST2 receptor
is sparsely expressed in most normal tissues but is
strongly overexpressed in mtKRAS tumors, suggesting a
therapeutic window [9]. A Phase I clinical trial in patients
with advanced solid tumors established Nerofe as safe and
potentially efficacious, and retrospective analyses showed
better responses in patients whose tumors expressed high
ST2 levels [10].

Nerofe induces surface exposure of calreticulin
(CRT), an ‘eat-me’ signal for NK cells [11]. Moreover,
combining Nerofe with certain chemotherapeutic agents
may enhance these effects. Doxorubicin (DOX), a widely
used anthracycline, is known to inhibit the unfolded
protein response and at low doses can promote adaptive
immune activation [12, 13]. Together, these findings
support the rationale for combining Nerofe with low-dose
doxorubicin (IdDox) to achieve synergistic anticancer
activity. Indeed, in our previous study, Nerofe combined
with doxorubicin converted mtKRAS tumors from an
immunosuppressive to an immunostimulatory state with
enhanced immune infiltration [14].

In this study, we investigated the molecular
mechanism by which Nerofe+ldDox reprograms the
immune behavior of mtKRAS tumors. Using PANC-
1 pancreatic adenocarcinoma cells and biopsies from

mtKRAS patients treated with Nerofe+ldDox, we focused
on the nuclear receptor ST2 and its interaction with the
transcription factor c-Jun. Our findings reveal a previously
unrecognized mechanism of nuclear immunomodulation,
whereby Nerofe+ldDox disrupts the inhibitory ST2—c-Jun
complex, leading to activation of immune-stimulatory
genes, infiltration of NK and T cells, and downregulation
of KRAS expression. These insights highlight
Nerofe+ldDox as a promising therapeutic approach for
mtKRAS-driven cancers.

RESULTS

Nerofe+ldDox modulates cytokine expression in
PANC-1 Cells

Treatment of PANC-1 cells with Nerofe in
combination with low-dose doxorubicin (IdDox) produced
opposite effects on IL-2 and IL-10 expression. Short-term
exposure (3 h) induced IL-2 to 500% £5% of control,
demonstrating a strong early activation of this immune-
stimulatory cytokine. In contrast, prolonged exposure
(24 h) markedly suppressed the immunosuppressive
cytokine IL-10, reducing its expression to 35% +5% of
control.

IL-10 and TGF-B2 were selected for analysis
because they represent the two major immunosuppressive
cytokines responsible for immune exclusion in mtKRAS
tumors. These cytokines are central to maintaining the
suppressive tumor microenvironment and are well-
established drivers of T-cell and NK-cell exclusion.
Therefore, they were prioritized in this study as the most
biologically relevant markers of immunosuppression.

We also evaluated TGF-B2 expression in PANC-1
cells under the same treatment conditions; however, TGF-2
levels remained unchanged across all time points.

This cytokine switch indicates that the combination
treatment can reprogram the immune profile of mtKRAS
tumor cells toward an immune-permissive state.

Nerofe+ldDox alters the tumor microenvironment
in patients with mtKRAS tumors

Patients with mtKRAS tumors received weekly
Nerofe+ldDox for 7 weeks. Biopsies collected at screening
and post-treatment were analyzed by IHC for IL-2, IL-10,
CD56, CD8, CD4, and KRAS.

Tumor types: ptl17 — head and neck squamous
cell carcinoma, ptl121 — rectal adenocarcinoma, pt122 —
pancreatic adenocarcinoma.

Representative IHC images from all three patients
are shown in Figure 1 (panels A—F).

(A) IL-10: All patients showed a marked reduction
in IL-10 staining following treatment, indicating
suppression of the immunosuppressive tumor milieu.
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Figure 1: Patients with mtKRAS tumors received weekly Nerofe+ldDox for 7 weeks. Biopsies collected at screening and
post-treatment were analyzed by IHC for IL-2, IL-10, CD56, CDS8, CD4, and KRAS. Tumor types: pt117 — head and neck squamous cell
carcinoma, pt121 — rectal adenocarcinoma, pt122 — pancreatic adenocarcinoma. Representative IHC images from all three patients are
shown (panels A—F). (A) IL-10: All patients showed a marked reduction in IL-10 staining following treatment, indicating suppression of the
immunosuppressive tumor milieu. (B) IL-2: Post-treatment biopsies demonstrated increased IL-2 expression in all three patients, consistent
with activation of pro-immune signaling. (C) CD56: Increased infiltration of CD56" NK cells was observed in post-treatment tissue. (D)
CD8: Post-treatment biopsies revealed enhanced infiltration of CD8* cytotoxic T lymphocytes. (E) CD4: Increased CD4" T-cell presence
was observed following treatment. (F) KRAS: KRAS staining intensity was reduced post-treatment across all three patients. This reduction
reflects decreased KRAS protein expression rather than altered protein localization. TGF-p32 staining was also examined in patient biopsies,
but no detectable changes in TGF-B2 expression were observed following treatment. All three patients carried activating KRAS mutations:
pt117 (KRAS G12D), pt121 (KRAS G13D), and pt122 (KRAS G12D).
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(B) IL-2: Post-treatment biopsies demonstrated increased
IL-2 expression in all three patients, consistent with
activation of pro-immune signaling.

(C) CD56: Increased infiltration of CD56" NK cells was
observed in post-treatment tissue.

(D) CDS8: Post-treatment biopsies revealed enhanced
infiltration of CD8* cytotoxic T lymphocytes.

(E) CD4: Increased CD4* T-cell presence was observed
following treatment.

(F) KRAS: KRAS staining intensity was reduced post-
treatment across all three patients. This reduction
reflects decreased KRAS protein expression rather
than altered protein localization.

TGF-B2 staining was also examined in patient
biopsies, but no detectable changes in TGF-f2 expression
were observed following treatment.

All three patients carried activating KRAS
mutations: pt117 (KRAS G12D), pt121 (KRAS G13D),
and pt122 (KRAS G12D).

IL-2 induction by Nerofe+ldDox depends on
AP-1 activity

To determine whether IL-2 induction was
mediated by AP-1, PANC-1 cells were treated for 3 h
with Nerofe+ldDox in the presence or absence of the
AP-1 inhibitor SR11302. Western blot quantification
was performed by densitometry and normalized to actin.
Data are presented as mean + SD of three independent
experiments. Treatment with Nerofe+ldDox induced
IL-2, and this induction was completely blocked by AP-1
inhibition, demonstrating that IL-2 upregulation is AP-1-
dependent.

Effect of Nerofe+ldDox on c-Jun induction and
phosphorylation in PANC-1 cells

PANC-1 cells were treated for the indicated
times with Nerofe+ldDox. Western blot quantification
was performed by densitometry and normalized to
actin. Data are presented as mean + SD of at least three
independent experiments. Treatment increased total c-Jun
protein to 238% +5% of control at 3 h, reflecting early
promoter activation. In contrast, phosphorylation at Ser63
decreased to 64% £5% of control, and phosphorylation
at Ser73 decreased to 21% +5% of control overnight.
These dynamic changes indicate an early activation phase
followed by reduced c-Jun activity due to progressive loss
of phosphorylation.

Effect of Nerofe+ldDox on nuclear ST2 binding
to c-Jun

(A) Nuclear extracts from PANC-1 cells were
immunoprecipitated (IP) with an anti—c-Jun antibody

and analyzed by Western blotting using anti-ST2
antibody. In untreated cells, nuclear ST2 was bound
to immunoprecipitated c-Jun. This interaction was
strongly reduced after 3 h of Nerofe+ldDox treatment.
By 24 h, the ST2—c-Jun interaction re-formed,
indicating a reversible and dynamic inhibitory
mechanism.

(B)

These findings were validated with two independent
anti-ST2 antibodies, confirming the specificity of the
nuclear ST2—c-Jun interaction.

DISCUSSION

In our earlier work, we reported that Nerofe induces
severe ER stress [8]. Given these immune changes, we
next investigated which intracellular processes enable
IL-2 induction and KRAS reduction. In this study,
we demonstrate that Nerofe combined with low-dose
doxorubicin (IdDox) induces IL-2 expression in human
pancreatic adenocarcinoma cells (PANC-1) through
activation of the AP-1 transcription factor. Notably, the
combination alters c-Jun activity by releasing it from its
interaction with the nuclear receptor ST2, which likely
acts as an inhibitory regulator of c-Jun function.

Our in vitro experiments showed that Nerofe+ldDox
increased IL-2 expression while simultaneously reducing
IL-10 in PANC-1 cells (Figure 2). Because PANC-1 cells
harbor mtKRAS mutations, this shift is highly meaningful:
IL-2 is an immune-stimulating cytokine, whereas IL-10
is strongly immunosuppressive. Consistent with these
findings, our previous study in an mtKRAS colorectal
cancer mouse model demonstrated that Nerofe+ldDox
increased infiltration of NK cells and M1 monocytes.

In our ongoing clinical trial (NCT05661201),
patients with mtKRAS tumors received weekly Nerofe
(288 mg/m?) and 1dDox (8 mg/m?). Tumor biopsies
collected before treatment and after seven weeks were
analyzed by IHC. As shown in Figure 1, patients 117,
121, and 122 exhibited clear remodeling of their tumor
microenvironments, with increased IL-2 and decreased IL-
10 expression, mirroring our in vitro and murine results.
Importantly, NK cells, CD8* cytotoxic T lymphocytes, and
CD4" helper T cells were detected infiltrating the tumors,
indicating a strong immune response initiated by the
combination therapy.

Although additional KRAS-mutant cancer cell lines
could be examined, the mechanistic conclusions of this
study are strengthened by the inclusion of tumor biopsies
from three mtKRAS-positive patients. These patient-
derived samples demonstrate that the Nerofe+ldDox
mechanism operates in human tumors, providing direct
clinical relevance beyond what additional in vitro lines
would offer. Since the goal of this work was to define
a specific mechanistic pathway—namely release of
c-Jun from nuclear ST2—rather than to perform broad
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Figure 2: Treatment of PANC-1 cells with Nerofe in combination with low-dose doxorubicin (IdDox) produced opposite
effects on IL-2 and IL-10 expression. (A, B) Short-term exposure (3 h) induced IL-2 to 500% = 5% of control, demonstrating a strong
early activation of this immune- stimulatory cytokine. In contrast, prolonged exposure (24 h) markedly suppressed the immunosuppressive
cytokine IL-10, reducing its expression to 35% + 5% of control. IL-10 and TGF-B2 were selected for analysis because they represent the
two major immunosuppressive cytokines responsible for immune exclusion in mtKRAS tumors. These cytokines are central to maintaining
the suppressive tumor microenvironment and are well- established drivers of T-cell and NK-cell exclusion. Therefore, they were prioritized
in this study as the most biologically relevant markers of immunosuppression. TGF-f2 expression in PANC-1 cells remained unchanged
under all treatment conditions. This cytokine switch indicates that the combination treatment reprograms the immune profile of mtKRAS
tumor cells toward an immune-permissive state.
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Figure 3: To determine whether IL-2 induction was mediated by AP-1, PANC-1 cells were treated for 3 h with
Nerofe+ldDox in the presence or absence of the AP-1 inhibitor SR11302. Western blot quantification was performed by
densitometry and normalized to actin. Data are presented as mean + SD of three independent experiments. Treatment with Nerofe+ldDox
induced IL-2 expression, and this induction was completely blocked by AP-1 inhibition, demonstrating that IL-2 upregulation is AP-1-
dependent.
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screening across multiple lines, the combination of a well-
characterized KRAS-mutant model (PANC-1) with three
independent patient tumors provides strong biological
validation.

Another key observation was that Nerofe+ldDox
reduced mtKRAS protein expression in patients 117, 121,
and 122. We propose that this effect may be mediated
through induction of miR-217, which has been reported to
suppress KRAS expression.

It is important to clarify the mechanistic role
of low-dose doxorubicin (IdDox) in this combination
therapy. In this study, ldDox was not used as a cytotoxic
chemotherapeutic agent but rather as a mechanistic
enhancer of Nerofe activity. Specifically, IdDox functions
as an inhibitor of the IRE-1 arm of the unfolded protein
response (UPR), thereby impairing the cellular ability
to resolve Nerofe-induced ER stress. We previously
demonstrated that Nerofe induces severe ER stress
leading to apoptosis, and that doxorubicin synergistically
enhances this effect by blocking ER-stress recovery
(Ohana et al., 2017; reference 24). Consistent with this
mechanism, ldDox alone does not induce IL-2 expression,
does not suppress IL-10, does not induce miR-217, and
does not reduce KRAS protein levels—effects that we
observed only when 1dDox was combined with Nerofe.
Additionally, IdDox is used here at immune-modulatory
concentrations known to promote adaptive immune
activation without exerting direct cytotoxicity. Thus, the
contribution of ldDox in our system is twofold: (i) to
potentiate Nerofe-driven ER-stress—mediated signaling,
and (ii) to support activation of innate and adaptive anti-
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tumor immunity, consistent with previous literature on
low-dose anthracycline immune priming.

To confirm the role of ¢c-Jun, we tested whether IL-2
induction by Nerofe+ldDox required AP-1 activity using
the AP-1 inhibitor SR11302. As shown in Figure 3, the
inhibitor blocked IL-2 induction, confirming that c-Jun
mediates this effect. We then analyzed c-Jun protein
levels and post-translational modifications. Treatment with
Nerofe+ldDox increased total c-Jun protein (Figure 4),
but phosphorylation at Ser63 and Ser73 decreased
significantly (=36% and =79% overnight, respectively),
suggesting early c-Jun activation followed by a decline
as phosphorylation wanes. This may explain why IL-2
expression increases within three hours of treatment, while
IL-10 levels decline more gradually.

In contrast, TGF-B2 expression did not change
significantly in vitro or in patient biopsies. Although
TGF-B2 is a major immunosuppressive cytokine in
mtKRAS tumors, our data indicate that the Nerofe+ldDox
combination preferentially modulates IL-2 and IL-10,
while leaving TGF-B2 unaffected.

The early rise in total c-Jun protein following
Nerofe+ldDox exposure is consistent with transcriptional
activation of the c-Jun promoter, which requires initial
phosphorylation events downstream of AP-1 regulatory
signaling. This early phosphorylation facilitates rapid
c-Jun accumulation and enables activation of IL-2
transcription. At later time points, the marked decline
in phospho-Ser63 and phospho-Ser73 indicates a loss
of activating phosphorylation, resulting in reduced
c-Jun transcriptional activity after the initial induction
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Figure 4: PANC-1 cells were treated for the indicated times with Nerofe+ldDox. Western blot quantification was performed
by densitometry and normalized to actin. Data are presented as mean + SD of at least three independent experiments. Treatment increased
total c-Jun protein to 238% =+ 5% of control at 3 h, reflecting early promoter activation. In contrast, phosphorylation at Ser63 decreased to
64% + 5% of control, and phosphorylation at Ser73 decreased to 21% + 5% of control overnight. These dynamic changes indicate an early
activation phase followed by reduced c-Jun activity due to progressive loss of phosphorylation.
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phase. This temporal pattern supports a model in which
Nerofe+ldDox triggers an early, phosphorylation-
dependent activation of c-Jun, followed by a regulated
decrease in phospho-c-Jun that attenuates activity
over time.

A key question was how Nerofe+ldDox regulates
c-Jun activity. Since both c-Jun and ST2 localize to the
nucleus, we tested whether they physically interact.
Co-immunoprecipitation experiments revealed that
c-Jun and the inhibitory nuclear isoform of ST2 form
a complex in untreated PANC-1 cells (Figure SA, 5B).
This suggests that ST2 negatively regulates c-Jun by
direct interaction. Following Nerofe+ldDox treatment,

this complex was disrupted: within three hours, c-Jun

was largely released from ST2, allowing it to activate
transcription of target genes. By 24 h, the complex re-
formed, suggesting a dynamic regulatory mechanism.
These findings were validated with the listed ST2

A c

3 hrs NF+ Dox

5 hrs NF+ Dox B [

antibody (Figure 5). Notably, c-Fos was not found to be
part of this complex (data not shown).

Taken together, these findings describe a novel
immunotherapeutic mechanism based on nuclear
regulation of cytokine gene transcription. This study was
designed specifically to evaluate immune remodeling
mechanisms rather than apoptosis. For this reason,
classical apoptotic markers (cleaved caspase-3, Annexin
V, PARP cleavage) were not included in the current
experimental panel. The apoptotic activity of Nerofe has
already been established in our previous studies, where
Nerofe induced strong ER-stress—mediated apoptosis
through Golgi disruption. Here, we focused solely on the
immune regulatory arm of the response, including IL-2,
IL-10, and c-Jun/ST2 signaling. The inhibitory nuclear
form of ST2 binds c-Jun and suppresses its activity.
Upon treatment with Nerofe+ldDox, c-Jun is released
from this inhibitory complex, enabling activation of

3h 3h 24h 24h
NF+Dox C NF+Dox

- wuss

Figure 5: (A) Nuclear extracts from PANC-1 cells were immunoprecipitated with an anti-c-Jun antibody and analyzed by Western blotting
using anti-ST2 antibody. In untreated cells, nuclear ST2 was bound to immunoprecipitated c-Jun. This interaction was strongly reduced
after 3 h of Nerofe+ldDox treatment. (B) By 24 h, the ST2—c-Jun interaction re-formed, indicating a reversible and dynamic inhibitory
mechanism. These findings were validated with two independent anti-ST2 antibodies, confirming the specificity of the nuclear ST2—c-Jun
interaction.
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Figure 6: Proposed model of nuclear immunomodulation. In tumor cells, nuclear ST2 binds and inhibits c-Jun, preventing
activation of the IL-2 promoter. Treatment with Nerofe+ldDox disrupts this inhibitory complex, releasing c-Jun and enabling induction of
IL-2 and miR- 217, leading to immune activation and reduction of KRAS expression.

www.oncotarget.com 854 Oncotarget



IL-2 and miR-217. Increased IL-2 expression shifts the
immune response toward tumor attack, allowing NK
cells, CD8+ T cells, and CD4+ T cells to infiltrate the
tumor microenvironment, while miR-217 downregulates
mtKRAS expression.

As illustrated in Figure 6, in tumor cells nuclear
ST2 binds and inhibits c-Jun, preventing IL-2 production.
Treatment with NerofetldDox disrupts the ST2—c-
Jun complex, restoring IL-2 expression and activating
immune-stimulatory pathways.

MATERIALS AND METHODS
Cell culture and treatments

Human pancreatic adenocarcinoma PANC-1 cells
(ATCC® CRL-1469™), harboring a KRAS mutation, were
maintained in RPMI-1640 medium (Gibco, Thermo Fisher
Scientific) supplemented with 2% fetal bovine serum
(FBS) at 37°C in a humidified atmosphere with 5% CO.,.
Cells were seeded in 175 cm? flasks and grown to 70-80%
confluence. For treatments, media were replaced with
RPMI-1640 containing 2% FBS and 5% mannitol. Cells
were exposed for 3—24 h to Nerofe (ATCApFs; Immune
System Key Ltd., Jerusalem, Israel) at 15 or 50 pg/mL and
low-dose doxorubicin (DOX; Sigma-Aldrich) at 0.5 uM,
alone or in combination.

A doxorubicin-only control group was not included
because low-dose DOX (0.5 uM) has been repeatedly
shown—both in our 2017 and 2023 publications—not
to induce IL-2, IL-10, miR-217, KRAS suppression,
or ER-stress—related apoptosis. Its function in this
study is restricted to inhibition of the IREIl pathway
to potentiate the ER-stress induced by Nerofe, not to
exert direct cytotoxicity. Therefore, DOX alone is not
expected to produce measurable biological effects under
these conditions. All comparisons in this study therefore
reference either untreated controls or Nerofe+ldDox.

All experiments were performed in at least three
independent biological replicates, with comparable
results. Each assay also included technical replicates as
appropriate.

Nuclear extraction

Nuclear proteins were isolated using the Abcam
Nuclear Extraction Kit (ab113474) following the
manufacturer’s instructions. Briefly, cells were harvested,
washed in PBS, and lysed in Pre-Extraction Buffer
containing dithiothreitol (DTT) and protease inhibitor
cocktail. Cytoplasmic fractions were removed by
centrifugation. Nuclear pellets were lysed in Extraction
Buffer with DTT and protease inhibitors, incubated
on ice, vortexed intermittently, and centrifuged.
Nuclear supernatants were immediately used for
immunoprecipitation (IP) or Western blot (WB) analysis.

Immunoprecipitation and western blotting

Nuclear extracts (100500 pg protein) were
incubated with 2 pg anti—c-Jun antibody (Rabbit mAb
60A8, Santa Cruz Biotechnology, sc-1694) for 1 h at
4°C with rotation. Protein A/G PLUS-Agarose beads
(Santa Cruz Biotechnology, sc-2003) were added and
incubated overnight. Beads were washed four times with
RIPA buffer, and bound proteins were eluted in sample
buffer, denatured, and subjected to SDS-PAGE (4-20%
gradient gels). Proteins were transferred to nitrocellulose
membranes and probed with rabbit anti-ST2 antibody
(Abcam, ab233433; 1:1000), followed by HRP-conjugated
secondary antibody. Detection was performed by enhanced
chemiluminescence (ECL).

All Western blot quantifications were normalized to
actin as a housekeeping control. For Figures 3 and 5, equal
numbers of cells were used for nuclear extraction and
immunoprecipitation to ensure that band intensities reflect
biological differences rather than cell loading variability.

Antibodies for western blotting and
immunohistochemistry

e IL-2: goat anti-human IL-2 (R&D Systems, AF-502-
NA; 1:100).

e IL-10: rabbit anti-human IL-10 (Abcam, ab134742;
1:100).

*  TGF-B2: rabbit anti-human TGF-B2 (Abcam, ab80059;
1:100).

e c-Jun (IP antibody): rabbit mAb clone 60A8 (Santa
Cruz Biotechnology, sc-1694; 2 ng/IP).

e ST2 (WB antibody after IP): rabbit anti-human ST2
(Abcam, ab233433; 1:1000).

e ST2 (confirmation antibody): affinity-purified ST2
antibody (homemade). Used for verification of IP-WB
results (data not shown).

* CD56: rabbit monoclonal anti-human CD56/N-CAM
(Cell Signaling Technology, #3576; 1:100).

e CDS8: rabbit monoclonal anti-human CD8a (Abcam,
ab203035; 1:100).

* CDA4: rabbit polyclonal anti-human CD4 (Santa Cruz
Biotechnology, sc-12730; 1:100).

¢  KRAS: mouse monoclonal anti-human KRAS, clone
9.13 (LSBio, LS-C354935; 1:100).

Cytokine detection

Expression of IL-2 and IL-10 in PANC-1 cells was
analyzed by Western blotting and by immunocytochemistry
using the antibodies described above.

Patient biopsies and immunohistochemistry

Patients with mtKRAS-positive tumors were enrolled
in a Phase Ib/Ila clinical trial (NCT05661201). Patient

www.oncotarget.com

855

Oncotarget



recruitment for this trial took place during 2024-2025, and
the study is ongoing. Subjects received weekly intravenous
Nerofe plus low-dose doxorubicin (IdDox) for seven
weeks. Patients were enrolled in different dosing cohorts
of the ongoing clinical trial NCT05661201). Accordingly,
pt117 received 192 mg/m? Nerofe, while pt121 and pt122
received 288 mg/m? Nerofe. All patients received the same
IdDox dose (8 mg/m?). Despite the cohort-based dosing
differences, the immunologic and KRAS-related treatment
effects were consistent across all patients.

Tumor biopsies were obtained at baseline and after
treatment, fixed in formalin, paraffin-embedded, and
analyzed by immunohistochemistry (IHC). Sections were
stained with antibodies against IL-2, IL-10, CD56, CDS,
CD4, and KRAS, and evaluated for changes in protein
expression and immune cell infiltration.

The three mtKRAS-positive patients included
in this study carried the following KRAS mutations:
pt117 — G12D, pt121 — G13D, and pt122 — G12D. These
patients were treated in two dose cohorts of the ongoing
clinical trial: pt117 received 192 mg/m? Nerofe, while
pt121 and pt122 each received 288 mg/m? Nerofe. All
patients received low-dose doxorubicin (8 mg/m?) once
weekly. Tumor biopsies were obtained before treatment
(screening) and after 7 weeks.

Ethical approval

All patient studies were performed in accordance with
the Declaration of Helsinki. The protocol was approved
by the Ethics Committee of Georgetown University,
Washington, DC (protocol code NCT05661201). Written
informed consent was obtained from all participants.

Use of generative Al

Generative artificial intelligence (AI) was used
only for language polishing. No Al was used for data
generation, analysis, or interpretation. The authors
reviewed and edited all Al-generated content and take full
responsibility for the final manuscript.

CONCLUSIONS

In this study, we demonstrate that the combination
of Nerofe and low-dose doxorubicin (IdDox) reprograms
the immune microenvironment of mtKRAS-driven
tumors. In PANC-1 cells, the treatment induced IL-2 while
suppressing IL-10, thereby shifting the cytokine profile
from immunosuppressive to immune-stimulatory. These
effects were confirmed in patient biopsies, which showed
increased infiltration of NK cells, CD8" cytotoxic T cells,
and CD4" helper T cells, together with reduced KRAS
protein expression.

Mechanistically, we identified a novel regulatory
process, which we term nuclear immunomodulation: under

basal conditions, the transcription factor c-Jun is sequestered
by the nuclear ST2 receptor, limiting its activity. Treatment
with Nerofe+ldDox disrupted this inhibitory interaction, as
validated with two independent ST2 antibodies (Figure 5),
releasing c-Jun to activate transcription of IL-2 and miR-
217, and downregulate KRAS expression.
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