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It is well-established that symptomatic cancers evade immune destruction by

coalescing tumor microenvironments to suppress adaptive immunity. Additionally,
mouse models of cervical and other cancers have revealed a capability of tumors to systemically
induce the expansion of neutrophils that cripple T-cell development in spleen and lymph nodes,
further impairing immune responses. Now we show that human papillomavirus type 16 (HPV16)-driven
squamous cell tumors in the cervix and skinrelease into the circulatory system four immunoregulatory
ligands - IL-10,, IL-1B, IL-33, and IL-36p - that bias the bone marrow toward granulocytic myelopoiesis,
producing immunosuppressive neutrophils populating spleens and tumors. An IL-1 family coreceptor
antagonist, anti-IL1RAP, abrogates this neutrophil expansion and complements an otherwise ineffi-
cacious HPV16 E7 peptide vaccine to elicit an effective antitumor immune response that is further
sustained by anti-CTLA-4. Evidence for similarly IL-1-driven systemic immunosuppression in
human cervical tumors encourages evaluation of this combinatorial therapeutic strategy for treating a
largely immunoevasive cancer type.

Cervical cancer is the fourth leading cause of cancer deaths in women worldwide.
Although the disease is driven by two antigenic viral oncoproteins, therapeutic vaccines have
proved ineffective, inferentially due to systemic immunosuppression. This study elucidated an
actionable mechanism, whose disruption renders an oncoprotein vaccine efficacious, with trans-

lational potential.

INTRODUCTION

The immunobiology and immunotherapy of cancer are
transcendent dimensions of basic and translational cancer
research, with myriad complexities reflecting diverse regula-
tion and dichotomous responses of the innate and adaptive
immune systems. It is well-established that tumors establish
multifaceted immunosuppressive microenvironments that are
implicated in the variable efficacy of checkpoint inhibitors and
other immunotherapies across the spectrum of human can-
cer types (1), involving in part innate immune cells, principally
tumor-associated macrophages (TAMs) and neutrophils (TANS;
refs. 1-5). Moreover, the abundance of circulating neutrophils,
commonly scored as the blood neutrophil-to-lymphocyte ra-
tio (NLR), is used clinically as a prognostic marker that is often
associated with a worse prognosis for patients (6). In addition
to immunosuppressive tumor microenvironments (TME),
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it has become evident that some tumors can elicit “systemic
immunosuppression” (SIS), whereby the lymphoid organs are
programmed to restrict the development of T-cell-mediated
antitumor immunity (7). In addition to descriptive clues from
patients with cancer, mouse models of human cancer have
clearly established the existence of SIS. One example of SIS
involves a genetically engineered mouse model (GEMM) of
HPV16-induced squamous cell carcinomas (SCC) of the cervix
and skin, in which we have reported a marked expansion of
immunosuppressive myeloid cells in spleen (SP) and lymph
nodes that inhibit the development of tumor antigen-specific
T cells and render a potent HPV16 E7 peptide vaccine ineffi-
cacious (8, 9). Indeed, the surprising failure of this therapeu-
tic vaccine, targeting an antigenic oncoprotein involved in
HPV16-driven carcinogenesis, led us to appreciate the im-
portance of SIS as a means of evading immune destruction,
and to elucidate its mechanism and means to abrogate it, so
as to enable vaccines and other immunotherapies against
cervical cancer. Other concurrent reports similarly describe SIS
in mouse models of breast, colon, melanoma, and lung cancers
(10, 11). Whereas these studies provided clues into the induc-
tion and manifestation of myeloid expansion and consequent
SIS, the regulatory mechanisms governing SIS have remained
elusive. Herein, we report a comprehensive evaluation of SIS
in cervical cancers in a mouse model and in humans. We
present data implicating the expression in tumors and release
into the circulation of four members of the IL-1 superfamily of
cytokine ligands, which act concertedly to program the biased
development and aberrant expansion of immunosuppressive
neutrophils in bone marrow (BM) and SP, and in tumors,
whose collective importance is revealed by pharmacologic
coinhibition of their distinctive receptors, which unlocks the
latent benefits of a therapeutic vaccine, producing remarkable
combinatorial efficacy.
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RESULTS

Systemic Expansion of Inmunosuppressive
Neutrophils during Squamous Cell Carcinogenesis

This study focused upon the K14HPV16/H2b mouse
model, which expresses the HPV16 early region oncogenes
under control of the human K14 promoter in FVBN mice
congenic for the H2b MHC locus. Female mice develop cervi-
cal SCC by 5 months of age via cervical epithelial neoplasias
(CIN1-3) in the context of sustained, physiologic levels of es-
trogen (Ey; ref. 9). Reflecting the additional expression of the
E6 and E7 oncoproteins in basal (K14-expressing) keratino-
cytes, both male and female mice also progressively develop
epidermal neoplasias, and eventually (6-12 months), SCCs
that are similar to HPV16-driven human head and neck SCC
(HNSC). Both males and females with squamous neoplasias
and carcinomas manifest SIS (9). An earlier generation of
this model in the FVBN/H2q background has been widely
used to study the parameters of cervical and epidermal
squamous cell carcinogenesis, their similarities to the cog-
nate human cancers, and responses to therapeutic targeting
(12-18). Notably, the H2q haplotype of the first-generation
model does not present peptides from the E6 or E7 oncop-
roteins on class I MHC to CD8 T cells (9, 19), and there is no
evidence for immune evasion (20), motivating the develop-
ment (described in ref. 9) of a second-generation K14HPV16
transgenic mouse model that is inbred for FVBN, which is
permissive for squamous cell carcinogenesis, but also con-
genic for the H2b MHC locus, which presents E6/E7 pep-
tides on class I MHC, thus enabling evaluation of HPV16
oncoprotein-based vaccines.

Aiming to more thoroughly characterize the SIS phenotype
and to illuminate the mechanisms underlying its induction
during HPV16-induced squamous carcinogenesis, we performed
single-cell RNA sequencing (scRNA-seq) on key organs. For
the early stages of tumor development, we comparatively
analyzed - from FVBN/H2b (control) and K14HPV16/H2b
mice - normal or dysplastic ear skin, BM, SP, and blood from
the same mice. We included BM due to its role in myeloid cell
development, further incentivized by our observation that the
hematopoietic lineage in K14HPV16/H2b mice is altered and
biased toward granulocytic cell development (Supplementary
Fig. S1A and S1B). Finally, cervical carcinomas were used for
the late stage of tumor development.

We first focused on neoplastic development in the compar-
atively accessible epidermis. The scRNA-seq data revealed the
recruitment of neutrophils to dysplastic skin (Fig. 1A and B)
along with an increase in neutrophil abundance in BM, SP,
and blood (Fig. 1C; Supplementary Fig. S1C and S1D). Seeking
to understand how HPV16-transformed basal keratinocytes
modify neutrophil differentiation, we applied the neutrotime
transcriptional signature (24), which describes the develop-
mental spectrum of neutrophils spanning BM, blood, and SP,
ordered chronologically. Differential expression of key neu-
trotime biomarkers allowed us to identify three periphery-
associated neutrophil (PAN) subclasses in mice with skin dys-
plasia, namely precursor neutrophils that we designated as
prePAN; as well as early and late developmental stages, called
PAN-1 and PAN-2, respectively (Fig. 1D; Supplementary Fig.
S1E). Next, we used the neutrotime signature to score their

chronologic development and abundance, which revealed
that prePAN, PAN-1, and PAN-2 were all highly represented
in the BM, whereas blood and SP were predominantly com-
prised of the PAN-2 subset (Fig. 1E; Supplementary Fig. S1F).

We next assessed neutrophil phenotypes by applying a
“myeloid-derived supressor cell (MDSC)”-specific mRNA
signature for immunosuppressive myeloid cells of the gran-
ulocytic and monocytic lineages (25, 26). The PAN-2 subclass
in dysplastic K14HPV16/H2b mice had the highest MDSC
score, which was significantly increased compared with
PAN-2 in control nontransgenic H2b counterparts and to
prePAN and PAN-1 in both backgrounds (Fig. 1F). Ex vivo co-
culture of CD8 T cells with total myeloid cells (CD11b) or pu-
rified neutrophils isolated from SPs of K14HPV16/H2b mice
confirmed the suppressive nature of these cells (in contrast to
H2b mice), as shown by the decreased capacity of CD8 T cells
to proliferate (Fig. 1G). Collectively, these data reveal that the
premalignant stages of HPV16 tumor development elicit SIS
that is associated with an expansion of immunosuppressive
neutrophils in BM, SP, and blood.

Mirroring the premalignant phenotype, cervical tumor-
bearing mice (K14HPV16/H2b-E,) also had an expansion of
PAN-2 cells associated with SIS (Supplementary Fig. S1G),
along with myeloid infiltration in the TME, primarily con-
sisting of TANs, concomitant with minimal lymphocyte in-
fileration (Fig. 1H and I). Cluster analysis of neutrophils in
the TME identified two putative subtypes (Supplementary
Fig. S1H). We further characterized neutrophils along their
development stages by comparing the two TAN clusters
(1 and 2) with the PAN-2 subtype found in the blood (Fig. 1J).
Using a pseudotime analysis, we identified a continuum of
differentiation followed by neutrophils arriving from the pe-
riphery upon entering the TME (Fig. 1K). Applying activity
signatures, we observed that blood-borne PAN-2 infiltrating
the tumor differentiate into a population of neutrophils ex-
hibiting a high MDSC signature score (TAN-1), as well as
another (TAN-2) exhibiting a signature representative of a
long-lived tumor-promoting neutrophil population variously
known as NS5 (27) or Siglec-Fhgh (Fig. 1L; Supplementary
Fig. S1I; ref. 28). Concordantly, scRNA-seq data analysis of
human cervical cancer (CESC) infiltrated with neutrophils
(Fig. 1M) established the presence of TANs positive for the
MDSC (hTAN-1) and NS (hTAN-2) signature scores, reinforc-
ing the relevance of our GEMM (Fig. 1N and O). For logistical
reasons we have been unable to evaluate the first-generation
H2g-based models of skin and cervical cancers for evidence
of neutrophil expansion and SIS in BM and SP; TAMs and
TANs have been studied previously in these models, princi-
pally in regard to the angiogenic phenotype (15-18, 29-31),
and their immunosuppressive phenotypes have not been
evaluated.

Implicating the IL-1 Superfamily in Induction of SIS

Seeking to clarify interactions underlying SIS in our GEMM,
we next applied the CellChat algorithm (32) to interrogate
cross-organ communication between the TME and the periph-
ery, which implicated cancer cells as the principal cell popula-
tion in the TME with the potential to interact with neutrophils
in the BM and SP (Fig. 2A). In particular, cancer cells were
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predicted to preferentially interact with PAN-2 neutrophils.
Moreover, TANs were inferred to participate in the commu-
nication at a distance with peripheral neutrophils in the BM
and SP, suggesting these cells may sustain or amplify SIS once
recruited into the TME.

Based on this interaction model, we hypothesized that
cross-organ communication should be mediated by circulat-
ing soluble factors produced by HPV16-affected tissues and
released into the bloodstream to act at a distance on neu-
trophil differentiation in myeloid cell reservoirs. To test this
hypothesis, we performed a colony-forming unit (CFU) assay,
optimized for the growth of myeloid progenitors, using BM
hematopoietic stem and progenitor cells (HSPC; Supplemen-
tary Fig. S2A). In line with our previous observations, more
colonies were obtained for HPV HSPCs, with an increased
proportion of granulocyte CFUs (CFU-G) compared with
H2b controls, indicative of elevated granulopoeisis in the
GEMM (Supplementary Fig. S2B and S2C). Interestingly,
control HSPCs preincubated with serum from K14HPV16/
H2b mice with skin dysplasias fully recapitulated the HPV16
CFU profile, whereas cells preincubated with H2b serum
did not (Supplementary Fig. S2C). These results implicate
soluble factors in K14HPV16/H2b serum that can influ-
ence neutrophil differentiation, potentially leading to the
induction of SIS.

To identify candidates for this effect, we used a multiomics-
based interactome approach. We conducted a proteomic
analysis and used a quantitative cytokine array to identify
soluble factors enriched in the blood of K14HPV16/H2b
mice. Using our scRNA-seq datasets, we next selected li-
gands expressed in dysplastic and tumor tissues, for which
cognate receptors were expressed in the BM and SP (Fig. 2B).
This cross-organ analysis led to the identification of 93 can-
didates (Supplementary Table S1), among which 50 ligands
had the potential to interact preferentially with neutrophils
in both the BM and SP (Supplementary Fig. S2D; Supple-
mentary Table S1).

In parallel, we derived three cancer cell lines from spon-
taneous SCCs of the epidermis arising in the K14-HPV16/
H2b GEMM, which exhibited distinctive phenotypes upon
inoculation subcutaneously into the flank of H2b control
mice (Fig. 2C; Supplementary Fig. S2E-S2G). We identified
one “immunosuppressive” cell line, called H16sc-IS1, which
recapitulated the phenotype observed in the K14HPV16/
H2b GEMM by inducing myeloid expansion in the BM, lead-
ing to T-cell-immunosuppressive neutrophils in SP and the
TME, and preferentially recruiting neutrophils (including
Siglec-F* TANSs) into the TME (Fig. 2D and E; Supplementary
Fig. S2F-S2H). A second, the “immunopermissive” cell line
H16sc-ImP, did not induce SIS and formed tumors primarily
infiltrated by non-immunosuppressive macrophages (Fig. 2E;
Supplementary Fig. S2G). The third “intermediate” cell line
H16sc-Int recruited both neutrophils and macrophages into
the TME but failed to induce a robust SIS (Supplementary
Fig. S2F and S2G). These three cell lines, all derived from
primary GEMM tumors, likely reflect the intratumoral het-
erogeneity of tumors arising via multistage tumorigenesis,
with some cancer cell clones displaying an H16sc-IS1 phe-
notype, whereas others may display H16sc-ImP or H16sc-Int
phenotypes, which could explain the increased abundance

of tumor-infiltrating neutrophils in pure H16sc-IS1 tumors
compared with the GEMM. This observation deserves future
investigation.

Seeking to refine our list of 93 candidate inducers of SIS,
we reasoned that key soluble factors should be shared by our
GEMM and H16sc-IS1-derived tumors while being absent
or expressed to a lower extent in the H16sc-Int- and H16sc-
ImP-derived tumors. Therefore, we extracted total RNA
from similarly sized tumors arising from transplantation of
the three cell lines and assessed expression of the 93 ligands.
Notably, the three cell line-derived tumors had distinctive
expression patterns (Fig. 2F). Amongst the initial 93 can-
didates, 44 ligands were specifically enriched in H16sc-IS1
tumors, of which 27 could potentially interact with neutro-
phils via expressed cognate receptors (Fig. 2G and H; Sup-
plementary Table S1). Within this refined list of candidates
(Fig. 2H), we found chemokines well known to attract neu-
trophils, such as CXCL1 and CXCLS5, and proteins involved
in cell adhesion processes, collectively required for neutrophil
mobilization rather than their generation (33-35). As ex-
pected, the growth factor G-CSE/CSF3, which is involved in
stimulating neutrophil production, was also present (36).
Strikingly, nearly half of the IL-1 cytokine superfamily (IL-1a,
IL-1B, IL-1RA, IL-33, and IL-36f) were part of the refined
set of 27 candidates, suggesting these cytokines could be in-
volved in the induction of SIS.

We next assessed the relevance of these factors for hu-
man cervical cancer. We interrogated the SAveRUNNER
drug repurposing prediction tool in the context of human
CIN (37). Congruently, two molecules targeting the IL-1
pathway ranked in the top 10 most promising drugs, ahead
of molecules currently used in the clinic to treat patients
with cervical cancer (Supplementary Fig. S2I). More specifi-
cally, a trap protein acting as a soluble decoy receptor for both
IL-1o and IL-1B ranked number 2, before an anti-IL-1 mAb
(38, 39).

Taken together, these data raise the hypothesis that
members of the IL-1 cytokine superfamily, particularly IL-1a
and IL-1P, interact with neutrophils in the BM and SP so
as to induce SIS. Notably, in addition to IL-1o and IL-1§,
circulating protein levels of IL-33 and IL-36f were also found
to be highly enriched in H16sc-IS1 tumor-bearing mice and
in the GEMM, suggesting that they too could be involved
(Supplementary Fig. S2J).

We next used the NicheNet algorithm to explore this hy-
pothesis, as it can predict interactions between a ligand and
receiver cells based on downstream pathway activation (40).
We asked whether Il1a, Il1b, 1133, and II36b were associated
with pathway activation of their cognate receptors in pe-
ripheral myeloid cells using Csf3 as a reference. As expected,
Csf3 was predicted to strongly interact with and activate
BM and SP neutrophils (Fig. 2I). In the BM, Il1a, Il1b, 1I33,
and II36b had similar inferred interactions with prePANs
compared with Csf3. Strikingly, however, the IL-1 ligands
all had stronger predicted biological effects on the PAN-1
(BM) and PAN-2 (BM and SP) subsets than Csf3, suggest-
ing that these four IL-1 superfamily members are attractive
SIS-inducing candidates. Motivated by these data, we next
aimed to address the question of their necessity and suffi-
ciency for SIS induction.
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Figure 1. Immunosuppressive neutrophils are systemically expanded during squamous cell carcinogenesis in K14HPV16/H2b (HPV) mice. A, UMAP
projection of major cell types from healthy ear skin (H2b) and dysplastic ear skin lesions (HPV) combined. B and C, Relative cell type abundance
(percentage) in ear skin (B) and in BM, SP, and blood (C) from H2b vs. HPV mice. D, UMAP projection of neutrophils from BM, SP, and blood, labeled by organ
(top) and developmental stages (bottom) based on the neutrotime score. E, Abundance of neutrophil developmental stages (counts) in BM, SP, and blood
from H2b vs. HPV mice. F, MDSC signature score in neutrophils from H2b and HPV mice for each developmental stage. (continued on following page)
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Characterizing the Induction of SIS by IL-1
Superfamily Ligands

We next performed a time-course experiment, analyzing
peripheral myeloid and neutrophil expansion during tumor
growth as well as their capacity to suppress CD8 T-cell activity.
Tissue samples from H16sc-IS1 tumor-bearing mice were col-
lected at different tumor volumes (Fig. 3A). Continuing growth
from nascent tumors (25-50 mm?) was associated with a pro-
gressive accumulation of myeloid cells and neutrophils in the
SP (Fig. 3B, right Y-axis). Furthermore, coculture of activated
CD8 T cells and CD11b cells from the SP revealed a correlation
between myeloid accumulation during tumor growth and im-
paired CD8 proliferation, leading to phenotypic SIS beginning
at tumor volumes >80 mm? (Fig. 3B, left Y-axis).

Among the IL-1 cytokine superfamily candidates, whereas
IL-33 and IL-36f bind selectively to their own receptors, IL-1o
and IL-1B share the same receptor (Supplementary Fig. S3A).
Notably, in the K14HPV16/H2b mouse model, I/1b is exclusively
expressed by myeloid cells, especially neutrophils, and not cancer
cells, suggesting that it could be involved in maintaining or am-
plifying myeloid expansion rather than in initial SIS induction
by cancer cells (Supplementary Fig. S3B). Using the RNAscope
technology, we confirmed that Il1a, /33, and 1I36b are expressed
in cancer cells in H16sc-IS1 tumors (Supplementary Fig. S3C).
Aiming to elucidate the induction of SIS by cancer cells, we chose
to focus our investigation on the role of IL-1at rather than IL-1p.

We began by analyzing the serum content of the candidate
ligands as a function of SP size normalized by body weight,
which mirrors the myeloid accumulation (Supplementary Fig.
S3D). IL-1aw and IL-36fB concentrations positively correlated
with the SP enlargement (Fig. 3C), in contrast to G-CSF and
IL-33, which did not (Supplementary Fig. S3E). Furthermore,
expression levels in nascent tumors of Illa, 1133, and II36b
but not Csf3 mRNAs positively correlated with peripheral my-
eloid cell suppressiveness toward CD8 T cells (Supplementary
Fig. S3F), reinforcing the postulated role of these factors in the
induction of SIS.

To test this hypothesis, we used Hoxb8 cells, a mouse neutro-
phil progenitor cell line conditionally immortalized in the pres-
ence of tamoxifen. Upon tamoxifen removal, Hoxb8 cells were
treated with various cytokine regimens as they were differenti-
ating into neutrophils (Supplementary Fig. S3G). Interestingly,
whereas treatment with individual IL-1 superfamily ligands did
not affect MDSC marker gene expression compared with G-CSF,
each in combination with G-CSF induced a strong response
characterized by different profiles of MDSC marker gene expres-
sion (Supplementary Fig. S3H). When the three IL-1 superfamily
ligands were combined with G-CSF, the response was distinct

<

from any of their individual combinations with G-CSF (Supple-
mentary Fig. S3H), indicating that these three molecules induce
overlapping but not identical downstream effects.

Moving to in vivo experiments, a deconvolution study was
performed by systemically administering individual ILs or the
combination of the three ILs in H2b control mice compared
with G-CSF alone. Mice received four rounds of intraperi-
toneal injection (every 2-3 days) before SPs were collected. In
contrast to the in vitro results with the Hoxb8 system, IL-1a.
alone was more potent than G-CSF, inducing a more exten-
sive neutrophil expansion in the SP and generating more
suppressive myeloid cells (Fig. 3D and E). Moreover, addition
of IL-33 and IL-36f potentiated the IL-1a. effects, inducing a
further expansion of myeloid cells - principally neutrophils -
in the SP (Fig. 3D), and these myeloid cells were potently sup-
pressive of CD8 T cells (Fig. 3E). We then sought to explain
the discrepancy between the in vitro and in vivo experiments.
Knowing that IL-1 pathway activation may stimulate G-CSF
production, we hypothesized that intraperitoneal inoculation
of IL-1o. into mice would increase G-CSF levels in the blood
circulation, thus obviating the need to supply exogenous
G-CSF. We therefore quantified G-CSF in the serum of treated
mice, and indeed, G-CSF was markedly induced in mice that
had received either IL-1a or the triplet-IL regimen (Fig. 3F).
Moreover, combining the three ILs with G-CSF further exac-
erbated the SIS phenotype in H2b control mice, indicative of
their cooperativity (Supplementary Fig. S31-S3K).

We proceeded to confirm these data in tumor-bearing
mice. To do so, we engineered the H16sc-ImP cell line, which
does not induce SIS, to overexpress (OE) Il1a, 1133, and 1I36b
(triplet-IL). Upon inoculation into syngeneic mice, triplet-
IL-OE H16sc-ImP tumors grew faster, concomitant with SP
enlargement (Fig. 3G and H). Once again, the SP enlargement
mirrored systemic myeloid and neutrophil expansion in the
BM and SP (Fig. 3I). We characterized the serum content and,
much as for H16sc-IS1 tumors, IL-1a and IL-36 concentra-
tions were increased and correlated with the SP size normalized
to body weight (Fig. 3]; Supplementary Fig. S3L). Moreover, in
line with cytokine inoculation into normal mice, triplet-IL-OE
H16sc-ImP cells induced expression and secretion of G-CSF
into the conditioned media of cultured cells (Supplementary
Fig. S3M and S3N), which was increased in the serum of tumor-
bearing mice (Fig. 3J). To further the characterization, we per-
formed a time-course analysis (Fig. 3K). Congruent with the
H16sc-IS1 results (Fig. 3B), myeloid and neutrophil expansion
began in nascent tumors, and these cells were capable of sup-
pressing CD8 T cells, in contrast to the parental cells that were
not overexpressing the three ILs (Fig. 3K). Well-established SIS

Figure 1. (Continued) Scores were compared with the Welsh two-sample t test: P=7.61e-05 (prePAN), P= 9.82e~14 (PAN-1), and P < 2.2e-16 (PAN-2).
For A-F:n=3 per organ and condition (H2b or HPV). G, In vitro proliferation assay of anti-CD3/anti-CD28-activated CD8 T cells cocultured with CD11b
cells or neutrophils isolated from the SP of H2b (n=5-6) and HPV mice (n=5-6). Data are shown as the mean + SD, statistical analysis by the Kruskal-
Wallis test, **** P < 0.0001. H, UMAP projections of major cell types in K14HPV16/H2b-E, (HPV-E;) cervical tumors and healthy cervix (H2b)
combined. I, Relative cell type abundance (percentage) in cervical tumors (HPV-E;) and healthy cervix (H2b). J, UMAP projection with neutrophils from the
blood (HPV) and cervical tumors (HPV-E;) labeled by the major clusters PAN-2, TAN-1, and TAN-2. K, Pseudotime analysis of neutrophils from the blood
(HPV) and cervical tumors (HPV-E3). L, MDSC and N5 signature scores in neutrophils from the blood (HPV) and mouse cervical tumors (HPV-E). Signature
scores were compared between the TAN-1 and TAN-2 populations with paired t tests: P=8.96e-04 (MDSC score), P=0.010 (N5 score). For H-L: n =3 per
organ and condition (H2b, HPV or HPV-E;). For M-0: scRNA-seq data of human cervical tumors (n=12) were reanalyzed from Guo and colleagues (21),

Dai and colleagues (22), and Li and colleagues (23). M, UMAP projection of major cell types in human cervical tumors. N, UMAP projection of the two human
TAN subtypes, hTAN-1 and hTAN-2. 0, MDSC and N5 signature scores in the human TAN subtypes. Signature scores were compared between the hTAN-1
and hTAN-2 populations with paired t tests: P=4.61e-04 (MDSC score), P=0.0011 (N5 score). DC, dendritic cell.
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Figure 2. Identification of candidate SIS-inducing ligands. A, Cell-cell communication inferred from secreted signaling molecules expressed in
cervix to receptors expressed in BM cells (left) or SP cells (right). Line thicknesses represent probabilities of communication. B, Schematic of inter-
actome analysis for candidate ligand identification. Soluble factors enriched in serum are integrated with scRNA-seq data from lesional tissues, BM,
and SP. C, Summary table of SIS status and tumor myeloid cell composition in three syngeneic tumor models based on GEMM-derived cancer cell lines.
D, Quantification by flow cytometry of total myeloid cells (CD11b*) and neutrophils (CD11b*; Ly6G*) in BM, SPs, and tumors of H16sc-ImP (n=6) and
H16sc-1S1 (n=6) mice. Data are shown as the mean + SD. E, In vitro proliferation assay of anti-CD3/anti-CD28-activated CD8 T cells cocultured with
CD11b* cells isolated from the SPs and tumors of H16sc-ImP (n=4) and H16sc-1S1 (n = 13) mice. F, Normalized gene expression of the 93 candidate
ligands, measured by RT-qPCR analysis of bulk tumors from the three distinctive syngeneic tumor models (n=3 per model). G, Intersection between
ligands enriched in the H16sc-IS1 model and the 93-candidate-associated cognate receptors preferentially expressed in neutrophils. H, Proportion of
selected ligands among the reduced list of 27 candidates. I, NicheNet scores obtained for particular ligands (/(1a, Il1b, 133, 1136b, and Csf3) based on
differentially expressed genes between HPV and H2b mice in each cell population of BM (left) and SP (right). Data in quantitative panels are presented
as the mean + SEM, unless specified otherwise. (*, P < 0.05; **, P < 0.01; *** P < 0.001; **** P < 0.0001; ns, no statistical significance; computed with the
two-way ANOVA or Kruskal-Wallis test). DC, dendritic cell.
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was observed by ~150 mm?, with an immune profile in the SP
replicating that of H16sc-IS1 tumor-bearing mice (Fig. 3L).
Moving on to the TME, triplet-IL overexpression also mark-
edly altered the TME, leading to expansive myeloid infiltration,
mostly involving neutrophils, resulting in a similar profile to
the TME of H16sc-IS1-derived tumors (Fig. 3M-O). Collec-
tively, these data attest to the functional role of the three ILs,
and of the G-CSF they induce, during the manifestation of SIS.

Assessing the IL-1 Superfamily in Human Cervical
Cancer

We next investigated the involvement of the IL-1 cytokine
superfamily in human cervical cancer. To do so, we first de-
fined an SIS gene signature. To independently identify genes
selectively associated with IL-1-induced SIS, we utilized the
triplet-IL-OE H16sc-ImP and the otherwise isogenic Ctrl
H16sc-ImP cancer cell lines overexpressing or not the IL-1
triplet (I1a, 1133, and 1136b). After performing comparative tran-
scriptome profiling using RNA-seq (Supplementary Table S2),
we focused on the top 200 most upregulated genes in triplet-
IL-OE H16sc-ImP cells, which we integrated with the previously
identified 93 candidate ligands, producing an SIS signature of
10 genes, including Il1a, 1133, 1I36b, Csf3, and Cxcl2/5 (Fig. 4A
and B). These data suggest that IL-1 superfamily signaling is
an upstream regulator of other genes encoding key proteins
involved in communication and recruitment of neutrophils,
such as G-CSF/CSF3 and CXCL2/5. We first quantified most
of these factors in the serum of patients with cervical cancer.
Interestingly, their concentrations increased with the tumor
stage, suggesting potential utility as SIS biomarkers (Supple-
mentary Fig. S4A). We next applied this SIS signature to the
CESC dataset in The Cancer Genome Atlas (TCGA) and ob-
served an association with worse survival (Fig. 4C) as well as
a positive correlation with neutrophil infiltration (Fig. 4D),
suggesting that CESC might be modulated by neutrophil-me-
diated SIS induced by the triplet combination of IL-1a., IL-33,
and IL-360.

We also assessed features of SIS in other cancer types by
performing an unsupervised clustering analysis of patients
in a TCGA dataset of 13 tumor types based on expression of’
the 93 candidate ligands identified above (Fig. 2B; Supple-
mentary Table S1). Interestingly, most of the SIS signature
genes, including IL1A, IL1B, IL36B, as well as other genes that
were enriched in the SIS-inducing H16sc-IS1 tumor model
(Fig. 2F), segregated together to define a hotspot of patients
sharing common characteristics (Supplementary Fig. S4B).
In addition to CESC, this hotspot included patients with
HNSC, bladder cancer (BLCA), and lung SCC (LUSC), along
with small proportions of patients with uterine corpus endo-
metrial carcinoma (UCEC), lung adenocarcinoma (LUAD),
and colorectal cancer (COAD and READ; Supplementary Fig.
S4C). Interestingly, similarly to CESC, a high SIS score cor-
related with a worse survival probability and with increasing
neutrophil infiltration in HNSC, BLCA, and LUSC, suggest-
ing that pan-IL-1-induced neutrophil-mediated SIS may be
operative beyond CESC (Supplementary Fig. S4D and S4E).
Given our focus on the mechanisms of SIS and its role in the
failure of therapeutic vaccines for CESC, these associations
have not been further investigated.

Pharmacologic Inhibition of Pan-IL-1 Superfamily
Signaling Disrupts Systemic Neutrophil Expansion

Having collectively implicated IL-1a, IL-33, and IL-36f in
SIS induction, we hypothesized that cotargeting these cyto-
kines should disrupt SIS. As previously mentioned, IL-1a,
IL-33, and IL-36f signal through three distinct receptor
complexes, which nevertheless share a common coreceptor,
IL1RAP, which is necessary for downstream signaling (Sup-
plementary Fig. S3A). Therefore, targeting this coreceptor
represents an attractive therapeutic strategy. We first assessed
Illrap expression using scRNA-seq data from the GEMM
(Supplementary Fig. S5A) and flow cytometry analyses from
the H16sc-IS1 tumor model (Supplementary Fig. S5B). Il1rap
proved to be predominantly expressed and upregulated in
neutrophils in the BM, SP, and TME of tumor-bearing mice,
whereas it was expressed at a much lower level in cancer cells.
We also confirmed that I/Irap is highly expressed in human tu-
mor neutrophils based on scRNA-seq data (Supplementary Fig.
S5C). Although we assess possible effects on cancer cells be-
low, these data suggest that targeting ILIRAP should mainly
affect neutrophil populations in the periphery and the TME.

We therefore assessed in preclinical trials an anti-ILIRAP
blocking antibody (mNadunolimab, clone 3A9) that is able
to abrogate signaling mediated by IL-1a, IL-1fB, IL-33, and
IL-36; this antibody additionally serves as a mouse surrogate
for nadunolimab (CANO4, Cantargia AB), a human-specific
anti-ILIRAP antibody that is currently in clinical trials - un-
related to targeting neutrophils or SIS - for the treatment of
different solid tumors.

Anti-IL1IRAP treatment of H16sc-IS1 tumor-bearing mice
that were spontaneously developing SIS (Fig. 5A) resulted
in a delayed tumor growth compared with isotype control
(IC)-treated mice (Fig. 5B), which was associated with a re-
duced SP size - a macroscopic readout for SIS - indicative of
a peripheral response after treatment (Fig. 5C). We then an-
alyzed the peripheral compartments, starting with the BM.
We observed that SIS-associated myelopoiesis dysregulation
was reversed under treatment, with a decreased proportion
of GMPs (Fig. 5D), consistent with the reduced neutrophil
abundance in the BM and SP observed by FACS on day 10
(Fig. SE). To exclude the possibility that this effect could be
driven by a difference in tumor burden following anti-ILIRAP
therapy, we compared the SPs of anti-IL1RAP-treated mice with
IC-treated mice bearing size-matched tumors and observed that
the latter had significantly greater abundance of SIS-mediating
splenic neutrophils (Supplementary Fig. S5D), confirming a
tumor burden-independent effect of anti-IL1RAP therapy. In
contrast to the periphery, no significant changes were observed
in the TME (Supplementary Fig. SSE). Unsurprisingly, given the
absence of ILIRAP expression in T cells (Supplementary Fig. SSA
and S5B), anti-ILIRAP did not produce significant alterations
to the lymphocyte compartment in the periphery or the TME
(Supplementary Fig. SSF). Finally, anti-ILIRAP monotherapy
reduced the NLR in the SP (Fig. SF), which correlated with both
SP size and blood NLR in H16sc-IS1 tumor-bearing mice (Sup-
plementary Fig. S5G).

As noted above, the blood NLR is used clinically as a prog-
nostic marker and is often associated with a worse prognosis
for patients (6, 41). Therefore, we analyzed neutrophil and
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lymphocyte counts as well as the NLR in the blood of patients
with PDAC and NSCLC treated with nadunolimab monother-
apy (CANFOUR trial, NCT03267316). Strikingly, treated pa-
tients presenting with a high neutrophil count at baseline had
a progressive and significant decrease in circulating neutrophils
from day 8 onward and in the blood NLR over time, reaching
levels observed in patients with normal neutrophil counts at
baseline (Fig. 5G). Thus, anti-ILIRAP monotherapy was able
to normalize the blood NLR without inducing neutropenia in
human patients with cancer. These data mirror our results in
the mouse model, as well as a recent report assessing the
effects of anti-IL1IRAP in mouse and human PDAC (42).

We next considered whether the tumor growth delay ob-
served upon anti-ILIRAP monotherapy could be partially ex-
plained by an effect of the treatment on cancer cells and not
just on neutrophils. Multiple lines of investigation indicate
that ILIRAP expression on cancer cells is not impactful. First,
when the anti-ILIRAP antibody was added to H16sc-IS1
cancer cells, there was no effect on their proliferative capac-
ity (Supplementary Fig. SSH). Second, when the expression
of IlIrap mRNA was knocked-down with siRNAs, there was
no effect on Illa, 1133, II136b, and Csf3 gene expression nor ex-
pression of other genes important for neutrophil recruitment
(Supplementary Fig. SSI). These results imply that blockade
of ILIRAP in cancer cells was not affecting their secretome
and therefore should not affect their communication at a dis-
tance with peripheral neutrophils. Finally, anti-IL1IRAP ther-
apy in the neutrophil-low H16sc-ImP tumor model - which
does not express the IL-1 ligands - failed to delay tumor
growth, providing no therapeutic benefit (Supplementary
Fig. SS5J), despite the fact that Il1rap is expressed at higher
levels in H16sc-ImP cancer cells compared with H16sc-ImP
cancer cells (Supplementary Fig. SSK). Collectively, the data
indicate that the observed growth delay in anti-ILIRAP-
treated H16sc-IS1 tumors is in essence mediated by modula-
tion of neutrophils.

Pharmacologic Inhibition of Pan-IL-1 Superfamily
Signaling Reprograms the Immunosuppressive
Neutrophils Underlying SIS

We next asked whether ILIRAP blockade was reprogram-
ming neutrophils in addition to reducing their numbers in
the periphery. To address this question, we performed bulk

RNA-seq of neutrophils isolated from the BM, SP, and tu-
mors of anti-ILIRAP-treated H16sc-IS1 tumor-bearing mice
using IC-treated mice for comparison (Fig. 6A; Supple-
mentary Table S2). Based on a Gene Ontology enrichment
analysis (Fig. 6B), the cell cycle pathway was identified as
downregulated in BM and splenic neutrophils upon anti-
IL1RAP treatment, in line with the decreased myelopoiesis
and neutrophil abundance observed in these compartments
(Fig. 5D and E).

Interestingly, the antigen presentation pathway was con-
versely upregulated in anti-ILIRAP-treated peripheral neu-
trophils (Fig. 6B). Whereas the antigen-presenting capabilities
of neutrophils in the TME have been well documented (43, 44),
similar activity in peripheral sites remains largely unex-
plored. We therefore analyzed neutrophils in the BM, SP,and
tumors after anti-ILIRAP therapy by flow cytometry and
observed an increased proportion of neutrophils expressing
costimulatory molecules, such as CD40 and CD86, along-
side MHCI and MHCII molecules across all three compart-
ments (Supplementary Fig. S6A-S6C). Interestingly, the
proportion of neutrophils expressing H2DP, the MHCI hap-
lotype known to present the HPV16 E7 peptide used in the
NP-E7LP vaccine (NP-E7LP Vax; refs. 9, 19), was elevated,
suggesting that anti-ILIRAP-treated neutrophils might par-
ticipate in eliciting adaptive immune responses to E7-based
therapeutic vaccines.

Comparing splenic and intratumoral neutrophils, similar
trends were observed upon anti-ILIRAP treatment. A signa-
ture of response to IL-1 was downregulated upon treatment
in splenic and tumoral neutrophils (Fig. 6B). Moreover, sev-
eral pathways related to neutrophil migration, inflamma-
tory response, and protein secretion were downregulated.
We also noted a reduction in reactive oxygen species (ROS)
production in splenic neutrophils isolated from H16sc-IS1
tumor-bearing mice treated with anti-ILIRAP compared with
IC (Fig. 6C). Given that ROS have been shown to suppress
T-cell activity (3), these findings suggest that reductions in
ROS may be a component of the immunostimulatory effects
of anti-ILIRAP treatment. Additionally, expression of an
“MDSC” mRNA signature was reduced in PANs and TANs
(Fig. 6D). Collectively, these data indicate that anti-ILIRAP
reprograms the immunosuppressive capacity of SIS-mediating
neutrophils despite having only modest therapeutic efficacy as
monotherapy.

>

Figure 3. IL-1 superfamily ligands induce SIS. A, Schematic representation of the time-course analysis. H16sc-IS1 tumor-bearing mice were sacrificed
at different tumor volumes, and tumors, blood, and SPs were analyzed. B, Total myeloid cell (CD11b*) and neutrophil expansion in the SP (right y-axis), and
CD8T cell suppression by splenic myeloid cells (left y-axis) during tumor progression. C, Correlation by simple linear regression between the SP size (SP/
BW ratio) and cytokine concentration in the serum of H16sc-1S1 tumor-bearing mice. D, Quantification by flow cytometry of CD11b* total myeloid cells
(left) and neutrophils (right) in the SP of H2b mice upon systematic administration of the indicated cytokines or PBS control. E, In vitro proliferation assay
of anti-CD3/anti-CD28-activated CD8 T cells cocultured with CD11b* cells isolated from the SP of animals treated with the indicated cytokines.

F, G-CSF concentration in the serum of H2b mice treated as indicated. For D-F: PBS (n=4), IL-33 (n=4), IL-36B (n=5), IL-1a. (n=5), G-CSF (n=5), and
triplet-IL (n=4). G, Growth curves of CtrlH16sc-ImP (n=7) and triplet-IL-OE H16sc-ImP (ILs-OE H16sc-ImP; n=6) tumors. Spleen size (H), proportion of
total myeloid cells (CD11b*) and neutrophils in the BM and SP (I), and serum concentration of IL-1a, IL-368, and G-CSF (J) of control (Ctrl) H16sc-ImP
(n=7)and ILs-OE H16sc-ImP (n=6) mice. For |, Statistical significance computed with two-way ANOVA. K, Total myeloid cell (CD11b*) and neutrophil
expansion in the SP (right y-axis), and CD8 T-cell suppression by splenic myeloid cells (left y-axis) during progression of Ctrl H16sc-ImP vs. ILs-OE
H16sc-ImP tumors. L, Proportions of immune cells in the SP compartment of CtrlH16sc-ImP (n=7), ILs-OE H16sc-ImP (n=6), and H16sc-IS1 (n = 6) mice
measured by flow cytometry. M, Quantification by flow cytometry of total myeloid cells (CD11b*) and neutrophils in the TME of Ctrl H16sc-ImP (n=7) and
ILs-OE H16sc-ImP (n=6) mice. N, Representative images (IF staining) of total myeloid cells (CD11b*in green), neutrophils (Ly6G* in red), and cancer
cells (K14+in blue). Scale bar, 50 pm. The image is illustrative of the flow cytometry analysis shown in M. 0, Proportions of immune cells in the tumor
compartment of Ctrl H16sc-ImP (n=7), ILs-OE H16sc-ImP (n=6), and H16sc-IS1 (n = 6) mice measured by flow cytometry. Data in quantitative panels are
presented as the mean + SEM (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <0.0001; ns, no statistical significance; computed with the one-way ANOVA or
Mann-Whitney, unless specified otherwise). ILs, IL-1 superfamily ligands; Treg, regulatory T cells.

1466 | CANCER DISCOVERY JULY 2025

AACRlJournals.org

920z Arenuga z} uo 1sanb Aq Jpd-Z80-G2-PO/E699Z9E/8SY L/ L/S |APd-ajonie/Aiancosipiaouea/Bio-s|eunolioee//:dny Wwoly papeojumoq


http://AACRJournals.org

Cotargeting Multi-IL-1-Induced SIS Enables an HPV16 Vaccine RESEARCH ARTICLE
A
=%

Timecourse C

=032 =031
o Flow || CD11b:CD8 100 H16sc-1S1 . P=0.0034— IL-1a — IL-36p P =0.0019

S cytometry coculture c BN 5 200 =
S g0 e ¢ g
é w ] g % $ 5 4 F10 e
> _— —_ 2 60 @ ° = 3 2
(;:‘ . Blood I Serum TS_ 3 g S 31 - 100 § c
H17677 1S1 mi 2 40 % 88 21 — 20 CE
sc-IS1 mice o ] S
i )-%o Flow Prot O 20 4 I - 14 Lo =3
&3 O cytometry | | quan n o = e

& S7 ° 0 T T -50

s> Tme 2 PCR ° T 0 0.005 0.010 0.015
. ql . . .
Sacrificed at {}* (oK ANA) 0 100 200 300 400

different tumor volumes .
Tumor volume (mm?3) SP/BW ratio
-o- CD8 proliferation -e- % CD11b -e- % Neutrophils

D SP E CD8 proliferation F G-CSF
ook ok serum levels
CD11b Neutrophils
o
% %k ok ok * ns o
40 25 ~ 1,000 E
2 2 29 2100 - 3
g 30 3 O 80 2 &
P + 5 £ o
[7o) b 15 < 60 > =
< 20 < 2 K=Y o
8 8 10 g ; 3
o o w 40 g =
o o 5
x 0 R 5 £ 20 © jd
o o
0 0 ® 0 S
2
B QM%Q S %’WW’@Q\& SEP SN g
Q Y 00 Q c,),C) 0 < WV N 00 3
I - - O - - @
H2b mice H2b mice CD11b SP $
Serum 8
=3
G H16sc-ImP tumor growth H SP size I BM SP J IL-1a IL-36p G-CSF %
. *kkK KKK 20 I
mE1 ,000 . - o 0.008 Y 100 Y 50 1 sk snnx - 500 7 *%x 800 oxk §
= . = —_ <
% 800 * ILs-OE % 0.006 3 80 I_‘ ’_‘ 2 40 21 400 600 )
P + + = >
€ 600 = 2 60 || 230 g 10 %00 400 3
° o 0.004 [a) [a) =~ S
Z 400 a O 40 0 20 G 200 g
S 2 5 5 S 5 200 2
o o =%
5 200 0.002 x 20 x 10 ﬁ E'IL 100 (:;‘
0 0 T T 0 - — 0= 0 0oy R
N o =
0 5 10 15 20 25 30 X0 & Q\\" N ,&Q,ég ,\@Q,&g ,48 ,<‘s &
Days after injection o O & O \«0 oo e Seef @
& N S G G )
s N4 e@ RO RS RO 3
N Q& Q& RNE >
& o o (e9) 3
Timecourse SP g
K L &
Ctrl H16sc-ImP ILs-OE H16sc-ImP 3
) ) Ctrl H16sc-ImP  ILs-OE H16sc-ImP H16sc-1S1 3
~o- CDB8 proliferation -e- % CD11b -e- % Neutrophils 5
120 60 120 0 =3
§01 N L e e | % g : s
S 80+ s F40 = £ 80 F40 = <
2 co o 5 =2 3 @
S 60 o s 60 o =
a 2 ao o g
@ 40 - F20 @ @ 40 l2o &
8 o o % o ? S
B3 20 au—e"—ooo—“—" =2 B3 20 o P 2 @
° 9 9 coe @90 ° @
0 T T T T —*0 0 0 o)
0 200 400 600 800 1,000 0 200 400 600 800 = 8ol = = Dend R % of CD45 S
31 3) cells reg endritic cells lonocytes
Tumor volume (mm-) Tumor volume (mm) [ CD4Tcells B3 CD8Tcells [ Macrophages HH Neutrophils i
o
N
K14/CD11b/Ly6G @
Tumor o Tumor
M N E 0]
CD11b Neutrophils 3 Ctrl H16sc-ImP  ILs-OE H16sc-ImP H16sc-1S1
*% «©
100 100 I
80 80 =
% 5 % : [¢]
S 60 ... S 60
2 8 -~
= 40 = 40 . o
S] 5] £
® 20 ® 20 S
o0
ol—7—— (R — e % of CD45
Q Q Q Q T 1 Becells 1 Treg [ Dendritic cells [] Monocytes
c,,\é\ cf\@ c)\6\ o\@ w [ CD4T cells - CD8Tcells [ Macrophages Wl Neutrophils
& & & Q
N NS 3
[©ENe) [©Y) =
W N

AAC American Association for Cancer Research® JULY 2025 CANCER DISCOVERY I 1467



RESEARCH ARTICLE

Lecointre, Guillot et al.

A ILs-OE vs. Ctrl H16sc-ImP B
SIS signature
15 o1
aw TEp I-1a 11-33
R Spp1 1 DGE - Top 200
c.?’ - CXIC’_5 upregulated genes 11-368 Csf3
_|? 10 Thbs1 . 11-368
E i ML 10 —-_— II-1rn Cxcl5
S ¥ s
® 5 " cdz00] Cxcl2 Thbs1
93 candidate
ligands Cd200 spp1
0
-10 0 10
LFC
c D
CESC CESC
1.00 N =+ SIS score (upper 25%) 1.00 =+ SIS high score (ML cutoff)
SIS score (lower 25%) SIS low score (ML cutoff) 2-
Z 075 2 075 ® o
E 3 -
8 8 5
s 0.50 a 0.50 g
— . >
3 0. 2 0.25
@ 9251 5046 @ P=0.023
0.00 0.00 ' ' ' '
-1 0 1 2
0 1,000 2,000 3,000 4,000 0 1,000 2,000 3,000 4,000

Time

SIS signature

Time

Figure 4. Assessingthe IL-1 superfamily in human cervical cancer. A, Differentially expressed genes in triplet-IL-OE (ILs-OE H16sc-ImP) vs. control
(Ctrl) H16-ImP cells, with adjusted P values (in —logio scale) on the y-axis and log; fold changes (LFC) on the x-axis. Genes with adjusted P values of <0.05
and-1.5>LFC> 1.5 appear inred. Genes in dark red and bigger font-size are found in the SIS signature shown in B. B, Intersection between the top 200
genes induced in the ILs-OE H16sc-ImP tumors and the 93 candidate ligands from Fig. 2 (left), and the resultant 10-gene SIS signature (right). C, Survival
analysis of patients with CESC (TCGA) defined according to their 10-gene SIS signature score. Left defined based on 25% lower (blue) and higher (red) SIS
scores, and right defined based on machine learning cutoff for low (blue) and high (red) SIS scores. D, Correlation of the SIS signature score and estimated

neutrophil abundance in patients with CESC (TCGA).

To functionally validate these observations, we performed
an ex vivo coculture assay using activated CD8 T cells and
splenic neutrophils isolated from H16sc-IS1 tumor-bearing
mice, which confirmed the reduced immunosuppressive activ-
ity of peripheral neutrophils following anti-IL1RAP treatment
(Fig. 6E). Additionally, we established a tumor antigen-
specific coculture assay. CD8 T cells and total splenocytes from
NP-E7LP-vaccinated mice were cocultured in the presence of
the E7 peptide to restimulate E7-specific CD8 T cells, as mea-
sured by their ability to proliferate. Splenic neutrophils isolated
from H16sc-IS1 tumor-bearing mice, treated or not with anti-
IL1RAP, were added to this coculture to assess their capabil-
ity to inhibit E7-specific CD8 T-cell proliferation (Fig. 6F).
Remarkably, anti-ILIRAP treatment completely abrogated
the immunosuppressive function of splenic neutrophils on
antigen-specific CD8 T-cell responses (Fig. 6G). Notably, these
data are particularly relevant to key steps in vaccine-induced
immune responses, namely T-cell activation and expansion in
the periphery. Furthermore, we investigated the impact of neu-
trophils on T-cell effector functions by performing a tumor-
specific T cell-killing assay in the presence of neutrophils

isolated from H16sc-IS1 tumor-bearing mice (Fig. 6H). Con-
cordantly, we observed that anti-ILIRAP treatment almost
completely reversed the immunosuppressive effect of neutro-
phils on T cell-mediated killing of cancer cells (Fig. 6I).

Anti-ILIRAP Improves Therapeutic Vaccine
Response and Sensitizes Tumors to CTLA-4
Blockade

Given the capability of anti-ILIRAP monotherapy to
interfere with the programming and expansion of immu-
nosuppressive neutrophils, we combined anti-ILIRAP with
NP-E7LP Vax, which is efficacious in the HPV16-expressing
TC1 transplant model (8) but ineffective in the K14HPV16/
H2b GEMM with SIS (9). The vaccine was administered 1 day
after the first dose of anti-ILIRAP (Fig. 7A). Vaccination alone
induced a modest response without tumor control, albeit bet-
ter than anti-ILIRAP monotherapy. Notably, however, com-
bining anti-ILIRAP with the vaccine led to a significantly
improved response with sustained tumor control over an
18-day treatment period (Fig. 7B).

1468 | CANCER DISCOVERY JULY 2025

AACRlJournals.org

920z Atenigad z| uo 1senb Aq jpd-z8€0-GZ-PO/e69929€/85Y L /L/S L/spd-ajonie/f1anoosipieoue/Bio-sieuinofioee)/:diy wol papeojumoq


http://AACRJournals.org

Cotargeting Multi-IL-1-Induced SIS Enables an HPV16 Vaccine RESEARCH ARTICLE

A < Analyses B - 1,200 -e- Untreated
8 . 5
E 900 e
=% T T T T D10 - o alL{RAP
H16sc-IS1 mice DO D3 D6 D9 5 600 *:*
TV on DO:3 ‘ [ -
80-100 mm' Anti-IL1RAP or IC g 300 : p
E]
0 T T T 1
3 6 9 12
Days into treatment
C D GMPs
1) @ ns
0.012 - 3 80 —
‘-I) ? * %k *
o 0.010 5 T 60 1
8 @ @ P
= 0.008 - g 01 7
a % s =
P < £ 20 o0
0.006 5 5
5 k]
0.004 M <
&
oé\g
H16sc-IS1
E BM sP F sP
PETTY PETTY
100 . B0 = xkkk  wkkx 6
» . = = o ° « Isotype control
g 80 : 8 « Anti-IL1RAP o 4
+ + =
g 60 g S
o 40 o e 2
: : 199
® 20 N 2 0
@] <
N
&
>
Neutrophils Lymphocytes NLR —e— Normal neutrophil count (<6)
12 4 12
- € -=-High neutrophil count (>6)
£ o S - .
a j 9 Hkkk kkkk 8 j 3 ° g
%% o B s =
2 6 > 2 )
B s 5 *
E c 3 g% 1 Z 3
0 T T T T | T T L § T T - 0 T I T T l T T T T T 0 T T T T T T T T T T
Q,??,LQ PP o“’o“’o"’oq’o@ o Q@ SHSH o o % o’”o“’ Q;o"’m\ SR o?’@'bo"’oq’o“’o?’
<& e\‘{ba‘vé\‘%a\bé}‘%\ A RO a‘(oeb N \\ R e é\‘ba\‘q’\
PO 4\\\9\@‘\‘9 KSR KRR ‘\\\m\%‘

Figure 5. IL1RAP blockade disrupts systemic neutrophil expansion. A, Schematic representation of anti-IL1IRAP (alLLRAP) treatment regimen in
H16sc-1S1 tumor-bearing mice. D, day; TV, tumor volume. B, Tumor growth curves in H16sc-1S1 tumor-bearing mice treated with alL1RAP, IC or untreated
control. Anti-IL1RAP (alL1RAP)-treated and IC-treated groups were compared by the Mann-Whitney test at different timepoints. C, Spleen size of
H16sc-1S1 tumor-bearing mice treated with alL1RAP, IC, or untreated control. Statistical significance was computed with the Kruskal-Wallis test.

D, Quantification by flow cytometry analysis on the BM of CMPs (Lin~; c-Kit*; Sca-1-; FcyR— and CD34+) and GMPs (Lin~; c-Kit*; Sca-1-; FcyR*; and CD34+)
from control H2b mice (n=4) and H16sc-IS1 tumor-bearing mice treated with IC (n=6) or alL1RAP (n = 6). E, Quantification by flow cytometry analysis

of different myeloid cell types [neutrophils (CD11b*; Ly6G*), monocytes (CD11b*; Ly6G-; Ly6C*), macrophages (CD11b+; Ly6G-; Ly6C-), and dendritic cells
(CD11b* CD11ct; MHCII*)in the BM and SP of H16sc-IS1 tumor-bearing mice treated with alL1RAP (n=14) or IC (n=14). Data are shown as the mean =
SD.F, The NtoT ratio measured by flow cytometry in SPs of H16sc-IS1 tumor-bearing mice treated with alLLIRAP (n=8) or IC (n=8). G, Neutrophil count,
lymphocyte count, and their ratio (NLR) in the blood of patients with PDAC and NSCLC from the CANFOUR trial (NCT03267316) treated with alLIRAP
monotherapy (nadunolimab) on each visit (cycle of treatment). Patients were separated based on neutrophil count at baseline, with a cutoff of 6 x 109 cell/mL,
resulting in a “normal neutrophil” group (baseline <6 x 109 cells/mL; n=20) and a “high neutrophil” group (baseline > 6 x 10° cells/mL; n=16). Data are
shown as the median + 95% confidence interval. To evaluate the effect of alL1RAP treatment on blood cell count variation, a mixed effect statistical anal-
ysis, with Dunnett's multiple comparisons, was performed (all subsequent visits compared with baseline; *, P < 0.05; **, P < 0.01; ***, P < 0.001; **
<0.0001; ns, no statistical significance; computed with one-way ANOVA, two-way ANOVA, or the Mann- Whltney test, unless specified otherWISe).

To illuminate the basis for the therapeutic efficacy upon 50% (Supplementary Fig. S7A). Furthermore, these myeloid

vaccination, we first focused on the periphery. We found that cells were less suppressive when cocultured with CD8 T cells
the combination of anti-IL1RAP plus NP-E7LP Vax decreased (Fig. 7C), which was associated with an increased abundance
splenic myeloid cell numbers, especially neutrophils, by around of effector CD8 T cells in the SP, especially tumor-specific ones
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(Supplementary Fig. S7A). There was also an increase in CD4
T cells, albeit with no change in the abundance of regulatory
T cells (Supplementary Fig. S7A). Moreover, combining anti-
IL1IRAP plus NP-E7LP Vax led to a reduction in the peripheral
neutrophil-to-T cell ratio (NtoT; Fig. 7D), which is similar to
the NLR metric encompassing all lymphocytes.

Regarding effects on the TME, in line with the previous
figure, anti-IL1RAP plus NP-E7LP Vax did not discernably
alter the intratumoral myeloid compartment compared with
vaccination alone (Supplementary Fig. S7B). However, we
observed a substantial CD8 influx, notably tumor-specific,
cytotoxic, and proliferative CD8 T cells (Fig. 7E), which was
not observed in the context of anti-ILIRAP monotherapy
(Supplementary Fig. SSF). Interestingly, we also observed an
increased abundance of central memory CD8 T cells in mice
that had received the double combination therapy (Fig. 7E).
To confirm the pivotal role of CD8 T cells in mediating tumor
control, we performed a CD8 depletion experiment, which
completely abrogated the survival benefit observed in treated
mice (Fig. 7F). Moreover, the otherwise high tumoral NtoT
ratio (Fig. 7G) was reduced, which is associated with a lower
survival probability in patients with CESC (Supplementary
Fig. S7C).

We next addressed a salient question about the relevance
of simultaneously targeting with anti-ILIRAP the parallel
signaling pathways induced by the three IL molecules, as
contrasted to only blocking the IL-1a/f pathway, which
is known for its role in SIS induction in other tumor
types (10, 45). To investigate this question, we vaccinated
H16sc-IS1 tumor-bearing mice in combination with either
anti-IL-1B, anti-IL-1R, or anti-ILIRAP. We observed that
targeting the IL-1 o/p pathway alone (thus keeping IL-33-
and IL-36B-induced pathways active) was insufficient to
achieve the full benefits of ILIRAP blockade. Vaccination
combined with anti-IL-1p did not improve survival, and
anti-IL-1R showed only modest effects (Fig. 7H). These
findings support the rationale for simultaneously target-
ing the three IL molecules to control SIS and enable vac-
cine responses.

Aiming to improve upon the therapeutic benefit of the
dual combination, we assessed an obvious candidate, G-CSF/
CSF3. Surprisingly, the incorporation of a neutralizing anti-
body against G-CSF did not produce any additive benefit.
Rather, the addition of anti-G-CSF on top of anti-ILIRAP
plus NP-E7LP Vax elicited, after 12 days of treatment, a loss of’
tumor control (Supplementary Fig. S7D) that was associated
with increased SP size (Supplementary Fig. S7E), and en-
hanced neutrophil infiltration and decreased abundance of
CD8 and CD4 T cells in the TME (Supplementary Fig. S7F).

Given this unexpected interference upon cotargeting neu-
trophils, we instead considered the possibility of boosting the
T-cell priming step of the therapeutic vaccine response. To
do so, we combined our dual regimen with an anti-CTLA-4
mAb, which is known to disrupt a major barrier to T-cell
priming and is reported to synergize with various cancer
vaccination regimens (46-48). The addition of anti-CTLA-4
considerably increased the survival benefit, from a median
survival of 38 days for the doublet to 59 days for the triplet
combination (Fig. 7I). It is notable that, at the defined end-
point of the study, 20% of the animals remained disease-free.

The therapeutic benefit of anti-CTLA-4 for an efficacious
vaccine response required the SIS-inhibiting anti-ILIRAP
antibody, as the dual combination of anti-CTLA-4 plus the
vaccine lacking it had minimal efficacy (Fig. 7I). Given this
lack of response, we did not test anti-CTLA-4 by itself.

As anticipated, given that it directly targets T cells, the
inclusion of anti-CTLA-4 in the triple combination was not
associated with changes in the neutrophil compartments in
the SP or tumor (Supplementary Fig. S7G) but rather with
a modulation of the lymphoid compartment in tumors, in
which the proportions of CD4 and CD8 were appreciably
increased (Fig. 7J; Supplementary Fig. S7G). The most strik-
ing effects were on CD8 T cells: the abundances of tumor-
infiltrating effector, cytotoxic, and proliferative CD8 T cells
in the triple therapy were increased compared with the dou-
ble combinations lacking either anti~-CTLA-4 or anti-ILIRAP
(Fig. 7). We confirmed these results in triplet-IL-OE H16sc-
ImP tumors, in which, as expected, the overexpression of
SIS-inducing factors blocked the vaccine response, producing
no survival benefit (Supplementary Fig. S7H). In marked con-
trast, addition of anti-ILIRAP rescued the vaccine response,
which was further improved by combining it with anti-
CTLA-4 (Supplementary Fig. S7H).

DISCUSSION

An important agenda for cancer research has been to
illuminate the constitution of the TME, wherein functional
capabilities - hallmarks of cancer - acquired during tum-
origenesis and malignant progression manifest cancer as a
life-threating disease (1, 49). One facet involves the recruit-
ment of tumor-promoting myeloid cells that emigrate to
populate the TME, fostering diverse tumor phenotypes, in-
cluding angiogenesis, invasion and metastasis, and immune
evasion (3-5, 50-52). Looking beyond the TME, however, it
is increasingly appreciated that cancer is also a systemic dis-
ease (7, 53, 54). In particular, there is increasing evidence for
SIS, whereby the induction of antitumoral adaptive immune
responses is abrogated in the BM and peripheral lymphoid
organs, complementing the immune barrier constituted in
the TME (7, 11). Having previously described a state of SIS
associated with an expansion of immunosuppressive neutro-
phils in SP and lymph nodes in a mouse model of HPV16-
induced cervical cancer (9), we have now deeply characterized
this phenotype and identified its mechanistic basis: squa-
mous cancer cells expressing the HPV16 oncogenes secrete
IL-1 ligands - IL-1a., IL-33, and IL-36f3 - into the circulatory
system, whereby they program differentiation in the BM and
expansion of distinctive neutrophil subtypes, in particular
immunosuppressive ones, that populate the SP and tumor.
The aberrant neutrophil expansion is dependent on this trip-
let of IL-1 ligands, as evidenced by the collective inhibition of
their distinctive receptors via antibody-mediated blockade of
a common subunit, ILIRAP. Inhibition of pan-IL-1 signaling
reprograms neutrophil development, which disrupts SIS,
rendering an otherwise immunoevasive tumor type respon-
sive to immunotherapy.

Human cervical cancer induced by high risk HPVs is the
second most common cause of cancer-related death world-
wide in women aged 15 to 44 years (55) and fourth overall (56).
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In contrast to the success of prophylactic vaccines, HPV16-
based oncoprotein vaccines have minimal efficacy against in-
vasive cervical carcinomas (57-59), much like in our GEMM
(9). Moreover, conventional and targeted therapies have lim-
ited efficacy (60-62). As such, an important agenda is to de-
velop effective therapies for HPV-driven cervical cancers. The
work presented herein suggest a path forward for vaccines
and other immunotherapies in human cervical cancer, involving
the disruption of SIS (and inferentially the immunosuppres-
sive TME) induced by a triplet of IL-1 ligands via blockade
of IL-1 superfamily receptor signaling, which unlocks ther-
apeutic efficacy of a prototypical HPV16 vaccine. To assess
the possible association of SIS induced by IL-1o/f, IL-33,
and IL-36p in human cervical cancer, we developed a 10-gene
signature that predicts poorer survival in a TCGA cohort of
CESC. Interestingly, our SIS signature includes two chemo-
kines, CXCL2/5, which are known to stimulate neutrophil
recruitment, whose therapeutic blockade has shown benefit
in preclinical trials, reducing neutrophil abundance concom-
itant with enhancing tumor-antagonizing T-cell responses in
mouse models of pancreas and other cancers (25, 63, 64). Our
data suggest that CXCL2/5 are upregulated by IL-1 superfam-
ily signaling as a component of the SIS program they induce.

Beyond HPV16-driven cervical cancer, our SIS signature
and other bioinformatic analyses of a TCGA tumor dataset
have implicated SIS in significant subsets of the head and neck
(HNSC), lung (LUSC), and invasive bladder cancer (BLCA),
along with rare subsets of other tumor types. We suspect that
subsets of additional human cancers beyond the 13 analyzed
herein may also present with this form of multi-IL-1-induced
SIS, which could be identified with our gene signature. Con-
cordantly, the importance of IL-1 signaling in cancer is being
increasingly recognized, principally involving IL-1pB, which
shares its receptor with IL-1a.. Thus, a clinical trial of an anti-
IL-1f mAD (canakinumab) for treating symptoms of athero-
sclerosis unexpectedly revealed a reduced incidence of lung
cancer (65). In contrast, however, to this “prevention trial”,
subsequent phase III intervention trials (CANOPY-A, -1,
and -2) in NSCLC failed to meet their endpoints (66-68), sug-
gesting functional redundancy or insufficiency in established
tumors for IL-1B-induced signaling. Nevertheless, a series
of studies in mouse models of breast cancer, in which IL-13
and/or IL-1a was similarly inhibited, have established roles
for IL-1 signaling in the TME and for SIS (10, 45, 69). Par-
enthetically, it will be interesting to assess tumors relapsing
on therapies singularly targeting anti-IL-1f, as our study

<

suggests that a logical adaptive resistance mechanism might
involve upregulation of IL-1a, IL-33, and/or IL-36f, which
could then be targeted with anti-ILIRAP and other pan-IL-1
inhibitors (66-68). These broader considerations notwith-
standing, our focus has been on elucidating and abrogating
SIS in HPV16-induced cervical cancer, giving the important
opportunity to unlock the suppressed potential of oncoprotein
vaccines in the context of a combinatorial immunotherapy, as
discussed below.

The data presented herein indicate that IL-1a., IL-33, and
IL-36B have overlapping but only partially redundant func-
tional roles in stimulating expression of genes involved in SIS,
as revealed by comparative analysis and genetic perturbation
of cancer cell lines with distinctive SIS phenotypes derived
from our mouse model of cancer-induced SIS, and by evaluat-
ing their individual and collective effects in a cell-based model
of myeloid differentiation into neutrophils. Moreover, inoc-
ulation of normal mice with the three IL-1 ligands induces a
similar expansion of immunosuppressive neutrophils in BM
and SP. A prominent candidate for regulation of SIS, G-CSF/
CSF3, which stimulates expansion of neutrophils, cannot
recapitulate these effects but rather is evidently induced by
and then collaborates with IL-1 superfamily signaling to elicit
SIS in vivo and to inhibit CD8 T-cell proliferation in coculture
bioassays.

The overlapping and complementary roles of IL-1a, IL-33,
and IL-36f in stimulating immunosuppressive myeloid ex-
pansion, and the demonstrable capability to inhibit this ef-
fect by targeting the common subunit - ILIRAP - of their
distinctive heterodimeric receptors, motivated therapeutic
trials that revealed the importance of SIS for expansive
tumor growth. As monotherapy, anti-ILIRAP decreased SP
size, lowered the abundance of neutrophils in the SP, and
consequently reduced the NtoT ratio therein. Moreover,
anti-IL1IRAP also downregulated the aforementioned immu-
nosuppressive “MDSC” gene signature in the SP and tumors
and rescued antigen-specific T-cell proliferation when cocul-
tured with peripheral neutrophils. Thus, blockage of IL-1
superfamily signaling reprogrammed neutrophil expansion
and phenotype, significantly attenuating SIS, concomitant
with a modest impairment in tumor growth. Although all
experiments point toward a prominent role for neutrophils
in the antitumor mechanism of anti-ILIRAP, we cannot fully
exclude the possibility that anti-IL1RAP may modulate other
less abundant cell types expressing ILIRAP. Notably, these
preclinical trials and those discussed below were performed

Figure 7. (Continued) (untreated mice). Untreated (n=3), IC + NP-E7LP VAX (n=10), alLIRAP + NP-E7LP VAX (n = 14). D, The NtoT ratio, measured

by flow cytometry, in the SPs of treated H16sc-IS1 mice on day 18. E, Proportion of different CD8 T-cell types in tumors of H16sc-IS1 mice on day 18,
treated as indicated, measured by flow cytometry. For D and E: IC + NP-E7LP VAX (n=17), alLLRAP + NP-E7LP VAX (n=13).F, Survival trial assessing the
importance of CD8 T-cell responses in the alL1RAP plus NP-E7LP VAX combinatorial treatment by using an anti-CD8 antibody depletion strategy. Several
regimens were compared: alLLRAP alone (n=6), NP-E7LP VAX alone (n=6), or NP-E7LP VAX plus alLIRAP combined or not with anti-CD8 treatment,
(n=7)and (n=6), respectively. G, The NtoT ratio, measured by flow cytometry, in the tumors of treated H16sc-1S1 mice on day 18. IC+NP-E7LP VAX
(n=13),alLIRAP+NP-E7LP VAX (n=16). H, Survival trial assessing the relevance of cotargeting the parallel signaling pathways induced by the multiple IL
molecules compared with blocking the IL-1a./B pathway alone. NP-E7LP VAX-treated mice (n=10) were compared with mice treated with NP-E7LP VAX
combined either with alLIRAP (n=9), anti-IL-1R (alL-1R; n=9), or anti-IL-1B (alL-1B; n=7).1, Survival trial assessing the effect of combinatorial regimens
involving NP-E7LP VAX with alL1RAP and/or anti-CTLA-4 (aCTLA-4), in H16sc-IS1 tumor-bearing mice. Untreated (n=13), alL1RAP (n=6),
NP-E7LP VAX (n=12), aCTLA-4 + NP-E7LP VAX (n=7), alLLRAP + NP-E7LP VAX (n=8), and alLIRAP + aCTLA-4 + NP-E7LP VAX (n=9). For F, H,

and |, statistical significance was computed with Mantel-Cox tests. J, Flow cytometry analysis on day 18 of CD8 T-cell subtypes in the tumor, normalized
to the untreated condition. Untreated (n=7), NP-E7LP VAX (n=11-17),aCTLA-4 + NP-E7LP VAX (n=3), alLIRAP + NP-E7LP VAX (n=9-13), and alL1IRAP
+aCTLA-4 +NP-E7LP VAX (n=6). Data in quantitative panels are presented as the mean + SEM (* P < 0.05; **, P < 0.01; ***, P <0.001; *** P <0.0001;
ns, no statistical significance; computed with two-way ANOVA or the Mann-Whitney test, unless specified otherwise).
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in mice bearing tumors from the SIS-inducing H16sc-IS1
cancer cell line that was derived from a skin tumor in the
K14HPV16/H2b GEMM. Unfortunately, strict veterinary pol-
icies in Switzerland have precluded preclinical trials on mice
bearing de novo cervical and skin tumors in the GEMM.
Given that we had previously implicated SIS in the lack of
efficacy of a potent peptide vaccine based on the E7 oncopro-
tein of HPV16 (8, 9), we assessed the potential of anti-ILIRAP
to enable its therapeutic activity by attenuating SIS. Indeed,
the combination showed improved efficacy and survival ben-
efit compared with either monotherapy. We also established
the relevance of cotargeting IL-1a, IL-1f, IL-33, and IL-36f
using anti-IL1RAP, as opposed to selectively interfering with
the IL-1 pathway, given that anti-IL-1f or anti-IL-1R combined
with NP-E7LP Vax showed no or a modest response, respec-
tively. These results are indicative of complementary roles for
the IL-1 ligands in inducing this form of SIS. Seeking to fur-
ther improve upon the benefits of anti-IL1RAP, and reasoning
that other tumor-derived factors could be contributing to the
expansion of immunosuppressive neutrophils, we incorpo-
rated anti-G-CSF/CSF3 in a triple therapy. Surprisingly, the
inclusion of anti-G-CSF/CSF3 counteracted the benefits of
anti-IL1IRAP after 14 days of treatment, increasing neutro-
phil and decreasing CD8 T-cell abundance in the TME and
restoring tumor growth. Noting that G-CSF is a downstream
effector of IL-1 signaling that helps induce and exacerbate
SIS, these data seem counterintuitive. However, a few points
warrant consideration. First, it seems that cancer cells have
the ability to upregulate G-CSF/CSF3 in an IL-1-independent
manner, as shown by the unchanged Csf3 mRNA expression
upon IlIrap knockdown in cancer cells. Additionally, it is
unclear whether anti-G-CSF is neutralizing all bioavailable
G-CSF, such that relapsing tumors could either increase
G-CSF production or bypass its activity by producing an alter-
native growth factor such as GM-CSF. Concordantly, we pre-
viously reported that anti-G-CSF had no benefit combined
with NP-E7LP Vax (in the absence of IL-1 blockade; ref. 9).
We now suspect that inhibiting G-CSF, an essential neutro-
phil growth factor, in addition to pan-IL-1 signaling, exerts
strong selective pressure on the granulocytic compartment,
eliciting an early adaptive resistance that results in alternative
mechanisms of SIS, characterized by a rebound in neutrophil
numbers and associated loss of tumor control upon vaccina-
tion. Focusing instead on the T-cell compartment, considering
that the CTLA-4 checkpoint is known to limit vaccine-induced
T-cell priming and the activation of de novo immune re-
sponses (46), we incorporated anti-CTLA-4 into the regimen.
This triple combination proved beneficial, impairing tumor
growth and increasing survival, concomitant with markedly
increasing the abundance and activity of tumor-infiltrating
T cells. Thus, whereas the HPV16 E7 vaccine had minimal ef-
ficacy as monotherapy, the mechanism-guided combination
of targeting neutrophils with anti-ILIRAP and T-cell priming
with anti-CTLA-4 produced significant therapeutic benefit.
In conclusion, by elucidating a mechanism of SIS induced
by pan-IL-1 signaling, and demonstrating a therapeutic
strategy to disrupt it, our results encourage consideration of
clinical trials in patients with cervical carcinomas, combin-
ing anti-ILIRAP or other pan-IL-1 superfamily inhibitors
with HPV oncoprotein-derived vaccines and anti-CTLA-4,

and conceivably other immunomodulatory agents, consti-
tuting a next-generation immunotherapy with potentially
ground-breaking efficacy. Finally, investigating alternative
therapeutic combinations that do not include the vaccine,
such as anti-IL1IRAP plus other immune checkpoint inhibi-
tors, is a topic worthy of future investigation.

METHODS

Mouse Models

For all experiments, K14HPV16/H2b mice (European Mouse
Mutant Archive ID EM:15289) or their FVBN/H2b littermates
(EM:15300) were used. A characterization of the K14HPV16/H2b
model was reported previously (8, 9). The K14HPV16/H2b line was
generated by crossing K14HPV16/FVBN (H2q) mice (13, 14) with
C57BL/6 (H2b) mice to introduce the entire H2b locus, followed
by backcrossing to FVBN to render the mice congenic for H2b but
otherwise genetically FVBN. This genetic configuration allows
K14HPV16/H2b mice to present E7-derived peptides on MHCI mol-
ecules while maintaining the FVBN background that is permissive
for squamous carcinogenesis. F1 mice were backcrossed for 11 gen-
erations to FVBN, selecting for the H2b locus in every generation by
flow cytometry analyses of H2Kb and H2Db. Afterward, nontrans-
genic mice were intercrossed to generate homozygous FVBN/H2b
congenic mice expressing H2Kb and H2Db but not H2Kq and
H2D/Lq. To maintain the GEMM, K14HPV16/H2b males were
crossed to FVBN/H2b females, and transgenic progeny were iden-
tified by PCR of toe biopsies (forward primer: ACCCAGAAAGT
TACCACAGTTATGC; reverse primer: TGCTTGCAGTACACACATT
CTAAT) using the Transnetyx Genotyping service (https://quickorder.
transnetyx.com/). K14HPV16/H2b females were subcutaneously im-
planted with estrogen-releasing pellets at ages 1, 3, and 5 months to
obtain cervical tumors.

The H16sc-IS1, H16sc-Int and H16sc-ImP cancer cell lines were
derived by authors from skin SCCs arising in K14HPV16/H2b mice.
Cancer cell lines were cultured in RPMI (Thermo Fisher Scientific),
10% FBS (Thermo Fisher Scientific), and penicillin/streptomycin
(100 U/mL penicillin and 100 pg/mL streptomycin; Thermo Fisher
Scientific). All cell lines were routinely tested for Mycoplasma.

For syngeneic tumor models, 0.7 x 10¢ (H16sc-IS1) or 1.0 x 10°
(H16sc-Int and H16sc-ImP) cancer cells were implanted subcutane-
ously in 100 pl PBS/Matrigel (Corning, 1:1 solution) into the flank
of 6- to 9-week-old FVBN/H2b mice. Tumor growth was measured
with a caliper using the formula V = W2Ln/6. All experiments were
performed in accordance with Swiss law and with the ethical approval
of the Cantonal Veterinary Office of Canton de Vaud, Switzerland.
The design of the experimental trials and follow-up analyses are pre-
sented in the Results section. For detailed information on sample size
and statistical methods, please see the presented figures or associated
figure legends.

CFU Cultures of Mouse HSPCs

For CFU assays, HSPCs were enriched from BM single-cell sus-
pensions of K14HPV16/H2b and FVBN/H2b mice using EasySep
Mouse Hematopoietic Progenitor Cell Isolation Kit (Stemcell Tech-
nologies) according to the manufacturer’s instructions. Isolated
HSPCs were resuspended at a cell density of 0.2 x 10° cells/mL in
complete media: IMDM + 2% FBS + 1% penicillin/streptomycin
(Thermo Fisher Scientific). A measure of 10° cells were plated in
each well of an ultra-low attachment 24-well plate (500 pL/well),
and another 500 pL of complete culture media, supplemented or
not with 20% mouse serum, were added on top. Mouse serum was
used at a final concentration of 10%. HSPCs were incubated over-
night at 37°C, 5% CO,. The next day, cells were harvested, counted,
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and resuspended at 10* cells/mL in complete media. A measure of
400 pL of cells were added to 4 mL of prealiquoted methylcellulose-
based MethoCult media optimized for the growth of granulocyte-
macrophage progenitor cells. HSPC-containing MethoCult media
was then vortexed and allowed to stand at room temperature for 5
minutes, and 1.1 mL were plated in triplicate in a six-well plate. Plates
were incubated in a moist chamber at 37°C, 5% CO,, for 8 days. On
day 8, individual colonies were counted under a microscope and char-
acterized based on their morphologic features. Three distinct types of
colonies could be observed: CFU-GM, CFU-G, and CFU-M. Where-
as CFU-GM arises from bipotent progenitors, GFU-G and CFU-M
arise from unipotent progenitors and give rise to cells of granulocytic
and monocytic lineages, respectively. Data were plotted in GraphPad
Prism (RRID: SCR_002798) v9 according to the treatment groups.

Differentiation of HoxB8 Progenitors

HoxB8 neutrophil progenitors and stem cell factor (SCF)-
producing Chinese hamster ovary (CHO) cells were kindly gifted by
Prof. Thomas Kaufmann (University of Bern, Switzerland). HoxB8
progenitors were cultured in RPMI (Thermo Fisher Scientific), 10%
FBS (Thermo Fisher Scientific), 1% penicillin/streptomycin (Thermo
Fisher Scientific), 50 pmol/L 2-Mercaptoethanol (Thermo Fisher
Scientific), and 10% conditioned media from SCF-producing CHO
cells. HoxB8 cells were kept in the immortalized progenitor state
by addition of 0.1 pmol/L 4-hydroxytamoxifen (4-OHT) to the cul-
ture media. To initiate neutrophil differentiation, cells were washed
3x with PBS to remove all traces of 4-OHT. Cells were then resus-
pended at 2.5 x 10* cells/mL in complete media (without 4-OHT)
supplemented or not with recombinant cytokines. Recombinant
mouse IL-10., IL-33, and G-CSF were purchased from Peprotech and
used at a concentration of 0.5 ng/mL. Recombinant mouse IL-363
was purchased from R&D Systems and used at a concentration of
0.5 ng/mL. Cells were plated in six-well plates (3 mL/well) and in-
cubated at 37°C, 5% CO,, for 5 days. Differentiation media were
replenished on day 3. On day S, differentiated HoxB8 neutrophils
were collected by centrifugation and used for further analysis.

Systemic Administration of Recombinant Cytokines

Recombinant mouse G-CSF, IL-1a, and IL-33 were purchased
from Peprotech. Recombinant mouse IL-36f was purchased from
R&D Systems. Cytokines were systemically administered into 6- to
9-week-old FVBN/H2b mice by repeated intraperitoneal injection.
Mice were injected on days 0, 2, 5, and 7 (for a total of 4 injections/
mouse) and were sacrificed on day 8. IL-1a. and G-CSF were ad-
ministered at 0.25 pg/dose. IL-33 and IL-36p were administered
at 0.5 pg/dose.

Therapeutic Trials

Mouse-specific antibodies molecules were administered intraperi-
toneally, as described below, once the tumors reached the tumor vol-
ume defined in the experimental setup (Results section) using simple
randomization. Anti-ILIRAP (mNadunolimab, clone 3A9, property
of Cantargia AB) and matched IC (mouse IgG2a), both provided
by Cantargia AB, were injected at 500 pg/mouse for the first dose,
followed by 250 pg/mouse every 3 days. Anti-CTLA-4 (Bio X Cell,
clone 9D9) was injected at 250 pg/mouse every 3 days. Anti-G-CSF
(Thermo Fisher Scientific, Cat# 16-7353-38, RRID: AB_2866300) was
injected at 100 pg/mouse 3 times a week. NP-E7LP Vax was adminis-
tered as a single dose 1 day after antibody treatment start.

NP-E7LP Vaccine Preparation and Immunization

The CpG-B 1826 oligonucleotide (5'-TCCATGAGCTTCCTG
ACGTT-3' as phosphorothioated DNA bases) was purchased
from Microsynth and used as adjuvant in vaccine formulations.

HPV16 E7 long peptide (aa 43-77: GQAEPDRAHYNIVTFCCKCD-
STLRLCVQSTHVDIR, purity >90%) was purchased from Think
Peptides and used for nanoparticle (NP) conjugation. NPs were syn-
thesized, functionalized, and characterized as previously described
(70-72). For antigen conjugation, the HPV16 E7 long peptide was
dissolved in DMSO and incubated for 12 hours in endotoxin-free
water at room temperature in the presence of NPs and guanidine
hydrochloride (AppliChem) at room temperature. NP-E7LP was
purified by size-exclusion chromatography using CL-6B matrix
(Sigma-Aldrich), eluted, and stored in PBS at room temperature.
E7LP loading on the NPs was measured by bicinchoninic acid assay
(Thermo Fisher Scientific). NPs alone have been shown to have no
adjuvant activity. Mice were immunized with a total amount 15 pg
of E7LP in the NP-bound form, and 40 pg of CpG was used as ad-
juvant. Nonimmunized mice were treated with PBS. Mice received
1 shot of vaccine as indicated in the text. Subcutaneous immuni-
zations of mice were performed in the four limbs using the Hock
method (73).

Preparation of Cell Suspensions

BM single-cell suspensions were generated from femurs and
tibiae of mice. Cells were flushed by centrifuging the bones cut
at the knee joint. The isolate was filtered through a 40 pm cell
strainer. Single-cell suspensions of SPs were generated by mash-
ing the SP through a 40 um cell strainer. Tumors were harvested
and minced using a scalpel and digested for 30 minutes using col-
lagenase A (0.33 U/mL, Roche), dispase (0.85 U/mL, Roche), and
DNAse I (144 U/mL, Roche) in RPMI medium with intermittent
shaking at 37°C. Afterward, tumor single-cell suspensions were
passed through a 70 pm cell strainer. Blood was collected by int-
racardiac puncture into EDTA-coated tubes. Red blood cells were
lysed with BD Pharm Lyse Lysing buffer (BD Biosciences, ref.
555899) according to the manufacturer’s instructions. Cell sus-
pensions were further used for flow cytometry analysis, cell isola-
tion, or scRNA-seq.

Proliferation of Anti-CD3/Anti-CD28-Activated CD8
T Cells Cocultured with Total Myeloid Cells or Purified
Neutrophils

CD8 T cells were magnetically isolated from the SP using Easysep
Mouse CD8" T cell Isolation Kit (Stemcell Technologies) according
to the manufacturer’s instructions. Total CD11b cells were magnet-
ically isolated from the SP and tumor using EasySep Mouse CD11b
Positive Selection Kit II (Stemcell Technologies) according to the
manufacturer’s instructions. Neutrophils were magnetically isolated
from the SP using the mouse Anti-Ly-6G MicroBeads UltraPure Kit
(Miltenyi Biotec) according to the manufacturer’s instructions. For
proliferation assays, CD8 T cells were labelled with CFSE and co-
cultured with total CD11b cells or neutrophils in a 1:1 ratio (unless
specified otherwise) with anti-CD3/anti-CD28 Dynabeads for T-cell
activation and expansion. Cocultured cells were harvested 48 to 72
hours later, stained with a viability dye (LIVE/DEAD Fixable Violet
Dead Cell Stain Kit, Invitrogen), and analyzed by flow cytometry to
assess their proliferation.

Tumor Antigen-Specific Proliferation of CD8 T Cells
Cocultured with Neutrophils

Single-cell suspensions of SPs (total splenocytes) and splenic
CD8 T cells from NP-E7LP-vaccinated mice were obtained as pre-
viously described. Neutrophils were isolated from the SP as previ-
ously described. For tumor antigen-specific proliferation assays,
CD8 T cells were labelled with CFSE and restimulated with 1 pg/mL of
the HPV16 E7 peptide RAHYNIVTF in the presence of total sple-
nocytes and neutrophils at a 1:1:1 ratio. Cocultured cells were
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harvested 72 hours later, stained with a viability dye (LIVE/DEAD
Fixable Violet Dead Cell Stain Kit, Invitrogen), and analyzed by flow
cytometry to assess their proliferation.

ROS Production Assay

Neutrophils were isolated from the SP as previously described,
and 200,000 cells/well were plated in a 96-well round bottom plate
for 1 hour at 37°C in RPMI (Thermo Fisher Scientific) + 10% FBS
(Thermo Fisher Scientific) + 1% penicillin/streptomycin (Thermo
Fisher Scientific). Media were then removed, and the ROS-reactive
dye 2',7'-dichlorofluorescin diacetate (Sigma-Aldrich) was added at
a final concentration of 10 pg/mL in PBS for 30 minutes at 37°C.
Phorbol 12-myristate 13-acetate at a final concentration of 1 pg/mL
was used to stimulate ROS production. At the end of the experiment,
cells were harvested, stained with a live/dead dye, and analyzed by
flow cytometry.

In vitro T Cell-Killing Assay

CD8 T cells were isolated from the SP of NP-E7LP-vaccinated
mice as previously described and cocultured at a 1:1 ratio with growth
arrested H16sc-IS1 cancer cells (previously treated with 20 pg/mL
mitomycin C) for 21 days in the presence of IL-2 (15 ng/mL) and IL-7
(10 ng/mL) to select and expand tumor-reactive CD8 T cells. The
cancer cell feeder layer was replaced on day 10. Neutrophils were
isolated from the SP as previously described. For in vitro T cell-
killing assays, 7.5 x 10* H16sc-IS1 cancer cells were labelled with
CFSE, seeded in a 96-well flat bottom plate, and cocultured for 24
hours with tumor-reactive CD8 T cells and neutrophils at a 1:4:4
ratio in the presence of IL-2 (10 ng/mL). Cocultured cells were
harvested 24 hours later, stained with a viability dye (LIVE/DEAD
Fixable Violet Dead Cell Stain Kit, Invitrogen), and analyzed by flow
cytometry to assess cancer cell death.

Flow Cytometry

Single-cell suspensions of the BM, SPs or tumors were blocked
with anti-mouse CD16/32 (BioLegend, Cat#101302) for 15 minutes
on ice. Live/dead staining was performed using fixable viability stain
kits (LIVE/DEAD Fixable Red Dead Cell Stain Kit, LIVE/DEAD Fix-
able Aqua Dead Cell Stain Kit, or LIVE/DEAD Fixable Yellow Dead
Cell Stain Kit, Invitrogen) for 15 minutes on ice. For surface staining,
cells were incubated with antibodies diluted in FACS buffer on ice for
30 minutes. E7-specific CD8 T cells were identified by staining with
a tetramer recognizing the HPV16 E7 peptide 49 to 57 presented by
H2Db (generated by the department of Oncology UNIL CHUV, Uni-
versity of Lausanne, Switzerland) on ice for 30 minutes. To perform in-
tracellular immunostaining, mice were treated with 250 g brefeldin
A for 6 hours prior to euthanasia. Cells were fixed and permeabilized
with the Foxp3/Transcription Factor Staining Buffer Set (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Intra-
cellular staining was carried out in Perm/Wash buffer overnight at
4°C. After staining, cells were washed and resuspended in FACS buf-
fer. The following antibodies were used: Ly6G-PacB (BioLegend, Cat#
127611, RRID: AB_1877212), CD3-BV510 (BioLegend, Cat# 100353,
RRID: AB_2565879), CD3-FITC (Thermo Fisher Scientific, Cat#
11-0031-85, RRID: AB_464883), CD3-PerCP-CyS.5 (Thermo Fisher
Scientific, Cat# 45-0031-82, RRID: AB_1107000), CD3-PE-Cy7
(Thermo Fisher Scientific, Cat# 25-0031-82, RRID: AB_469572),
CD3-PE-Cy5 (Thermo Fisher Scientific, Cat# 15-0031-63, RRID:
AB_468688), CD19-BV510 (BioLegend, Cat# 115546, RRID:
AB_2562137), CD19-PE-Cy5 (BioLegend, Cat# 115510, RRID:
AB_313645), NKp46-BVS10 (BioLegend, Cat# 137623, RRID:
AB_2563290), CCR2-BV605S (BD Biosciences, clone 475301),
CD64-BV711 (BioLegend, Cat# 139311, RRID: AB_2563846),

CD103-BV785 (BioLegend, Cat# 121439, RRID: AB_2800588),
SiglecF-AF488 (BioLegend, Cat# 155523, RRID: AB_2890713), Ly6C-
PerCP-Cy5.5 (Thermo Fisher Scientific, Cat# 45-5932-82, RRID:
AB_2723343), PD1-PE (Thermo Fisher Scientific, Cat# 12-9981-83,
RRID: AB_466291), F4/80-PE-Cy5 (BioLegend, Cat# 123110, RRID:
AB_893486), CD11b-PE-Cy7 (Thermo Fisher Scientific, Cat# 25-
0112-81, RRID: AB_469587), CD11b-PE-Cy5 (Thermo Fisher Scien-
tific, Cat# 15-0112-81, RRID: AB_468713), CD11b-PacB (BioLegend,
Cat# 101223, RRID: AB_755985), CD11b-BV510 (BioLegend, Cat#
101245, RRID: AB_2561390), PDL1-APC (BioLegend, Cat# 124311,
RRID: AB_10612935), CD45-AF700 (BioLegend, Cat# 103127,
RRID: AB_493714), CD45-APC-Cy7 (BioLegend, Cat# 103115,
RRID: AB_312980), CD45-APC (BD Biosciences, Cat# 559864, RRID:
AB_398672), CD11c-APC-Cy7 (BioLegend, Cat# 117323, RRID:
AB_830646), CD11c-PE-CyS5 (Thermo Fisher Scientific, Cat# 15-0114-
82, RRID: AB_468717), SiglecH-BV650 (BD Biosciences, clone 440c),
iNOS-AF488 (Thermo Fisher Scientific, Cat# 53-5920-80, RRID: AB_
2574422), MHCII-PE (eBiosicence, clone M5/114.15.2), MHCII-
BV650 (BioLegend, Cat# 107641, RRID: AB_2565975), Egr2-APC
(Thermo Fisher Scientific, Cat# 17-6691-82, RRID: AB_11151502),
B220-PerCP-CyS5.5 (Thermo Fisher Scientific, Cat# 45-0452-80, RRID:
AB_906234), B220-PE-CyS5 (Thermo Fisher Scientific, Cat# 15-0452-
82, RRID: AB_468755), CD8-PacO (Thermo Fisher Scientific, Cat#
MCDO0830, RRID: AB_10376311), CD8-PE-Cy7 (BioLegend, Cat#
100721, RRID: AB_312760), CD8-PE-CyS (BioLegend, Cat# 100709,
RRID: AB_312748), CD4-APC-eF780 (Thermo Fisher Scientific, Cat#
47-0041-82, RRID: AB_11218896), CD4-PE-CyS5 (Thermo Fisher Sci-
entific, Cat# 15-0041-83, RRID: AB_468696), FoxP3-PE-Cy7 (Thermo
Fisher Scientific, Cat# 25-5773-80, RRID: AB_891554), CD62L-FITC
(BioLegend, Cat# 104405, RRID: AB_313092), CD44-APC-eF780
(Thermo Fisher Scientific, Cat# 47-0441-82, RRID: AB_1272244),
KLRG1-PE (BioLegend, Cat# 138407, RRID: AB_10574005), CD127-
BV421 (BioLegend, Cat# 135027, RRID: AB_2563103), Ki67-PacB
(BioLegend, Cat# 652422, RRID: AB_2564490), TNFa-FITC (Ther-
mo Fisher Scientific, Cat# 11-7321-82, RRID: AB_465418), Gzmb-PE
(Thermo Fisher Scientific, Cat# 12-8898-82, RRID: AB_10870787),
IFNg-APC (BioLegend, Cat# 505810, RRID: AB_315404), Gr1-PE-
CyS5 (Thermo Fisher Scientific, Cat# 15-5931-82, RRID: AB_468813),
NK1.1-PE-Cy5 (BioLegend, Cat# 108716, RRID: AB_493590),
Ter119-PE-CyS5 (Thermo Fisher Scientific, Cat# 15-5921-82, RRID:
AB_468810), c-Kit-APC (Thermo Fisher Scientific, Cat# 17-1171-
82, RRID: AB_469430), Sca-1-biotin (Thermo Fisher Scientific,
Cat# 13-5981-82, RRID: AB_466834), CD34-FITC (Thermo Fish-
er Scientific, Cat# 11-0341-82, RRID: AB_465021), and FcyR-PE
(BD Biosciences, Cat# 553145, RRID: AB_394660). Fluorophore-
conjugated streptavidin was used to detect biotinylated antibodies:
SA-APC-Cy7 (BioLegend, Cat# 405208). The compensation was
performed using OneComp eBeads (Invitrogen). Samples were run
on a BD LSR Fortessa, Gallios (Beckman Coulter), CytoFLEX S
(Beckman Coulter), or CytoFLEX LX (Beckman Coulter) cytometer,
and the data were processed with the FlowJo (RRID: SCR_008520)
v10.7.1 software and GraphPad Prism (RRID: SCR_002798) v9.

Immunofluorescence Staining of Mouse Tumors

Harvested mouse tissues were fixed in 4% paraformaldehyde
overnight, embedded in paraffin, and sectioned using a microtome
(Leica). Antigen retrieval was performed in a citrate buffer (pH = 6.0)
in a water bath at 95°C for 20 minutes, followed by 0.3% H,O, treat-
ment for 10 minutes at room temperature. Primary antibodies were
incubated in blocking buffer (5% normal donkey serum and 2% BSA)
at 4°C overnight. Chicken anti-keratin 14 (BioLegend, Cat# 906004,
RRID: AB_2616962; 1:500), rat anti-Ly6G (BioLegend, Cat# 127602,
RRID: AB_1089180; 1:100), and rabbit anti-CD11b (Abcam, Cat#
ab133357, RRID: AB_2650514; 1:400) were used. Secondary antibod-
ies (Alexa Fluor 488, 568, and 647; Thermo Fisher Scientific, catalog

1476 | CANCER DISCOVERY JULY 2025

AACRlJournals.org

920z Arenuga z} uo 1sanb Aq Jpd-Z80-G2-PO/E699Z9E/8SY L/ L/S |APd-ajonie/Aiancosipiaouea/Bio-s|eunolioee//:dny Wwoly papeojumoq


http://AACRJournals.org

Cotargeting Multi-IL-1-Induced SIS Enables an HPV16 Vaccine

nos.A-11006,A-11077,and A-21247) in blocking buffer were incubated
at room temperature for 45 minutes. Finally, tissues were counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI) before mounting,.

RNA Scope Staining of Mouse Tumors

The RNAscope Multiplex Fluorescent V2 assay (BioTtechne,
Cat. No. 323110) was performed according to the manufacturer’s
protocol on 4-um paraffin sections. They were hybridized with
either Mm 3plex-positive control (Bio-Techne, Cat. No. 320881),
3Plex-negative control (Bio-Techne, Cat. No. 3200871), or a com-
bination of the following probes Mm I136b-C1 (Bio-Techne, Cat.
425231), Mm 1133-C2 (Bio-Techne, Cat. 400591-C2), and Mm
I11a-C3 (Bio-Techne, Cat. 440391-C3) at 40°C for 2 hours. The
channels were revealed with TSA Opal570 (Akoya Biosciences, Cat.
No. FP1488001KT) for C1, TSA Opal650 (Akoya Biosciences, Cat.
No. FP1496001KT) for C2, and TSA Opal520 (Akoya Biosciences,
Cat. No. FP1487001KT) for C3 diluted 1:1,500. After 30 minutes
of blocking with 1% BSA, tissues were incubated with the primary
antibody, rabbit anti-pan cytokeratin, (Novus, Cat# NB600-579,
RRID: AB_2296858; (1:100) overnight at 4°C. After incubation with
the secondary antibody, goat anti-rabbit Alexa Fluor 750 (Thermo
Fisher Scientific, Cat# A-21039, RRID: AB_2535710; 1:800), tissues
were counterstained with DAPI and mounted with ProLong Gold
Antifade Mountant (Thermo Fisher Scientific, Cat# P36930).

RNA Isolation, Reverse Transcription, and RT-qPCR

RNA from cancer cells and bulk tumors was isolated using miR-
Neasy Mini Kit (Qiagen). RNA from primary or HoxB8 neutrophils
was isolated using miRNeasy Micro Kit (Qiagen). All the procedures
were performed according to the manufacturer’s instructions.
A total of 100 to 500 ng of RNA was used for cDNA synthesis using
PrimeScript RT Master Mix (TaKaRa). RT-qPCR was performed
using Rotor-Gene SYBR Green Master Mix (Qiagen).

Mouse Serum Preparation

Blood was collected by intracardiac punction into Eppendorf
tubes and allowed to coagulate at room temperature for 30 min-
utes. Tubes were then centrifuged at 2,000 g for 10 minutes, 4°C,
and serum was carefully collected without disturbing the blood
clot. Serum samples were then aliquoted and frozen at —80°C until
further use, avoiding repeated freeze/thaw cycles.

Mouse Cytokine Quantification

Secreted cytokines in mouse serum or cancer cell conditioned
media were quantified by ELISA or LEGENDplex technologies ac-
cording to the manufacturers’ instructions.

IL-1a and IL-1B were quantified using the 13-plex LEGENDplex
Mouse Inflammation Panel (BioLegend) or a custom LEGENDplex
panel (BioLegend). IL-33 was quantified using a custom LEGEND-
plex panel (BioLegend), or the Mouse IL-33 ELISA Kit (RayBiotech).
IL-36P was quantified using Mouse IL-36 B/IL-1F8 ELISA Kit (Ray-
Biotech). G-CSF was quantified using Mouse G-CSF DuoSet ELISA
kit (R&D Systems).

Overexpression of Triplet IL-1 Ligands in Cancer Cells

Mouse Illa [ORF (NM_010554.4)], mouse II33 [ORF (NM_
133775.3)], and mouse /360 [ORF (NM_027163.4)] were overex-
pressed under the EFIA promoter in H16sc-ImP cancer cells by
lentiviral transduction. Expression vectors and control constructs
were custom made by VectorBuilder. Lentivirus production and
p24 titration (ELISA) were performed at the Gene Therapy Core
Facility, EPFL, Switzerland. Cancer cells were plated at 4 x 10*
cells/well in a 24-well plate and incubated at 37°C overnight.

The next day, when cells had reached 30% to 40% confluency, viral
particles were added to cells (200 TU/cell) for overnight incuba-
tion at 37°C with 8 pg/mL of polybrene. The following day, media
were changed and cells were allowed to recover for 48 hours before
antibiotic selection was initiated with puromycin (2 pg/mL for
Il1a), G418 (300 pg/mL for 1/33), or blasticidin (4 pg/mL for 1136b).
Coexpression of the three ligands was achieved through three suc-
cessive rounds of transduction.

Proliferation of H16sc-IS1 Cancer Cells

For colony formation assays, H16sc-IS1 cancer cells were re-
suspended in RPMI (Thermo Fisher Scientific), 10% FBS (Thermo
Fisher Scientific), and 1% penicillin/streptomycin (Thermo Fisher
Scientific) and in some cases supplemented with 10 pg/mL of mAb
depending on the experimental condition. Cells were next seeded
in six-well tissue culture plates at a density of 200 cells/well. Col-
ony expansion of single cells were allowed to progress for 7 days
at 37°C, 5% CO, until control cells had formed sufficiently large
colonies (at least 50 cells). Culture media, supplemented or not with
mAb, was replenished on day 4. On day 7, colonies were washed
twice with PBS and fixed/stained with a 20% ethanol + 0.4% crystal
violet (VWR) dye solution for 15 minutes at room temperature. The
dye was aspirated, and wells were washed 3x with water or until all
excess dye was removed. Plates were allowed to dry at room tempera-
ture. The number of colonies in each well was then counted, and
data were plotted by experimental condition using GraphPad Prism
(RRID: SCR_002798) v9.

siRNA Transfection of H16sc-IS1 Cancer Cells

H16sc-IS1 cancer cells were seeded at 200,000 cells per well into
a six-well plate and transfected the next day with 20 pmol/L siRNA
(5 pL per well, 100 pmol final) using RNAIMAX lipofectamine
(5 pL per well) in OptiMEM Reduced Serum Media (Thermo Fisher
Scientific, catalog no. 13778075). The transfected cells were then
used for RNA extraction and RT-qPCR analysis 72 hours after
transfection. siRNA constructs were purchased from Dharmacon
[ON-TARGETplus predesigned siRNAs: Il1rap (Entrez gene 1680)
SMARTpool, and nontargeting siRNAs #1 and #2].

Analysis of Blood Cell Counts anti-ILIRAP-Treated Patients

Patients with cancer from the CANFOUR trial (NCT03267316)
who had received nadunolimab (CANO04) as a monotherapy (n = 36)
were used for the analysis. Blood cell counts were measured before
the treatment start (baseline) and subsequently before naduno-
limab dose was given on each visit. Patients were separated based
on their baseline neutrophil count, with a cutoff of 6 x 10° cell/mL,
resulting in a “normal neutrophil” group (baseline < 6 x 10° cells/mL;
n = 20) and a “high neutrophil” group (baseline > 6 x 10° cells/mL;
n = 16). Neutrophil count, lymphocyte count, and the NLR were
plotted as the median + 95% confidence interval. To evaluate the
effect of nadunolimab treatment on blood cell counts variation, a
mixed effect statistical analysis, with Dunnett’s multiple compari-
sons, was performed (all subsequent visits compared with baseline).
Statistical significance is indicated as *, P < 0.05; **, P < 0.01; ***,
P <0.001;and *** P <0.0001.

Human Cytokine Quantification

Single donor sera from patients with cervical cancer (pretreat-
ment) were purchased from BioIVT. Age- and sex-matched single
donor normal human serums were purchased from Innovative
Research. Secreted cytokines in human serum were quantified
by ELISA or LEGENDplex technologies according to the manu-
facturers’ instructions. IL-lo. was quantified using Human IL-1
o ELISA Kit (Raybio). IL-1B was quantified using Human IL-1B
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ELISA Kit (Raybio). IL-33 was quantified using Human IL-33
ELISA Kit (Raybio). IL-36B was quantified using Human IL-36f
(IL-1 F8) ELISA Kit (Raybio). G-CSF was quantified using Human
G-CSF ELISA Kit (Raybio). CXCL1, CXCLS, IL-8, and CCL2 were
quantified using the 13-plex LEGENDplex HU Proinflam. Chemo-
kine Panel 1 (BioLegend).

Statistics

Statistical analyses were carried out using GraphPad Prism
(RRID: SCR_002798) v9. Data are reported as the mean £ SEM, un-
less otherwise stated in the figure legends. P values are reported in
the figures or figure legends and were assessed using the unpaired
Mann-Whitney test to compare the means of two groups or one-
way and two-way ANOVA for multiple group comparisons, unless
otherwise stated. For survival analyses, the log-rank (Mantel-Cox)
test was performed. Statistical significance is indicated as *, P < 0.05;

#% P<0.01;*%* P <0.001; and **** P<0.0001.

10x Genomics Single-Cell Gene Expression Sample
Processing and Sequencing

The BM, SP, blood and dysplastic ear skin of HPV mice (n = 3),
the cervical tumor of HPV-E; mice (n = 3), and control tissues from
H2b mice (n = 3) were used to generate single-cell suspensions
as described previously. Cells were loaded into the 10x Genom-
ics Chromium platform. Samples were processed following the
manufacturer’s protocol using 10x Genomics Next GEM Single
Cell 5’ Kit v2 and then sequenced on an Illumina HiSeq4000 plat-
form. Cellranger (version 6.0.1; ref. 74) was used to map FASTQ
files to the mouse genome (refdata-gex-mm10-2020-A). Count
tables were then opened in R (v. 4.2.0), and Seurat (v. 4.1.0) was
used for downstream analysis. Only genes with a minimum of
10 cells expressing the gene were selected. Moreover, only cells
expressing at least 200 genes and maximum 6,000 genes were se-
lected (3,000 genes for the blood), with this last point in order to
remove doublets. To exclude dying cells, a maximum of 20% (10%
for the blood) of mitochondrial content was accepted. Data were
log-normalized and scaled on the 4,000 most variable features using
the variance-stabilizing method, and principal component analysis
(PCA) was performed on those variable features. The Uniform Man-
ifold Approximation and Projection (UMAP) was obtained on the
first 30 PCs (cutoff was obtained using the elbow-plot method). The
shared nearest neighbor (SNN) graph was obtained using default
parameters, and resolutions between 0.1 and 0.8 were tested. Finally, a
resolution of 0.15 (0.25 for the skin and 0.1 for the blood) was chosen
to annotate the broad clusters.

Characterization of PANs

Data Integration. After selecting neutrophils (by using s100a9
expression) in the blood, BM, and SP, cells were further annotated
using SingleR (RRID: SCR_023120; 1.0.1), and the reference from
Zilionis and colleagues (27) was used to remove cells that would not
coherently be annotated as neutrophils. Moreover, cells that were
contaminated by erythrocyte gene expression in the blood were
removed (starting from a number of 22,238 cells to 19,689 cells after
removal). Then, the 2,000 variable features of those cells were
calculated. An integration using Seurat’s CCA method was per-
formed on the 15 first PCs using the organ (BM, SP, or blood) as
batch. Then, the 15 first PCs were used for a UMAP projection on
the integrated object.

Neutrotime Score. A list of marker genes for “early” and “late”
neutrotime was retrieved from Grieshaber-Bouyer and colleagues
(24) and used with the UCell (v 1.3.1; ref. 75) AddModuleScore_UCell
algorithm to produce a score per cell of the ranking of the signatures.

Clustering and Annotation. Using the SNN graph from Seurat on
the first 15 dimensions and using a resolution of 0.05, clusters of neu-
trophils were obtained and further annotated as prePAN, PAN-1, and
PAN-2 based on marker gene expression.

Characterization of Mouse TANs

Clustering.  After selecting neutrophils (by clustering) in mouse
cervical carcinomas, the cells were further annotated using SingleR
(RRID: SCR_023120; 1.0.1) from Zilionis and colleagues (27) to re-
move cells that would not coherently be annotated as neutrophils.
Then, 2,000 variable features were selected using the VST method,
and PCA was performed followed by UMAP, which was obtained on
the first 20 PCs (cutoff obtained using the elbow-plot method). The
SNN graph was obtained using default parameters, and a resolution
of 0.4 was chosen.

Pseudotime. Neutrophils from the K14HPV16/H2b mice samples
of cervix and blood were used.

A STACAS (2.2.1) integration was performed using the location
slot (blood or cervix) for the integration. A pseudotime analysis was
performed using Slingshot (v.1.8.0; ref. 76), and the DimPlot was col-
orcoded using the pseudotime scale generated by Slingshot.

Gene Signature Scores. Using UCell (v 1.3.1), a score was generat-
ed for an MDSC signature based on genes from Alshetaiwi and col-
leagues (26), as well as an N5 signature based on genes from Zilionis
and colleagues (27) with a relative value of at least 1.5. The mouse
MDSC signature is composed of the following genes: Wfdc17, Ifitm1,
Asprvl, Plscrl, Clecde, I111b, and Pla2g7. The mouse NS signature is
composed of the following genes: Gstm1, Ccl3, Cd63, Lgals3, Hear2,
Hmgal, Spp1, Gas213, Sle31a2, Ctsb, and Lgmn.

Characterization of Human TANs

scRNA-seq data from three studies have been reanalyzed and
grouped to create a human cervical cancer scRNA-seq atlas. Tumor
samples from the Guo and colleagues (21) publication, tumor sam-
ples before treatment from the Dai and colleagues (22) publication,
as well as samples from the Li and colleagues (23) publication were re-
analyzed. Data were integrated using reciprocal principal component
analysis (RPCA) on the datasets in Seurat (v. 5.0.0). With a resolution
of 0.3 on the first 20th integrated reciprocal principal components
(RPCs), clusters have been annotated and neutrophils retrieved.
Three samples had less than 10 neutrophils and were removed for
further analysis. After finding variable genes using Seurat, scaling,
and PCA, integration was again performed on the datasets. Resolution
0.1 was chosen for highlighting the major hTAN populations on the
20 first RPCs. Using UCell (v 1.3.1), a score was generated for a human
MDSC signature based on genes from Veglia and colleagues (25), as
well as a human NS signature based on genes from Zilionis and col-
leagues (27) with a relative cutoff of 1. The human MDSC signature is
composed of the following genes: CD84, STATI, STAT3, STAT6, IRF1,
S100A8, S100A9, ANXAI, CXCL1, CXCL2, CXCRI, CXCR2, TREMI,
PTGS2, ARGI1, ARG2, TGFBI, IL6, CSF1, IL1B, CEACAMS, ITGAM,
CXCL8, and VEGFA. The human NS5 signature is composed of the
following genes: PI3, SPINK1, MT1G, FNIP2, IL3RA, CSTB, LGALS3,
CAST, PLPP3, SLPI, AC015912.3, TPRA1, GPR84, CSF1, CCL3, SNAPCI,
TNFSF15, RMNDSA, CCDC93, GNPDA1, ATP6VI1CI1, NPC1, RHEB,
GBE1, TGM3, APLP2, TGM2, DARS, ATP6V1FE, USF2, TMEM251, CNST,
UQCRC2, BNIP3L, SEC22B, TRGC2, CCL20, IRAK1, ZNF438, ID2, JUN,
C120rf49, TPI1, and TRIM33.

CellChat

CellChat (v. 1.6.1) and its curated database of ligands and recep-
tors, subselected for secreted signaling pathway, were used to evaluate
on cells from the bone BM and the cervix or from the SP and the
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cervix of K14HPV16/H2b mice. In both cases, an integration was first
performed using Seurat’s FindIntegrationAnchors on 30 dimensions
to determine anchors. The data were integrated using Seurat on 30
dimensions, and PCA and UMAP were then performed using 30 PCs.

Serum Proteomic Analysis

Proteomic analysis of glycocaptured proteins from HPV and
H2b mouse serum (n = 4) was performed by the ETH PHRT Swiss
Multi-Omics Center (http://smoc.ethz.ch).

Sample Preparation. Solid-phase extraction of N-linked glyco-
proteins in serum samples was performed in a multiwell format
as previously described (77-79) using an automated liquid han-
dling system (Thermo Versette; ref. 79). Glycoproteins were
bound to tip columns (Thermo Disposable Automation Research
Tips) filled with resin (Bio-Rad, Affi-Gel Hydrazine resin) using cou-
pling buffer (100 mmol/L sodium acetate buffer and 1 mol/L NaCl,
pH 5.5) and aniline as a catalyst. Nonglycoproteins were washed
off the resin with urea buffer (8 mol/L urea and 0.4 mol/L am-
monium bicarbonate, pH 8.0). Reduction and alkylation of cap-
tured glycoproteins was performed with 0.5 mol/L of 10 mmol/L
tris(2-carboxyethyl) phosphine hydrochloride and 132 mmol/L
iodoacetamide. Tryptic digestion took place overnight at 37°C. To
remove nonglycopeptides, washing steps were performed before
harvesting N-linked glycopeptides with PNGase F (NEB). Eluted
samples were desalted by C18 clean-up (The Nest Group) and dried
using a centrifugal vacuum concentrator (Labconco CentriVap).

Mass Spectrometry Measurements. For mass spectrometry (MS)
measurements, peptide samples were reconstituted in 3% acetonitrile
and 0.1% formic acid in HPLC-grade water, and 1 pg of sample was
loaded onto an EASY-nano-HPLC system (EASY-nLC 1200, Thermo
Fisher Scientific) equipped with reverse-phase column (75 pm ID)
packed in-house with a 15 cm stationary phase (Reprosil-Pur C18-AQ
1.9 pm, 200 A, Dr. Maisch). The HPLC was coupled to a QExactive
HEF-X Quadrupole-Orbitrap MS System (Thermo Fisher Scientific)
equipped with a nanoelectrospray ion source (Thermo Fisher Sci-
entific). Peptides were eluted from the column with a 40-minute
gradient of 5% to 24% B (80% ACN, 0.1% formic acid) followed by a
6-minute gradient from 24% to 36% B and a 4-minute gradient from
24% to 60%. The MS was operated in a data-dependent mode with
MS1 resolution at 60,000 and a scan range between 350 to 1,650 m/z.
The maximum injection time was set to 45 ms, and the AGC target
was 3e6. Precursor ions were fragmented using collision-induced dis-
sociation at 27% normalized collision energy with an MS2 resolution
of 15,000. The AGC target was 1leS5, isolation width was 1.3 m/z, and
maximum IT was 22 ms. The loop count was set to 12. Selected pre-
cursors were excluded from fragmentation for 15 seconds

Data Analysis and Visualization. For data analysis, RAW data
files were converted to mzML using MSconvert. Fragment ion
spectra were searched with COMET (v27.0) against UniProtKB
(RRID: SCR_004426; Swiss-Prot, Homo sapiens, release January
2018) containing common MS contaminants and standards. The
precursor mass tolerance was set to 20 ppm. Search parameters
were semi-tryptic with carbamidomethylation as the fixed mod-
ification for cysteines. Oxidation of methionine and deamida-
tion of asparagine were set as variable modifications. Probability
scoring was performed with the Trans-Proteomic Pipeline (v4.6.2)
using PeptideProphet (RRID: SCR_000274). Peptides with an error
rate <1% were selected for quantification. Peptide identifications
were further filtered for the presence of the consensus NXS/T se-
quence with concurrent deamidation (+0.98 Da) at asparagines.
Nonconflicting peptides were used in Progenesis QI (Nonlinear
Dynamics) for label-free MS1-based quantification (80).

Serum Quantitative Cytokine Array

K14HPV16/H2b and FVBN/H2b mouse serum (n = 4) were ana-
lyzed using the Mouse Cytokine Array Q640 (RayBio) according to
the manufacturer’s instructions, allowing us to quantitatively mea-
sure 640 mouse cytokines.

Identification of SIS Candidates

Using the proteomic and cytokine array data, circulating solu-
ble factors with a positive fold change in K14HPV16/H2b serum
(compared with FVBN/H2b) were first selected. Associated genes
were retrieved, sScCRNA-seq datasets from dysplastic skin and cervical
tumors were interrogated, and genes expressed in both tissues from
K14HPV16/H2b mice were retained. Based on the NicheNet network,
genes encoding for proteins that are not considered as ligands were
removed. Finally, the list of receptors corresponding to each ligand
in the NicheNet network was retrieved, obtained on the url “https://
zenodo.org/record/3260758/files/Ir_network.rds,” and used to inter-
rogate scRNA-seq datasets from the BM and SP. Ligands for which at
least one associated receptor was expressed in more than 10% of the
cells of a given cell type in either the BM or SP were retained, resulting
in a list of 93 candidate ligands (Supplementary Table S1). A receptor
score per ligand was then generated in the BM and SP using UCell
(v 1.3.1) and used for generating the heatmap presented in Supple-
mentary Fig. S2D.

SAveRUNNER

SAveRUNNER (37), a network-based drug-repurposing tool
that prioritize drug candidates by assessing relationships between
drug targets and disease-associated proteins or genes, was used
with the following input: (i) the list of drug-target interactions
provided by the algorithm, as well as (ii) the selected panel of CIN
genes from the phenopedia file provided by the algorithm. Drugs
were ranked based on network-based similarity measures and as-
sociated P value.

NicheNet Analyses

Pseudobulk gene expression was created per sample and cell
type in the BM and SP using aggregateAcrossCells from the scuttle
package (v. 1.0.4). Differential gene expression was then performed
between K14HPV16/H2b and FVBN/H2b samples, in all the cell
types, by running the edgeR (RRID: SCR_012802; v. 3.32.1) pipe-
line (81). More specifically, the filterByExpr function was used to re-
move lowly expressed genes, after which genes were normalized with
the TMM normalization, dispersion was estimated, and glmQLFit
and glmQLFTest were then used for finding differentially ex-
pressed genes. Adjusted P-values were obtained using the Benjamini-
Hochberg method. The predict_ligand_activities from the nichenetR
package (v. 1.1.1; ref. 40) was used to find pearson correlation scores
between the list of targets from the candidate ligands (the 93 pre-
viously curated list of genes), obtained using the ligand-target ma-
trix provided in the NicheNet pipeline, and the list of differentially
expressed genes per cluster obtained above. Heatmaps were pro-
duced using the ComplexHeatmap (RRID: SCR_017270) package
(v. 2.15.1; ref. 82).

Bulk RNA-Seq of Neutrophils and Cancer Cells

Cell Preparation. Neutrophils were isolated from the BM, SP,
and tumor of H16sc-IS1 tumor-bearing mice treated with anti-IL-
1RAP (n = 4) or matching IC (n = 4) for 7 days. Neutrophil isolation
was performed on single-cell suspensions using mouse Anti-Ly-6G
UltraPure MicroBeads (Miltenyi Biotec) according to the manufac-
turer’s instructions. Total RNA was isolated using miRNeasy Micro
Kit (Qiagen) according to the manufacturer’s instructions. Control
and ILs-OE H16sc-ImP cancer cells and H16sc-IS1 cancer cells were
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cultured in RPMI (Thermo Fisher Scientific), 10% FBS (Thermo
Fisher Scientific), and penicillin/streptomycin (100 U/mL penicil-
lin and 100 pg/mL streptomycin; Thermo Fisher Scientific). Total
RNA from cancer cells was isolated using miRNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions.

Bulk RNA-Seq. RNA quality was assessed using the TapeStation
4200 (Agilent) to confirm their integrity. Libraries for mRNA-seq were
prepared with the Stranded mRNA Ligation method (Illumina) ac-
cording to manufacturer’s instructions, starting from 60 ng RNA
(neutrophils) and 900 ng RNA (cancer cells). Libraries, all bearing
unique dual indexes, were subsequently loaded at 100 pmol/L on
a Novaseq 6000 flow cell (Illumina) and sequenced according to
the manufacturer’s instructions, yielding pairs of 60 nucleotides
reads.

Bioinformatics. Mapping and quantification were performed
with STAR (RRID: SCR_004463) and Salmon (nf-core/rnaseq version
3.12.0) on the mouse genome mm10 with reverse strand settingand de-
fault parameters. Raw counts were normalized using the TMM meth-
od from edgeR (RRID: SCR_012802;v.4.0.16) and Voom from limma
(RRID: SCR_010943; v.3.58.1; ref. 83). Genes with average TPM < 1
(neutrophils), TPM < 0.78 (cancer cells), or average counts <5 per
sample were filtered out. Uncharacterized genes, predicted genes,
and pseudogenes were removed to keep a matrix of counts with
n = 11,838 genes for neutrophils and » = 11,813 for cancer cells.
Differential expression between groups was computed with limma
(RRID: SCR_010943; ImFit and eBayes). Pathway enrichment was
computed with clusterProfiler (RRID: SCR_016884; v.4.10.1) using
the Gene Ontology biological process geneset collection from r
(v.7.5.1) and gene set enrichment analysis with 100,000 permuta-
tions to obtain P values. Single-sample scores were computed with
the combined z-score method in the hacksig package (v0.1.2; ref. 84)
using specific gene signatures. P values were adjusted with the Benja-
mini-Hochberg test which controls for the FDR.

SIS Signature. The top 200 genes enriched in triplet-IL-OE-
H16sc-ImP cancer cells (compared with Ctrl H16sc-ImP cancer cells)
were selected and cross-filtered using genes coding for the initial 93
candidate ligands, resulting in a 10-gene list used as an SIS signature.

Human Protein Atlas Analysis

Transcript expression levels were summarized per gene in 7,932
samples from 17 different cancer types. The data are based on The
Human Protein Atlas version 23.0 and Ensembl (RRID: SCR_002344)
version 109. FPKM expressions were averaged through all samples
from a cancer type.

Unsupervised Clustering of TCGA Transcriptome Data

RNA counts and associated clinical information of the TCGA
data were downloaded using the TCGAbiolinks package (v 2.18.0).
After merging the logCPM data of only the tumor samples, scaling
was performed through all samples per gene, and the heatmap was
generated using ComplexHeatmap (RRID: SCR_017270) package
(v 2.15.1).

Survival Analyses of TCGA Datasets

Survival Based on the NtoT Ratio. CESC gene expression data
were downloaded using the TCGAbiolinks (v 2.18.0) legacy version,
and only primary tumor expression was selected. The MCPcounter
method (v 1.2.0) was used to estimate the amounts of neutrophils and
T cells in those sample. The NtoT ratio was calculated using a pseudo-
count of 2 for both estimates to avoid negative values when calculating
the ratio and dividing one by the other.

Survival Based on the SIS Signature. Using UCell (v 1.3.1), a score
was generated in all tumor samples for the 10-gene signature and
used for segregating samples into the lower and upper quartiles, or
neither. We also evaluated the segregation of the samples into upper
and lower groups using the surv_cutpoint function of the survminer
package (v 0.4.9), with a minimum of 25% of the tumors in each
group, referred to as the machine learning cutoff in Fig. 4C and
Supplementary Fig. S4D. The Kaplan-Meier curves were obtained
using the survival package (v. 3.2.7) for fitting, and the survminer
package was used for plotting the curves.

Correlation analyses in TCGA datasets

MCPcounter (v. 1.2.0) was used to estimate the abundance of
neutrophils in the different samples. A scatterplot was drawn using
ggplot2 (RRID: SCR_014601; v. 3.4.4), and a smoothing function
using a linear model in ggsmooth function was used to estimate
the linear relationship between neutrophil abundance and the SIS
signature score, generated by averaging the scaled expression of the
10-gene signature.
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