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Abstract
Tyrosine kinase inhibitors (TKIs) that block the vascular endothelial growth factor receptors

(VEGFRs) disrupt tumor angiogenesis but also have many unexpected side-effects that impact
tumor cells directly. This includes the induction of molecular markers associated with
senescence, a form of cellular aging that typically involves growth arrest. We have shown that
VEGFR TKIs can hijack these aging programs by transiently inducting senescence-markers
(SMs) in tumor cells to activate senescence-associated secretory programs that fuel drug
resistance. Here we show that these same senescence-mimicking (‘senomimetic’) VEGFR TKI
effects drive an enhanced immunogenic signaling that, in turn, can alter tumor response to
immunotherapy. Using a live-cell sorting method to detect beta-galactosidase, a commonly used
SM, we found that subpopulations of SM-expressing (SM+) tumor cells have heightened
interferon (IFN) signaling and increased expression of IFN-stimulated genes (ISGs). These ISG
increases were under the control of the STimulator of INterferon Gene (STING) signaling
pathway, which we found could be directly activated by several VEGFR TKIs. TKI-induced
SM+ cells could stimulate or suppress CD8 T-cell activation depending on host:tumor cell
contact while tumors grown from SM+ cells were more sensitive to PD-L1 inhibition in vivo,
suggesting that offsetting immune-suppressive functions of SM+ cells can improve TKI efficacy
overall. Our findings may explain why some (but not all) VEGFR TKIs improve outcomes when
combined with immunotherapy and suggest that exploiting senomimetic drug side-effects may
help identify TKIs that uniquely ‘prime’ tumors for enhanced sensitivity to PD-L1 targeted

agents.

Significance Statement:
This study identifies an unexpected tumor-intrinsic side-effect of TKIs typically associated with
targeting angiogenesis that can modulate nearby immune cell activity by increasing senescence-

marker expression and promoting IFN/STING signaling.



Introduction

There is an ongoing and rapidly expanding search for drugs that can improve outcomes in
cancer patients when combined with immune checkpoint inhibitors (IClIs) that block the
programmed cell-death 1 (PD-1) pathway’. Tyrosine kinase inhibitors (TKIs) that target vascular
endothelial growth factor receptors (VEGFRS) to limit tumor angiogenesis are now the drug
class tested in the highest frequency with ICIs in active clinical trials worldwide®. Yet a
molecular basis to explain why VEGFR TKI and ICI combinations work remains unclear,
particularly why only some VEGFR TKIs seem to yield improved responses/reduced toxicity
over others, despite often having similar target profiles>®>. One explanation may include
senescence, a cellular stress response that limits proliferation by forcing growth arrest in the G1
or G2/M stage. The induction of senescence is a common side-effect for many cancer drugs, and
several senescence-markers (SMs) are used as surrogates to identify cells undergoing this
process’. SMs include increases in cyclin-dependent kinases, senescence-associated (SA) B-
galactosidase (SA-B-gal), and SA secretory phenotypes (SASPs), amongst several others*®. But
the use of SMs to define senescence remain imperfect as numerous cancer drugs can force SM
expression and co-opt features of senescent cells but, ultimately, elude permanent growth arrest®.
We recently reported that VEGFR TKIs have this senescence-mimicking (‘senomimetic’) drug
property as they are well known to induce SMs, but we found these cellular features eventually
diminish when treatment is removed’?®.

To date, attempts to assess the full impact of senomimetic drug effects remain uncertain
as actual therapy-induced senescence (i.e, including permanent growth arrest) can have
enigmatic, if not contradictory, effects on tumor growth®™*. Cellular stasis (even temporary) and
SASPs can limit and promote tumor growth simultaneously, therefore senescence has been
linked to both drug efficacy and resistance®*™®. More recently, these paradoxical opposing effects
of senescence on cancer progression can also include immune responses*?*°. Senescent cells can
promote innate and adaptive immunity via natural Kkiller cells”?, macrophages %,
neutrophils®, and CD4/CD8 T-cells'®#?*: while senescent cells can also suppress immunity by
increasing NK-blocking non-classical MHC molecules®® or the production of myeloid cell-
attracting proteins such as IL-6%. This raises the question of whether the senomimetic effects of
VEGFR TKIs might also be able to modulate the cellular signaling that regulate both

immune/senescence pathways in tumor cells, possibility impacting immunotherapy efficacy. In



this regard, interferon (IFN) signaling might be a candidate as it can regulate both immunity and
senescence. For instance, IFN signaling and the STING (STimulator of INterferon Gene)
pathway can control immune activation in senescent cells via SASPs, antigen presentation, and
immune-checkpoint ligand expression (i.e., PD-L1)'%16:203¢,

To evaluate this further, we examined the link between the transient senomimetic
consequences of VEGFR TKI treatment and the immune-modulating factors controlled by
IFN/STING signaling in an effort to explain why combinations with ICls yield improved
benefits®”*°. To do this we first used a live-cell sorting method to identify SM-expressing (SM+)
cells based on SA-B-gal expression, and then compared immune phenotype of SM+ cells after
VEGFR TKI treatment. Our results identified a novel IFN-enriched gene signature specific to
SM+ cells that we validated using published clinical and preclinical datasets involving treatment
with various TKIs. Numerous VEGFR TKIs were found to induce IFN stimulated genes (1SGs)
and SM-expression, which we linked to the direct activation of STING signaling. Critically,
ISGs expressed by SM+ cells had contrasting immune-stimulatory and -inhibitory effects, which
we discovered could be offset by PD-L1 inhibition in vivo. Together, these results suggest that
the induction of STING-controlled SM-expressing cell populations by VEGFR TKIs ‘prime’

tumors for combinatorial efficacy with PD-1 pathway inhibitor treatments in patients.



Results

IFN signaling is enriched in senescence marker (SM) expressing tumor cells after TKI
treatment.

We previously reported that VEGFR TKI treatments transiently induce expression of several
hallmark SMs, including upregulated p21, cell size increase, G1 arrest, and a tumor-promoting
secretory program closely resembling SASPs’. VEGFR TKiIs also strongly induce SA-B-gal, a
hydrolase enzyme located in lysosomes and commonly used as a SM”*'. Here we used a
fluorescent substrate for SA-B-gal (C1.FDG)*** to isolate live SM-expressing cell populations to
assess changes in immune-related genes after short- and long-term VEGFR TKI treatment
periods. Short-term treatments included drug administration to tumor cells for 48hrs in vitro
while long-term treatments utilized TKI-resistant (R) cells derived in vivo’ (Fig 1A: schematic
shown in S1A). Using a previously established methodology’, an example of live-cell sorting
using axitinib (AXx) resistant (AXR) mouse breast 4T1 model is shown in Fig 1B (See Appendix
1 for gating strategy) where FACS-isolated SA-B-gal expressing cell populations were
separated based on high and low SM expression (SM+ and SM-, respectively). As evidence that
the senomimetic drug effects are transient and lack growth arrest, 4T1*® SM+ cells continued
proliferating and remained viable similar to 4T1*® SM- after FACS-isolation (Fig 1C). To
investigate a potential link between SM expression and immune-related genes, we performed
whole genome RNA-seq analysis on isolated 4T1*® SM+/SM- cell populations (Fig 1D).
4T1"R SM+ cells had several unique differentially-expressed genes (DEGs) compared to non-
resistant parental 4T1 (4T1%) and 4T1™® SM- cells (Fig 1E). Gene ontology (GO) analysis
showed 4T1™® SM+ cells to be enriched for biological processes associated with senescence and
immunity (both adaptive and innate; Fig 1F). Similarly, gene set enrichment analysis (GSEA)
showed SM+ cells to have significant enrichment for senescence-associated genes and

immunity-associated genes'*+>!

(Fig. 1G; genesets explained in Table S1). Interestingly,
GSEA also revealed positive enrichment for type | and 1l IFN pathways in 4T1**® and 4T14®
SM+ cells (Fig 1H), a result we confirmed using the interferome database®® which showed
upregulation of several IFN-regulated genes (Fig 11; see Methods for database details).
Upregulation of numerous interferon-stimulated genes (ISGs) such as Ifitl, Ifit2, Ifit3, Irf7, and
Rsad2 were further confirmed in 4T1™® (Fig 1J; compared to P) and 4T1*® SM+ cells (Fig

1K; compared to SM-). Short-term Ax treatment in vitro produced similar IFN signaling



enhancement in 4T1 (Fig 1L) and 4T1 SM+ cell populations (Fig 1M). We separately verified
these results using multiple drugs, cell lines, and treatment conditions (described in
Supplemental Result section and Figs S1B-M). For example, VEGFR TKIs such as
cabozantinib (Ca), Tivozanib (Tivo), Pazopanib (Pazo), and Lenvatinib (Len) all significantly
increased SM expression in 4T1 cells, with Ax, Ca, and Len among the most robust (Fig 1N; Fig
S1B shows optimal dose determination). Also, because Ca has unique drug-targets beyond
VEGFRs (i.e, c-MET, AXL, etc.>), Ca-resistant (CaR) and short-term Ca treatment models were
found to also yield ISG- and SM-expression increases in EMTG6 cells, an additional mouse breast
cancer model (Fig S1C, for derivation of EMT6*® variants; Figs S1D-E, for 1SG-/SM-
expression). Further confirmations of TKI-induced SM and ISG expression were performed in a
human breast tumor cell line (LM2-4) and a non-breast mouse kidney tumor cell line (RENCA)
(Fig S1H-L; described in Supplemental Results). Together, these results demonstrate that a
broad drug-class side-effect of TKIs typically associated with VEGFR blockade can include
direct-tumor cell effects that induce 1SG- and SM-expression.

Identification and validation of an IFN-enriched SM gene score induced by VEGFR TKIs

We next examined whether IFN-enrichment found in SM+ cells can be validated/confirmed in
publicly available clinical and preclinical transcriptomic datasets from VEGFR TKI-treated
samples. First, we examined two clinical datasets that included tumor biopsies taken before and
after neoadjuvant TKI treatment. These included 20 Pazo-treated renal cell carcinoma (RCC)

1.>%) and 7 sunitinib (Su)-treated breast cancer (BC) patients (Braga et al.*).

patients (Wood et a
GSEA revealed IFN responses are enriched after Pazo and Su treatment (Fig 2A and 2B; see
methods for details). Next, two preclinical datasets were similarly compared and IFN responses
were also found to be enriched in Su-treated RCC patient derived xenografts (PDXs) (Fig 2C,
Diaz-Montero et al.*®) and in Su-Resistant (SUR) LM2-4 cells (Fig 2D, Mastri et al.”). To
confirm IFN gene enrichment was specific to TKI-induced SM+ cell populations, we generated
an IFN-enriched gene score specific to SM+ cell populations. This was done by identifying
unique gene signatures exclusive to SM+ (Fig S2A) and SM- cells (Fig S2B), and then using a
T-score analysis to obtain a ‘SM+ T-score’ that could be examined in TKI-treated patient data
(Fig 2E; see methods for analysis details and Table S2 for signature details). The SM+ T-

score was found to increase in 4/5 matched pre-/post-treatment RCC samples (Fig 2F) and be



enriched in 13/17 post-treatment RCC samples (Fig 2G). Similarly, the SM+ T-score increased
in 2/4 matched pre-/post-treatment BC samples (Fig 2H) and was enriched in 5/7 post-treatment
BC samples (Fig 21). Together, these results confirm the link between TKI-induced SM-
expression and immunity, and demonstrate genes specific to SM+ and IFN-expression are

enriched by multiple TKIs, clinically and preclinically, in multiple cancer types.

TKI-induced SM expression can be regulated by a STING-IFN signaling axis

27,28,33,57
1

Since STING can be a potent regulator of type | IFNs, ISGs, and senescence we

examined STING expression following VEGFR TKI treatment. In a model representing long-
term drug exposure, 4T14®
(pSTING) and in TBK1 (pTBK1), which is activated by STING (Fig 3A and 3B; Fig S3A

shows densitometry analysis and statistics summary; Appendix 2 shows blotting replicates).

cells were found to have increases in phosphorylated STING

Next, to directly link STING pathway activation with senomimetic effects, we treated 4T1 cells
with STING agonists such as MSA-2°" and DMXAA®®*® and found SM-expression increases
(Fig 3C). Interestingly, STING activity or expression was directly increased after treatment with
multiple TKIs in 4T1 cells, with Ax and Ca showing levels similar to (or greater than)
DMXAA/MSA-2 compared to vehicle controls (Fig 3D; Fig 3E for densitometry analysis; Fig
S3B for statistics summary). We next tested whether STING could control Ax-induced 1SGs
and SM-expression by knocking down STING expression in 4T1 cells via short hairpin RNA
(referred to as STING-KD; see Methods for details). Critically, 4T15"™NSKP cells had decreased
TKI-induced STING expression and activation (Fig 3F), decreased ISG levels (Fig 3G), and
decreased SM-expression (Fig 3H) compared to vector controls. These results were confirmed in
EMT6“®R cells where increases in SM-expression (Fig 31) and activated pSTING and pTBK1
(Figs 3J and 3K) could be reversed after treatment with a STING antagonist SN-011 (Figs 31-
K; Fig S3C shows densitometry analysis and statistics summary; Appendix 2 shows
blotting replicates). Notably, in EMT6 cells the STING pathway activation induced by long-
term TKI treatment (Fig. 3J) was not consistently observed by short-term treatment, indicating
that longer drug exposure times are required to observe this effect in some cell lines (Fig S3D;
Fig S3E for statistics summary). Together, these results demonstrate that STING can contribute
to TKI-induced SM-expression and I1SG levels in 4T1 and EMT6 tumor cells. Next, since STING

27,60,61

activation can drive production/activation of IFNs , we evaluated IFN signaling and IFN



treatment response as a surrogate for STING modulation by TKI treatment. Similar to other

studies?”2833

, we found IFN stimulation (both type I and Il) could increase SM-expression in
4T1 cells (Fig 3L). Interestingly, we found only IFNB levels were increased in 4T1 cells after
short-term Ax-treatment (Fig 3M), a result we confirmed in 4T1*® and EMT6® cells (Figs
S3F and S3G, respectively). These results suggest that STING-modulation by TKI treatment
may have specific consequences unique to IFNB. To confirm this, we examined Ax-treated
4T15TNGKD cells and found IFNP level increases were partially reversed (Fig 3N). Together,
these results suggest that Ax-induced SM-expression might be regulated by a STING-IFN
signaling response via an autocrine mechanism. To test this, we examined type | IFN signaling
regulation of SM-expression in EMTG6 cells because short-term treatment did not induce STING
pathway activation. Using EMT6 cells with the receptor for type | IFNs (IFNAR1) knocked
down (EMT6'™ARIKD) "we found Ax- and Ca-induced SM-expression was reduced compared to
vehicle-treated (Fig 30) and vector controls (Fig S3H), thus confirming IFN-signaling
machinery is a modulator of TKI-induced SM-expression. Together these results identify a novel
side-effect of VEGFR TKI treatment involving the activation of a STING-IFNp signaling axis
that can drive SM-expression in tumor cells. The magnitude of this effect was confirmed in

multiple systems and found to vary based on TKI-type, treatment duration, and tumor model.

SM+ cells can express immune regulators with opposing functions.
Since I1SGs involved in senescence and immunity can sometimes have opposing/contradictory

functions that both promote and inhibit tumor growth?®®

, We examined various antigen
presentation genes and immune-regulating surface proteins after TKI-treatment. First, we found
Tapl (transporter protein supporting antigen processing) and H2d1/B2m (MHC class |
molecules) significantly increased in Ax-treated 4T1 cells (Fig 4A). Notably, this effect could be

partially reversed in Ax-treated 4T1°TNGKP

cells (Fig 4B). Ca-treatment also significantly
increased at least one antigen presentation marker in 4T1 or EMTG6 cells (Figs S4A and S4B,
respectively) and in human LM2-4 cells where HLA-A/B/C were also tested and found to

1R cells

increase (Fig S4C). Similar antigen presentation gene increases were found in 4T
(compared to 4T1") and in 4T1® SM+ cells (compared to SM- cells), suggesting there can be a
magnification of this effect in SM-expressing cells after long-term TKI treatment (Fig 4C and

4D, respectively; EMT6%®R shown in Fig S4D). Based on these results, we further examined



surface expression of ISGs at the protein level in SM-expressing cells known for immune-
regulatory functions and links to senescence and immunotherapy®. This included MHC-I (an
immune-promoter) and PD-L1 (an immune-suppressor) which were evaluated by flow cytometry
after TKI treatment. Both Ax or Ca treatment significantly increased MHC-1 in 4T1 (Fig 4E;
representative histogram example shown) and PD-L1 (Fig 4F; representative histogram
example shown) compared to untreated controls. Like MHC-I class genes, Ax-induced PD-L1

expression increases could be partially reversed in 4T15TNGKP

cells (Fig S4E). Importantly,
using C12FDG to gate for SA-B-gal expression in 4T1, surface MHC-I and PD-L1 levels could be
compared in SM+/SM- cell populations (Fig 4G, gating schematic and representative
histograms shown). Using this method, SM+ gated cell populations were found to have
significantly increased MHC-I (Fig 4H) and PD-L1 (Fig 41) compared to SM- gated cells after
Ax and Ca treatment in 4T1 cells. Studies conducted in TKI-resistant cells showed similar MHC-

1AXR

I and PD-L1 level increases in SM+ gated cells from 4T (Fig S4F; representative

histogram shown) and EMT6*®

(Fig S4G) tumor cells compared to SM- gated cells. Together,
these results demonstrate that TKI-induced senomimetic effects can modulate expression of cell-
surface ISGs that can be key immune-regulators with dual (and opposing) functions on tumor-

controlling in PD-1+ T-cell activity.

SM+ tumor cell immunogenicity overcomes secretome-mediated suppression of CD8 T-
cells

To assess whether these TKI-induced SM+ cells have altered immune-modulating potential, we
examined tumor growth in models of varied adaptive immune response capabilities. We know
based on our prior studies that when FACS-isolated 4T1® SM+ tumor cells are orthotopically
implanted into immune-competent Balb/c mice, SM+ tumors can have a growth advantage over
SM- tumors because of a tumor-promoting secretory profile (Fig. 5A-left; similar data published
in). To test whether the presence of immune cells can impact this growth, 4T1"® SM+/SM-
cells were implanted into 1) immune-compromised SCID mice, which lack mature B- and T-cells
(Fig. 5A-middle); or 2) Balb/C mice treated with a T-cell inhibiting aCD8 antibody (Fig 5A-
right; CD8 T-cell depletion confirmed in Appendix 3). In both immune-depleted models,
SM+ tumor growth advantages significantly increased compared to SM- controls as shown by

mixed-effects analysis using a reduced Gompertzian model to compare tumor growth rates,



which is measured by a ‘B> parameter value® (Fig 5B; red bars represent fold-change in p
compared to SM- tumors; B analysis explained in Appendix 4). These data show that SM+
tumor growth is more sensitive to immune cell control and raise the question of whether known
tumor-promoting secretome programs may be offset by surface-expressing proteins that control
immune response. To examine this further, we evaluated CD8 T-cell activation ex vivo using
conditioned media (CM) or co-cultures to assess contact-independent (secretory) and contact-
dependent effects of TKI-resistant tumor cells on CD3/CD28 stimulated splenocytes from Balb/c
mice. Measurements included CD8+ T-cell proliferation®, and T-cell effector proteins such as
Granzyme B (GRMB) and IFNy that are capable of tumor cell-killing®” (Fig 5C; schematic
shown; see Appendix 5 for gating strategy). In studies comparing 4T1*® or EMT6“* variants
to controls, CM increased CD8 T-cell proliferation and at least one marker of tumor cell-killing
(Fig 5D for AxR; Fig S5A for CaR; Fig S5C and S5E show non-normalized data). Similarly,
when the same TKI-resistant cells were co-cultured, activated CD8 T-cell levels were also
increased, suggesting a generalized T-cell activating (and immune-promoting) effect of VEGFR
TKI treatment on tumor cells regardless of cell-contact (Fig 5E; Fig S5B for CaR; Fig S5D and
S5F show non-normalized data). Yet when we performed similar studies using FACS isolated
SM+/SM- cell populations, we found an opposite effect (Fig 5F; schematic shown). In this case,
we found the CM of 4T1*® SM+ and EMT6%*R SM+ cells were immune-suppressing, and able
to significantly decrease CD8 T-cell proliferation and cell-killing protein expression (Fig 5G;
Fig S5G for EMT6“*R SM+; Fig S51 and S5K show non-normalized data). Critically, this
suppressive effect of SM+ cells was reversed or diminished when co-cultured with splenocytes
(Fig 5H; Fig S5H for EMT6%*? SM+; Fig S5J and S5L show non-normalized data).
Together, these results show that long-term TKI-treatment can induce an overall immune
promoting effect in tumor cells, with co-culture or CM showing at least one increased marker for
T-cell activation (Fig 51 shows summary heatmaps). Yet, when these same cells are separated
based on SM-expression, a complex context-dependent role emerges, with SM+ tumor cell
populations having a secretory-based immune suppressive effect that can be counteracted when
the same SM+ cells are in direct contact with activated splenocytes (Fig 5J; graphical summary
shown in 5K). Together, these results demonstrate that the senomimetic properties of TKIs can

have dual consequences on CD8 T-cell activation and immune-regulated tumor growth, with



tumor-promoting secretory properties of SM+ cell populations overshadowed by immune-
promoting contact-dependent protein expression.

SM+ tumors have increased sensitivity to PD-L1 inhibition

Because TKI-induced SM-expressing cells simultaneously express MHC-I and PD-L1, ISGs
with opposing roles in T-cell activation, we tested whether PD-L1 pathway inhibition could limit
the immune-suppressing senomimetic effects of TKIs and boost overall anti-tumor outcomes in
vivo. To do this, we first confirmed tumors grown in vivo have increased SM-expressing
subpopulations of cells after VEGFR TKI treatment (Fig 6A; Ax treatment and 4T1 model
used). Next, we treated Balb/c mice bearing orthotopically-grown 4T1 tumors with Ax or a PD-
L1 neutralizing antibody (aPD-L1) alone or in combination (Fig 6B) and found oPD-L1
treatment induced significant tumor inhibition when combined with Ax after 29 days (Fig 6C).
Notably, cumulative anti-tumor growth rates were significantly different compared to vehicle
controls at various timepoints (Fig S6A for statistics summary) but were minimal overall
across all treatments (Fig 6D) — a finding consistent with reported lack of responses to immune-
checkpoint inhibitors in the 4T1 model®®. Because of this, and reported instances of fatal
hypersensitivity to long-term exposure to antibodies targeting the PD-1 pathway in 4T1
models®® ™, we utilized the EMT6*® tumor model to more directly assess the impact of PD-L1
inhibition on SM-expressing subpopulations as EMT6“®® SM+ cells also had a significant
growth advantage in vitro and in vivo compared to SM- cells (Fig S6B-D). When EMT6%*R SM+
and SM- tumor cells were orthotopically implanted into Balb/c mice, we found only SM+ tumors
were significantly inhibited by aPD-L1 treatment (Fig 6E), with the magnitude of tumor
inhibition significantly increased compared to EMT6“*R SM- tumors (Fig 6F; SM+ treated vs.
SM- treated comparison). Together, these results indicate that SM+ tumors can be more
sensitive to anti-PDL1 antibody treatment and suggest that the senomimetic effects of TKIs may
be responsible, at least in part, for tumor response to immune checkpoint inhibition via aPD-L1

antibody treatment (Fig G shows schematic summary).



Discussion

VEGFR TKIs and immune-checkpoint inhibitors are approved in combination to treat
multiple metastatic cancers’>"*. While VEGFR TKlIs are typically associated with blocking
tumor angiogenesis, all TKIs have a myriad of off-target side-effects that alter processes directly
in the tumor itself. This study investigated a VEGFR TKI side-effect involving senescence, a
part of the aging process that can have enigmatic, if not contradictory, effects on tumor growth
and immunity. VEGFR TKIs can temporarily hijack the senescence-machinery”® and may drive

immune/tumor-modulating processes’"®

, but the consequences of SM induction remain
understudied in the context of ICI efficacy. Using multiple drugs and tumor models, we
performed transcriptomic and proteomic analysis to show that VEGFR TKI-induced SM+ tumor
cells increase expression of multiple cell-surface 1ISGs known to regulate immunogenicity, many
of which we found to be controlled by type | IFN and STING signaling. Notably, SM+ cells
could functionally alter CD8 T-cell activity in a context-dependent manner and SM+ tumors
were more sensitive to PD-L1 inhibition in vivo, suggesting that the senomimetic side-effects of
VEGFR TKIs include direct tumor-intrinsic activation of IFNS/STING programs that could be
exploited to optimally select TKIs to pair with ICIs to improve patient outcomes.

There is growing interest in therapy-induced senescence (TIS) and the implications for
cancer progression’’, with efforts to develop drugs that can suppress the negative effects of
senescent cells (senomorphics) or kill them completely (senolytics)™®"®. But strict definitions of
senescence remain elusive®. Surrogate markers of senescence can be expressed differentially
based on drug type and dose, duration of treatment, cell and model system, amongst many other
hallmarks that are independent of permanent growth arrest*. Indeed, dedicated efforts such as the
Cellular Senescence Network (SenNet) are currently seeking to standardize definitions of
senescence, but the question of whether cellular stasis or senescence phenotypes are permanent
remain controversial®*®. For instance, several cancer therapies drive tumor cells into a state
resembling or mimicking cellular senescence, often described as ‘senescence-like’ or ‘pseudo-
senescence’, or generally as an ‘incomplete’ process "#%4. Similar to what we describe here with
VEGFR-targeted drugs, these senomimetic molecular changes can be exhibited by TKIs such as
those that target CDK4/6%%¢ PARP®, BRAF® and EGFR®***® suggesting this could be a
conserved cellular response to cancer therapy, where treated tumor cells can be re-wired to

mimic senescent cells to survive treatment-induced stress. As an example, palbociclib (a


https://sennetconsortium.org/

CDK4/6 inhibitor) can cause hepatocellular cancer cells to mimic senescent cells in vitro and in
vivo, ultimately contributing to therapy resistance®, and there are other examples*®’. This raises
the possibility that drugs with senomimetic properties may warrant further consideration
alongside more traditional senescence-inducing agents that could be combined with known
senolytics/senomorphics to exploit this effect to improve overall anti-cancer treatment benefits.
Related to this, our study explores the dual effects of senescent cells as both promoters
and suppressors of tumor immunosurveillance programs. Induced senescence induced by MEK
and CDK4/6 TKIs can improve T-cell infiltration by altering the tumor vasculature'? and
promote tumoricidal activity of NK cells'®, while senescence induced in stromal and tumor cells

can limit cytotoxic T-cell infiltration by recruiting suppressive myeloid cells'®?

or upregulating
surface markers capable of inactivating NK and T-cells?®. In this study, we found similar
opposing immune-modulating properties induced by VEGFR TKIs in tumor cells. This included
direct suppression of CD8 T-cells activation ex vivo via secretory proteins (using the CM) and
simultaneous reversal of this effect by surface proteins®, suggesting that the overall activation of
CD8 T-cells by SM+ tumor populations is the result underlying competing programs. These
findings highlight the complexity of senomimetic tumor and immune cell interactions, including
opposing extracellular proteomic programs impacting the immune microenvironment. Indeed,
our finding that SM+ tumors grew faster in immune-deficient mice suggest that SM+ tumor cells
interact with adaptive immune cells including CD8 T-cells to favor tumor control. This may
explain why targeting immune-checkpoints with VEGFR TKIs might specifically block this
SM+ subpopulation with greater effect. Notably, the immunogenic capability of SM+ isolated
tumor cells has also been suggested in studies following treatment with doxorubicin® or
irinotecan® and highlight the broad implications of the immune-priming ability of SM+
subpopulations for various cancer therapies and models.

In this regard, our results introduce a key role for STING and type | IFN signaling in both
senescence and immune responses after VEGFR TKI treatment. Tumoral STING activation can
improve responses to ICIs by increasing recruitment/infiltration of cytotoxic T-cells in multiple
cancer models*>*%. Similarly, type | IFNs can induce tumor immunogenicity by increasing
antigen presentation and secretion of chemo/cytokines capable of attracting multiple immune
cells®®. For example, chemotherapy can induce IFN signaling in tumor cells and trigger an innate

immune response that, in turn, promotes treatment response®. Thus far, the connection between



IFN signaling and VEGFR TKI:IClI efficacy has only been made with type II IFNy. For example,
Adachi and colleagues found that FGFR signaling in human and mouse kidney cancer cells
limits tumoral IFNy signaling, decreasing antigen-presentation and immune-checkpoint protein
expression®”. They then showed that lenvatinib - a multi-targeted VEGFR TKI with FGFR1-4
blocking activity — improved in vivo tumor responses with PD-1 targeting antibody by
preventing this exogenously stimulated IFN signaling”. In our study, we identify STING
pathway activation, and particularly the stimulation of Type | IFNs, as a broad collateral drug-
class side-effect of VEGFR TKI treatment. We found VEGFR TKI triggered SM-expression
that, in turn, stimulated surface-expressing 1SGs such as MHC-I and PD-L1. Such results are
similar to effects observed with CDK4/6 inhibitors, which also activate IFN signaling in tumor
cell immunogenicity®™ and can also increase MHC-1 expression®. These findings raise the
question of whether underlying STING/IFN activating properties of VEGFR TKIs may be
responsible for enhanced immunogenicity in tumors. In this regard, a recent study by Yang et al
did identify a role for STING regulation in tumor blood vessel reprogramming (in endothelial
cells) that could enhance VEGFR TKI/ICI combinatory effects by normalizing blood flow®. Our
results introduce a novel tumor-intrinsic STING activation by VEGFR TKiIs, raising the
potential that selecting VEGFR TKIs based on the strength of STING activation may explain
increased potency of select compounds in clinical testing with ICls.

Since our studies used SA-B-gal activity to identify SM-expression, lysosome function
and autophagy may impact immune-modulatory functions of tumor cells. B-galactosidase is a
hydrolase enzyme located in lysosomes that catalyzes the hydrolysis of B-galactosides into
monosaccharides*’. SA-B-gal activity is used as surrogate for lysosomal pH changes (from ~4 to
~6%) and for increased lysosomal mass, both common attributes of senescent cells'**%. Yet the
precise function of SA-B-gal in tumors remain unclear as it can contribute to senescent
phenotype induction, maintenance and overall effector functions. For instance, chemotherapy

and various TKIs can accumulate in the lysosomes of tumor cells'®*%

thereby increasing
lysosomal mass, which has been linked to drug resistance'®%. Consistent with these findings,
our results show that type I IFNs can regulate SA-B-gal, which is consistent with reports of IFNs
regulating multiple facets of lysosomes, including sub-cellular localization, protein content, pH
and protease activity'®. It is possible that TKI-induced changes in type | IFNs are related to

changes in lysosomal mass, which may reflect the relationship between SM+ cells and enhanced



IFN responses. This may explain the increased immunogenicity of SM+ cells and suggest
lysosomal mass or function can directly impact ICI responses because of type | IFN release.
Studies are currently underway to examine this hypothesis.

Outstanding questions raised by our study include a mechanism that could explain how
VEGFR TKIs may activate the STING pathway, in particular whether this is a direct or indirect
side-effect of this drug class. Overall STING expression was found to increase by VEGFR TKI
treatment raising the possibility that programs regulating either STING production or
degradation may be altered. Signals that lead to STING protein production may occur dependent

or independent of cGAS'®

, or STING degradation may be reduced by TKI-induced alterations in
lysosomal functions'®'%. Notably, a role for NFkB was not explored in this study but is a
STING-activated protein induced (along with mTOR) by VEGFR TKIs that can control IFN/ISG
expression along with SASPs "% While we have previously shown SM+ tumors can be
more sensitive to NF-kxB/mTOR signaling disruption, further study is needed to assess whether
induced immune modulation in tumors would be enhanced or abrogated when NF-«xB signaling
is blocked during VEGFR TKI and oPD-L1 drug combinations. Finally, our results show that
secreted factors from SM+ cells could suppress activation of T-cells. This raises a key question:
Is it better or worse for treatments to enhance SM-expression in tumor cells? Elevation of SM+
cell populations in tumors by VEGFR TKI treatment may increase T-cell suppression induced by
secretory factors, something that could nullify antitumor effects. Indeed, a recent study by Choi
et al showed that secreted factors such as CXCL12 from senescent cells can limit the infiltration
of T-cells and, by blocking CXCL12 with a neutralizing antibody, T-cell infiltration was
improved®®. Chronic IFN activation in tumor cells can also be a source of a T-cell suppressing
secretome™?** It is possible that certain secreted factors driven by type I IFN signaling in SM+
cells can suppress the activity of T-cells. It is also possible that identification of specific secreted
factors produced by SM+ cells on T-cell suppression followed by therapeutic neutralization
could improve the immune-priming effects of SM+ cells and VEGFR TKIs. Future studies will
be needed to tease out specific secretory molecules resulting in T-cell suppression without
inhibiting immune-stimulating molecules also fueled by IFN and STING.

Taken together, our results show that VEGFR TKIs can activate type | IFN and STING
signaling in tumor cells resulting in IFN-enriched SM+ cell populations capable of both
inhibiting and stimulating CD8 T-cell activity. Importantly, we found that SM+ tumor growth is



more sensitive to anti-PD-L1 inhibition, raising the possibility of exploiting STING-activating
and senomimetic properties as a way to select optimal pairings of VEGFR TKIs for ICI

combinations in the clinical setting.
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Materials and Methods

Cell lines
Cell lines used in this study include:
Mouse mammary carcinoma 4T1 cells were obtained from A. Gudkov, Roswell Park

Comprehensive Cancer Center, RPCCC and described previously'®.

Mouse mammary
carcinoma EMT®6 cells used in this study were obtained after a period of in vivo tumor growth
(described elsewhere as EMT6-P'™ %), Human breast carcinoma LM2-4 cells (a metastatic
derivative of MDA-MD-231) and mouse kidney carcinoma RENCA cells express luciferase and
have been described elsewhere as LM2-4-"“* and RENCA"Y“*, respectively®**®, Cells were
maintained in RPMI (Corning cellgro; 10-040-CV for 4T1, EMT6, and RENCA) or DMEM
(Corning cellgro; 10-013-CV for LM2-4). Growth media were supplemented with 5% v/v FBS
(Corning cellgro; 35-010-CV or Gibco; 10437028). Cells were maintained at 37°C with 5% CO,
in a humidified incubator. Human cells were authenticated by STR profile comparison to ATCC

cell database and mouse cells were confirmed of species origin (DDC Medical, USA).

Mouse tumor models

Study approval

Animal studies were performed in strict accordance with the recommendations in the Guide for
Care and Use of Laboratory Animals of the National Institutes of Health and according to
guidelines of the Institutional Animal Care and Use Committee (IACUC) at Roswell Park
Comprehensive Cancer Center (RPCCC). All studies were approved by the IACUC at RPCCC
according to Protocol 1227M. All personnel involved in this study were included in the IACUC
protocol and approved/trained by veterinary staff to conduct all experimental procedures

described.

Orthotopic Tumor Implantations
4T1P 4TIMR 4TI SM+, and 4T1MR SM- (4x10* cells in 100uL RPMI), EMT6" (5x10° cells
in 100 pL RPMI), EMT6® SM+, EMT6“R SM- (1.5x10° cells in 100uL RPMI), were

implanted orthotopically into the right inguinal mammary fat pad in 6-12 week-old female



Balb/c or SCID mice. Isoflurane (anesthesia) and buprenorphine (analgesic) were used during all
surgical implantations. Mammary tumors were measured using Vernier calipers and volumes
were calculated using the formula (width? x length) x 0.5. All animals were assessed 2-3 times

daily by veterinary staff or personnel approved by IACUC for pre-defined endpoints.

Derivation and maintenance of TKI-resistant cells:

The generation of 4T1 Axitinib-resistant (4T1®) cells have been described previously”**.
Briefly, 4T1 cells were orthotopically implanted into Balb/c mice. Mice were treated with Ax
(100mg/kg/day) during primary tumor growth and, following surgical removal of the primary
tumor, treatment was continued until mice reached a metastasis-related endpoint or study
endpoint. At endpoint, spontaneous metastatic lesions were excised from lung, dissociated, and

1AXR

then adapted to cell culture containing 0.5uM AXx treatment until experimental use. 4T cells

were compared with in vitro-maintained parental 4T1 (4T1") in this manuscript. For the

generation of in vivo-derived EMT6 cabozantinib-resistant (EMT6*®

) cells, Balb/c mice were
orthotopically implanted with EMT®6 cells and then treated continuously with Ca (30mg/kg/day)
until endpoint based on primary tumor size limits. An EMT6 metastatic variant (EMT6™) was

obtained from vehicle treated mice and used as a control for EMT6®

cells. At endpoint
EMT6R and EMT6 variants were selected from metastatic lesions in lungs which were
minced and then placed in RPMI media (supplemented with 5% v/v FBS, 1001U/ml penicillin
and 1000ug/ml streptomycin) with DMSO for EMT6™ or with Ca (2uM) for EMT6%®. One
week later, antibiotics were removed, and the highest tolerated concentration of Ca (2uM) was
continued in vitro for EMT6“* cells. EMT6M cells were maintained in the equivalent volume of

DMSO.

Fluorescent live-cell assay and isolation of SA-pgal-based SM+ and SM- expressing cells

Cells were grown in corresponding media and at approximately 90% confluency, media
containing 100nM Bafilomycin Al (SCBT, sc-201550A) was placed on cells for 1 hour (to
alkalinize the lysosomes to increase pH for optimal detection of SA-B-gal). C1o,FDG (Setareh
Biotech, 7188) a fluorogenic substrate for B-gal was then added for 1 hour at a final
concentration of 33uM as previously described®?®#2. Cells were then washed 2x with PBS,

trypsinized, and prepared for processing with a LSR Il flow cytometer for SA-B-gal



quantification or FACS Aria cell sorter (Becton Dickinson) for studies involving TKI-treatments,
AxR or CaR variant isolation into SM+ (C1,FDG™*) and SM- (C1,FDG"") cell populations
(Appendix 1 shows experimental schematic and gating strategy). Isolated fractions were
either processed immediately or maintained with drug exposure for experiment duration (as in
Fig 1C). For isolated fractions implanted orthotopically in vivo shown in Figure 5A, each
condition shown represent separate studies with separate days for sorting SM+/SM- cell
populations. Due to variations in the sorting process and time taken to amass sufficient cells for
implantation, these experiments were performed separately and allow for inter-experiment
comparisons (i.e., SM+ vs SM- in one condition) but not intra-experimental comparisons (i.e.,
SM+ vs SM+ in separate conditions). For ex vivo evaluation of SM expression following
VEGFR TKI 48-hour treatment, tumors were minced with forceps into 2-4mm pieces and
digested with 1x Collagenase/Hyaluronidase (STEMCELL, 07919) in RPMI + 5% FBS for 1
hour shaking at 37°C. Isolated cells were treated with RBC lysis buffer (Biolegend, 420302),
washed with PBS, and plated for C;,FDG staining as described above. Following C1,FDG
staining, cells were washed, trypsinized and spun down at 1500rpm for 5 minutes, stained with
Zombie Aqua Fixable Viability Kit (Biolegend, 423102), and then stained with CD45-Ax700
(Biolegend, 147715) according to manufacturer instructions. Cells were then washed with Cell
staining buffer and analyzed on LSRII flow cytometer. Data was analyzed with FCS Express 7
(De Novo Software).

Identification of SM+ and SM- cell signatures

To identify a gene signature specific to SM+ or SM- cell populations, we compared 4T1® SM+
vs. 4T1" or 4T1"®R SM- vs. 4T1" bulk transcriptomic data and extracted upregulated genes with
a fold-change >1.5 and an adjusted p-value <0.05 for each respective cell population. Next, from
these upregulated genes we subsetted to genes upregulated in 4T1*® SM+ vs. 4T1MR SM- to
obtain a SM+ gene signature. Then we subsetted genes upregulated in 4T1"® SM- vs. 4T14R
SM+ to obtain a SM- gene signature and included genes with a fold-change > 1.5 and an
adjusted p-value <0.05 (see Supplementary Table S2 for gene names for SM+/SM-

populations and gene signatures).

Generation of an SM+ T Score



To generate SM+ T-scores to rank expression of SM+/SM- gene signatures in gene expression
datasets, a t-statistic (or T-score) was obtained by comparing the expression of the SM+
signature genes to SM- signature genes for each sample using a t-test statistical comparison™.
SM+ T-scores were obtained for each sample and reported as a single scalar score. A higher
SM+ T-score signifies a higher proportion of SM+ genes or a lower proportion of SM- genes,
while a lower SM+ T-score signifies a lower proportion of SM+ genes or a higher proportion of

SM- genes. An example Rscript code is as follows:

SM+ score <- apply(scale(gene expression matrix), 2, function(x){
t.test(x[rownames(gene expression matrix) %in% SM+ gene signature],

x[rownames(gene expression matrix) %in% SM- gene signature])$stat.

Validation of SM+ T-score and IFN enrichment in published datasets.
Publicly available clinical and preclinical data derived from studies involving VEGFR TKI

treatment were obtained from the Gene Expression Omnibus (GEO, www.ncbi.nlm.nih.gov/geo/)

or database of Genotypes and Phenotypes (dbGaP, https://www.ncbi.nlm.nih.gov/gap/).
Wood et al, 2020 (phs002053.v1.p1): In this study, pre-treatment and post-treatment

biopsies were obtained from clear cell RCC patients treated with neoadjuvant pazopanib for 8-12
weeks for RNA-seq analysis (Illumina HiSeq2500) from pulverized frozen tissue®. Raw data

were downloaded from the dbGaP database under protocol phs002053.vl.pl. Data were

processed and normalized using the RNA-seq pipeline as described above, with the exception
that reads were aligned to the human genome GRCH38 H27(gencode). Normalized gene counts
were used to obtain SM+ T-scores, and differentially expressed genes set by a fold-change > 1.5
and an adjusted p-value of 0.05, were used to generate ranked gene lists for GSEA.

Braga et al, 2017 (GSE58837): In this study, pre-treatment and post-treatment tumor

biopsies were obtained from locally advanced breast cancer patients receiving neoadjuvant
Sunitinib for Affymetrix microarray whole transcriptome analysis of RNA collected from frozen
tissue™. Processed and normalized microarray data were obtained from GEO and used to
generate SM+ T-scores and for GSEA.

Diaz-Montero et al, 2016 (GSE76068): In this study, human specific normalized

microarray data derived from tumors were obtained from GEO with accession number


http://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/gap/
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs002053.v1.p1

GSE76068°. Specifically, a RCC patient sample was subcutaneously implanted into NOD-scid-
IL2r""(NSG) mice and treated with 40mg/kg/day Su. Tumor samples were collected before
treatment and after treatment and analyzed using Illumina human expression BeadChips.
Processed and normalized microarray data were obtained from GEO and used for GSEA.

Mastri et al, 2018 (GSE122819): LM2-4°"® cell derivation has been described by us
previously’. Briefly, whole transcriptomic profiling of LM2-4" and LM2-4>"R cells used Illumina

human expression BeadChips. Normalized microarray expression data were obtained from GEO
and used for GSEA.

Mathematical Modeling (Reduced Gompertz modeling):

Tumor growth kinetics was modeled using the reduced Gompertz model, which allows growth
quantification and comparison between tumor growth curves. It defines a unique subject-specific
growth parameter ‘f’, corresponding to the exponential decrease of the specific tumor growth
rate, and a population-level parameter k ®. This structural reduced Gompertz model was then
embedded into a nonlinear mixed-effects statistical framework (population approach) that allows
for the simultaneous modeling of tumor dynamics and inter-animal variability (described in
Appendix 4) ®. For each pair of groups to be compared, the reduced Gompertz model considered
the population parameter k to have fixed effects within the population, while f was assumed
to have both fixed and random effects. In this way, k (one fixed parameter) and S (one

individual parameter) describes the total tumor volume V' as function of time t:

v _ (kﬁ ™ (K» v, V() ="V,

dt Vs

where V, is the volume of injected tumor cells. Tumor growth analysis to compare groups used
Monolix2018R2 software and a combined error model was used. The two population parameters
were estimated by maximizing the population likelihood, obtained by pooling together the data
of each pair of groups. Finally, individual parameters were obtained by means of the empirical
Bayes estimates. All parameters were well identified, and diagnostic plots such as the visual
predictive check and residuals were compared to confirm descriptive performances of the
reduced Gompertz model. This methodology allowed to estimate only one individual parameter
p and to compare the distributions of this parameter in each pair of groups. A t-test was used to

determine whether the mean of the estimated individual parameter  was the same for the two



groups. If the calculated p-value was found lower than 0.05, then the hypothesis that the
distributions of B of the two groups were equal was rejected (Appendix 4A-4D shows an

example workflow of mathematical modeling used).

The following additional Methods are included in Supplementary files:

Gene knock-down using shRNA

Drug and recombinant protein concentrations
T-cell depletion studies

Splenocyte division and Activation assays
Flow cytometry analysis of cell surface proteins
Cell proliferation assay

RNA isolation

gqRT-PCR

Western Blot Analysis

RNA-sequencing analysis

Gene set enrichment analysis (GSEA)

Gene Ontology (GO) Enrichment Analysis
Inteferome Analysis

Quantification and Statistical Analysis

Data Availability

Publicly available clinical and preclinical data obtained from the Gene Expression Omnibus
(GEO, www.ncbi.nlm.nih.gov/geo/) include GSE132568, GSE58837; GSE76068, and
GSE122819. Clinical data were obtained from the database of Genotypes and Phenotypes
(dbGaP, https://www.ncbi.nlm.nih.gov/gap/) with permission under protocol phs002053.v1.pl.
Expression profile data generated an analyzed in this study were deposited to the NCBI GEO
database GEO under accession number GSE226243. Additional details are provided in the
Methods. All other data generated by the authors is available on request.


http://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/gap/
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs002053.v1.p1

STARMethods

Key resources table

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
Goat anti-rabbit 1gG (H+L); HRP conjugated Promega Cat#W4011;

RRID:

AB 430833
Goat anti-mouse IgG(H+L); HRP conjugated Promega Cat#W4021;

RRID:

AB_430834
Rabbit Monoclonal Phospho-STING (S365) Cell Signaling Cat#72971,
(D8F4W) RRID:

AB 2799831
Rabbit Monoclonal STING (D1V5L) Rodent Cell Signaling Cat#50494;
Preferred RRID:

AB_2799375
XP Rabbit Monoclonal Phospho-TBK1/NAK- Cell Signaling Cat#5483;
(S172) (D52C2) RRID:

AB 10693472
Rabbit Monoclonal TBK1/NAK (D1B4) Cell Signaling Cat#3504,

RRID:

AB_2255663
Rabbit Monoclonal cGAS (D3080) Mouse Cell Signaling Cat#31659;
Specific RRID:

AB 2799008
Mouse Monoclonal Anti-alpha-tubulin Clone B-5- | Sigma Aldrich Cat#T6074;
1-2 RRID:

AB 477582
Purified anti-mouse CD3 antibody (Clone 17A2) Biolegend Cat#100202;

RRID:

AB 312659
Purified anti-mouse CD28 antibody (Clone 37.51) | Biolegend Cat#102102;

RRID:

AB 312867
Anti-mouse CD45 antibody; Alexa Fluor 700 Biolegend Cat#103105;
conjugated (Clone 30-F11) RRID:

AB_ 312970
Anti-mouse CD8b.2 antibody; PE-Cy7 conjugated | Biolegend Cat#103128;
(Clone 53-5.8) RRID:

AB_493715




Anti-mouse CD69 antibody; APC conjugated Biolegend Cat#140416;
(Clone H1.2F3) RRID:

AB_2564385
Anti-human/mouse Granzyme B antibody; Pacific | Biolegend Cat#515408;
Blue conjugated (Clone GB11) RRID:

AB_ 2562196
Anti-mouse PD-L1 antibody (Clone 80) Astra Zeneca (MTA) N/A
Anti-mouse CD16/CD32 TruStain FcX Biolegend Cat# 101319;

RRID:

AB_ 1574973
Anti-mouse CD8a antibody; Alexa Fluor 488 Biolegend Cat#: 100726;
conjugated (Clone 53-6.7) RRID:

AB 493423
Anti-mouse CD8a antibody (Clone 2.43) BioXCell Cat#: BE0O61,;

RRID:

AB 1125541
Anti-mouse PD-L1 antibody; PE conjugated (Clone | Biolegend Cat# : 124307,
10F.9G2) RRID:

AB 2073557
Anti-mouse MHC-1 (H-2kb/H-2Db/H-2Dd); APC Biolegend Cat#: 114613;
conjugated (Clone 28-8-6) RRID:

AB 2750193
Anti-mouse CD3 antibody; APC conjugated Biolegend Cat#:100235 ;
(Clonel7A2) RRID:

AB 2561456
Bacterial and virus strains
Biological samples
Chemicals, peptides, and recombinant proteins
Bafilomycin Al Santa Cruz Cat# sc-

Biotechnology 201550A; CAS:

88899-55-2
5-dodecanoylaminofluorescein di-f-D- Setareh Biotech Cat#7188; CAS:
galactopyranoside (C12,FDG) 138777-25-0




Axitinib Pfizer (MTA) CAS: 319460-
85-0

Cabozantinib LC labs Cat#: C-8901,
CAS: 849217-
68-1

Sunitinib malate Pfizer (MTA) CAS: 341031-
54-7

Pazopanib LC labs Cat#P-6706;
CAS: 444731-
52-6

Lenvatinib LC labs Cat: L-5400;
CAS: 417716-
92-8

Tivozanib Selleck Chem Cat: S1207,
CAS: 475108-
18-0

SN-011 MedchemExpress Cat: HY-145010

DMXAA Selleck Chem Cat: S1537;
CAS: 117570-
53-3

MSA-2 R&D systems Cat: 7353/10
CAS: 129425-
81-6

Recombinant mouse Interferon-alpha-2 Sino Biological Cat#50525-
MNAY; AS#
NP 034633.2

Recombinant mouse interferon-beta Sino Biological Cat#:50708-
MCCH; AS#:
P01575

Recombinant mouse interferon-gamma Peprotech Cat#: 315-05;
CAS:

RPMI Corning Cat#: 10-040-
CV

DMEM Corning Cat#: 10-013-
CV

Heat Inactivated-FBS Gibco Cat#: 10437028

Heat Inactivated FBS Corning Cat#: 35-010-
CV

Trypsin Corning Cat#: 25-053-ClI

Beta-mercaptoethanol Gibco Cat#: 21985023

Non-essential amino acids Gibco Cat#: 11140050

Sodium Pyruvate Gibco Cat#: 11360070

Penicillin/Streptomycin Corning Cat#:30-001-ClI

RBC lysis buffer Biolegend Cat#: 420301



https://www.ncbi.nlm.nih.gov/protein/NP_034633.2
https://www.uniprot.org/uniprot/P01575

CESE

Biolegend

Cat#: 423801

Zombie Aqua Fixable Viability Kit Biolegend Cat#: 423102
Activation cocktail + Brefeldin Al Biolegend Cat#: 423303
Accutase Biolegend Cat#: 423201
Critical commercial assays

Qiagen RNA Mini Isolation Kit Qiagen Cat#74104
CellTiter 96 Aqueous Non-Radioactive cell Promega Cat# G1112
proliferation kit (MTS)

Deposited data

Expression data from breast cancer tumors treated Braga et al. 2017 GEO:

with a single window of the VEGFR TKI sunitinib GSE58837
Gene expression changes in human breast cancer Mastri et al., 2018 GEO:

cells (LM2-4) after sunitinib resistance GSE122819
Gene expression changes in mouse breast cancer Dolan and Mastri et al., | GEO:

cells (4T1) resistant to axitinib derived in vivo after | 2019 GSE132568
continuous axitinib treatment from post-surgical

metastatic lesions and then maintained in vitro with

0.5uM axitinib for more than 2 months.

Gene expression data from human clear cell renal Wood et al., 2020 dbGaP:

cell carcinoma tumors treated neoadjuvantly with phs002053.v1.p
pazopanib for 8-12 weeks. 1

Gene expression data from changes in renal cell
carcinoma patient derived xenografts treated with
the VEGFR TKI sunitinib

Diaz-Montero et al.,
2016

GEO:GSE76068

Gene expression data from FACS isolated 4T1™® | This paper GEO:
SM+ (C1.FDG"") and SM- (C1,FDG™") tumor GSE226243
cells
Experimental models: Cell lines
4T1 Laboratory of A.
Gudkov
4TI Mastri et al., 2018
EMT6 Laboratory of A.
Gudkov
EMT6“R This paper
EMT6E™ This paper
LM2-4 Laboratory of R.
Kerbel
RENCA Laboratory of R. Pili




AT1COn This paper
AT1°"NEKD This paper
EMTE"“" Shi et al., 2021
EMTE" /KD Shi et al., 2021
Experimental models: Organisms/strains

SCID mouse Roswell Park

Comprehensive Cancer
Center

Balb/cAnNCrl mouse

Charles River Labs

Oligonucleotides

Primers for qRT-PCR, see table S3 This paper; Integrated | N/A
DNA Technology
(IDT)
Recombinant DNA
STING shRNA: ATGATTCTACTATCGTCTTAT | Sigma Aldrich Cat#:
TCRNO00034632
0
IFNAR1 shRNA: Shi et al., 2021
GCCAGAGACTACTTACTGTTT
Software and algorithms
FCS Express 7 De Novo Software N/A
FACSDiva Software BD Biosciences N/A
Graphpad
Rv.4.3.1 The Comprehensive R | N/A
Archive Network
RStudio v.1.2.5033 Integrated N/A
Development for
R/Posit
Limma v.3.56.2 https://biocondu
ctor.org/package
s/release/bioc/ht
ml/limma.html
EdgeR v.3.17

Gene Set Enrichment Analysis (GSEA)

Broad Institute

https://www.gse
a_
msigdb.org/gsea

Gene Ontology Enrichment Analysis (GO)

Gene Ontology
Consortium

https://geneontol
ogy.org




Interferome v2.01

http://www.inter
ferome.org/inter

ferome/home.jsp
X

Image Lab™ v6.0.1 build 34 Bio-Rad

Image Lab ™ Touch Software v.2.4.0.03 Bio-Rad

CFX Maestro Bio-Rad https://www.bio
-rad.com/en-
us/product/cfx-
maestro-
software-for-
cfx-real-time-
pcr-
instruments?ID=
OKZP7E15

xMark Microplate Spectrophotometer MPM6.exe Bio-Rad

V6.3

NanoDrop 2000/2000c v1.6.198 Thermo Fisher

Scientific

Other

iScript cDNA synthesis kit

iTag DNA polymerase Bio-rad Cat# 1725120

FCS Express 7 De Novo Software N/A

FACSDiva Software

BD Biosciences

N/A




Figure Legends

Fig 1: Enriched IFN signaling in SM+ tumor cells after VEGFR TKI treatment

(A) Schematic showing isolation of tumor cells expressing the senescence-marker (SM) SA-f-
gal after axitinib (Ax) treatment in vivo (Resistant, R) or in vitro (Short term, ST). R cell
derivation described previously’, see Methods.

(B) Representative FACS image of high- and low-expressing SM cells (SM+ or SM-) using

L AxST
C,,FDG staining in 4T1 cells.

AxR
(C) After FACS isolation, 4T1 ~ SM+ and SM- cells were assessed for proliferation daily by
MTS assay, and cell viability tested by trypan blue staining (inset; Day 0). n=3

(D) Schematic showing RNA- sequencmg of FACs isolated 4T1 SM+ and SM- cells cell
populations based upon SM cell expression and differential gene expression.
(E) Volcano plot representing differentially expressed genes (Log, [Fold Change] <-1.5 or> 1.5

and FDR < 0.05) in 4T1" " SM+ (left; red) and in 4T1 « SM- (right; blue) compared to 4T1
cells. Venn diagram summarizing unique and shared differentially expressed genes between
SM+/SM- cells compared to 4T1 cells.

(F) Cytoscape visualized GO analysis of significantly over-represented biological processes

AxR
unique to the 4T1  SM+ cells.

(G) GSEA of 4TlAXR SM+ (compared to 4T1AXR SM-) shown by a lollipop plot representing
NES of curated or published senescence or therapy-induced secretome gene sets (blue),
immunity/immune response gene sets (red), or shared between senescence and immune
responses (red and blue overlap). Note: Gene set information is summarized in Table S1.

AxR P AxR AxR
(H) Hallmark GSEA of 4T1  (compared to 4T1 ) and 4T1 =~ SM+ (compared to 4T1 ~ SM-).
All gene sets selected had an FDR < 0.05. IFN response genesets shown in black.

1)) Volcano plot representing differentially expressed genes in 4T1 SM+ cells (compared to

4T1 SM-). DEGs were then used in an interferome analysis to determine the relative
percentage of DEGs regulated by IFNs.

(J-M) Gene Expression of select ISGs evaluated by qRT-PCR were compared in the following
cells;

AxR P
(J)4T1  vs.4T1 cells (n=3).
AxR
+ vs. - populations derived from cells atter -1solation (n = 3-
K) SM SM- populati derived fi 4T1 11s aft CIZFDGFACS' lati 3-6

(L) 4T1 vs. 4T1+Ax (ST with Ax) cells (n = 3)
(M) SM+ vs. SM- populations derived from 4T1+Ax cells after C,,FDG FACS-isolation (n = 3)

(N) SM-expression in 4T1 tumor cells following ST treatment with VEGFR TKIs Ax, Ca, Tivo,
Pazo, or Len analyzed by flow cytometry.

Axitinib-Resistant (AxR) Axitinib (Ax); Vascular Endothelial growth factor receptor (VEGFR);
Tyrosine Kinase Inhibitor (TKI); Short-term (ST); ST Ax-treated (+Ax); Fluorescent-activated
cell sorting (FACS); Senescence-associated (SA); beta-galactosidase (p-gal); 5-
Dodecanoylaminofluorescein Di-B-D-Galactopyranoside (C,,FDG), Senescence-Marker (SM);
High-Expressing (SM+); Low-Expressing (SM-); Fold-Change (FC), Differentially Expressed
Genes (DEGs),; False Discovery Rate (FDR), Gene Ontology (GO);, Gene Set Enrichment
Analysis (GSEA); Normalized Enrichment Score (NES); Interferon-stimulated gene (ISG); In
vivo-derived Parental (P); Vehicle control (Veh.); Cabozantinib (Ca); Tivozanib (Tivo);



Pazopanib (Pazo), Lenvatinib (Len);, Quantitative data shown as mean = SD. * p <0.05; **p <
0.01; ¥** p < 0.001; ****p < 0.0001.

Figure 2: An IFN-enriched SM+ T- score increases after TKI treatment

(A-D) Comparisons of GSEA of hallmark IFNa and IFNy response gene sets in published studies
involving VEGFR TKIs before treatment (pre-Tx) and after treatment (post-Tx).

(A) Neoadjuvant Pazo-treated ccRCC patients (dbGaP #phs002053.v1.pl; n = 5-17; bulk RNA-

seq)
(B) Neoadjuvant Su-treated locally advanced BC patients (GEO:GSE58837; n = 5-7 ; bulk RNA-

seq)
(C) Su-treated human RCC PDX model (GEO:GSE76068; n = 4; microarray)
(D) Su-treated human metastatic BC tumor cell line (GEO:GSE122819; n = 3 ; microarray)

(E) Schematic of SM+ T-score generation using gene signatures from 4T1AXR SM+ and SM-
cells.

(F-I) SM+ T-score analysis in neoadjuvant TKI-treated patients.

(F) SM+ T-score in matched pre- and post-treatment samples from ccRCC patients (n = 5).

(G) SM+ T-score in post-treatment samples (ccRCC; n = 17).

(H) SM+ T-score in matched pre- and post-treatment samples from BC patients (n = 4).

(I) SM+ T-score in post-treatment samples (BC; n = 5).

Parental (P); Clear Cell Renal cell carcinoma (ccRCC); Breast Cancer (BC); Senescence-
Marker (SM); High-Expressing (SM+); Low-Expressing (SM-); Fold-Change (FC); False
Discovery Rate (FDR), Patient-derived xenograft (PDX); Gene Expression Omnibus (GEO);
GEO Series records (GSE); database of Genotypes and Phenotypes (dbGaP); Gene Set
Enrichment Analysis (GSEA); Normalized Enrichment Score (NES), Sunitinib (Su); Pazopanib
(Pazo)

Figure 3: SM expression can be regulated by a STING-IFNP signaling axis
(A) Protein expression of the STING pathway including pSTING, STING, pTBK1, TBK1, and

alpha-tubulin in 4T1P and 4TlAXR tumor cells (n=3).

(B) Densitometry quantification of western blots shown in (Fig 3A) representing Log,FC in
relative pSTING (top), pTBKI1 levels (middle), and STING levels (bottom) compared to P
controls. Expression is normalized to a-tubulin (n=3).

(C) SM-expression in 4T1 tumor cells following treatment with DMXAA or MSA-2 analyzed by
flow cytometry (n=3).

(D) Protein expression of the STING pathway in 4T1 tumor cells following treatment with
vehicle control, STING agonists (MSA-2, DMXAA), or multiple VEGFR TKIs (Ax, Ca, Su,
Tivo, Pazo, Len) (n=3).

(E) Densitometry quantification of western blots shown in (D) representing Log,FC in relative
pSTING (top), pTBK1 levels (middle), and STING levels (bottom) compared to vehicle controls.
Expression is normalized to a-tubulin (n=3).

(F) Protein expression of STING pathway in 4T1%"°" or 4T15T™9KP cells following Ax
treatment analyzed by western blotting (n=2-3)

(G) Gene expression of select ISGs evaluated by gRT-PCR in 4T1°"“°" or 4T15™5*P tymor
cells following Ax treatment (n=3).



(H) SM-expression in 4T1"°" or 4T15"™ P tymor cells following Ax treatment analyzed by
flow cytometry (n=3).

(I) SM-expression in EMT6M and EMT6CalR cells following SN-011 treatment analyzed by flow
cytometry (n=3).

(J) Protein expression of the STING pathway including pSTING, STING, pTBK1, TBK1, and
alpha-tubulin in EMT6NI and EMT6CaR tumor cells (n=3).

(K) Densitometry quantification of western blots shown in (Fig 3J) representing Log,FC in
relative pSTING/STING (top) and pTBK1/TBK1 levels (bottom), compared to M controls.
Expression is normalized to a-tubulin (n=3).

(L) SM-expression in 4T1 tumor cells following stimulation with IFNa, IFN, or IFNy analyzed
by flow cytometry (n=3)

(M) Gene expression of Ifna, Ifnp, or Ifny genes in 4T1 tumor cells following Ax treatment
evaluated by qRT-PCR (n=3).

(N) Gene expression of Ifnf in 4TIC or 4T13™GKD tymor cells following Ax treatment
evaluated by qRT-PCR (n=3).

(0) SM-expression in EMT6""“°" or EMT6" ™RP ¢els following Ax or Ca treatment evaluated
by flow cytometry (n=3).

Axitinib (Ax); Cabozantinib (Ca); Sunitinib (Su); Pazopanib (Pazo); Tivozanib (Tivo);
Lenvatinib  (Len); shRNA Vector Control (shCon);, Vehicle control (Veh);, 5-
Dodecanoylaminofluorescein Di-f-D-Galactopyranoside (C,,FDG); Interferon (IFN); Short-

term (ST); Fold Change (FC); Type I IFN receptor knockdown (IFNARI-KD); Stimulator of
Interferon Genes knockdown (STING-KD); 5,6-dimethylxanthenone-4acetic acid (DMXAA),
cells were treated with 10ng/ml of IFNs or TKIs for 48 hours (A); Drug concentrations included
SN-011 (6-8uM), (DMXAA (50uM), MSA-2 (33uM), Ax (0.5uM), Ca (2uM), Su (2uM), Tivo
(2uM), Pazo (2uM), or Len (2uM). Quantitative data is shown as mean = SD; * p <0.05, **
p<0.01, *** p < 0.001, ¥**** p<0.0001

Figure 4: SM+ cells express opposing regulators of immunity

(A-D) Evaluation of antigen presentation molecules by qRT-PCR included the following
comparisons:

(A) 4T1 cells after Veh or Ax treatment (n=3)

(B) 4T1"" or 4T15TNGKD cells after Veh or Ax treatment (n=3).

©) 4T1AXR compared to 4T1P (n=3).

(D) FACS-isolated 4T1AXR SM-+ cells compared to 4T1AXR SM- cells (n=3-6).

(E) Cell surface MHC-I expression in 4T1 cells after Ax or Ca treatment. Representative
histogram (left; Ax only) and quantification by flow cytometry (right; n=3).

(F) Cell surface PD-L1 expression in 4T1 cells after Ax or Ca treatment. Representative
histogram (left; Ax only) and quantification by flow cytometry (right; n=3).

(G) Representative histograms of staining and gating used to evaluate MHC-I and PD-L1 surface
expression on 4T1 SM+/SM- cell populations after Ax treatment.

(H) Quantification of MHC-I in SM+/SM- gated cell populations in 4T1 cells after Ax or Ca
treatment by flow cytometry (n=3).

(I) Quantification of PD-L1 in SM+/SM- gated cell populations in 4T1 cells after Ax or Ca
treatment by flow cytometry (n=3).



Axitinib (Ax); Cabozantinib (Ca); shRNA Vector control (shCon);, Vehicle (Veh), 35-
Dodecanoylaminofluorescein Di-f-D-Galactopyranoside (C,,FDG); Interferon (IFN); Short-

term (ST);, Median Fluorescence Intensity (MFI); Fold Change (FC); Stimulator of Interferon
Genes (STING),; STING knockdown (STING-KD). Dotted line in A-D shows average value of
vehicle (Veh.) treated or parental controls. Quantitative data is shown as mean = SD; * p <0.05,
¥ p<0.01, *** p < 0.001, **** p<0.0001

Figure 5: Contact-dependent CD8 T-cell stimulation by SM+ cells can off-set contact-
independent CD8 T-cell inhibition.

Ax
(A) Primary tumor growth following orthotopic implantation of FACS enriched 4T1 : SM+ and
R

4T1AX SM- tumor cells in BALB/c mice (left, representative example, n = 5), SCID mice (n =5,
middle), and BALB/c mice treated with an anti-CD8 antibody (right, n = 10).

(B) Summary of difference in the Gompertz model parameter B (specific growth rate increase)
from growth kinetics analysis of primary tumor growth curves in (A). (BALB/c mice, n = 34 (4
independent experiments); SCID mice, n = 5; BALB/c treated with anti-CDS8 antibody, n = 10).

P AxR
(C) Schematic of BALB/c derived splenocytes treated with CM derived from 4T1 or 4T1

P AXR
tumor cells or co-cultured with 4T1 or4T1  tumor cells.
(D-E) Log,FC of %Divided, %GRMB+, or %IFNy+ gated CD8+ splenocytes following (D)

AxR P
treatment with CM derived from 4T1  tumor cells compared to 4T1 or (E) co-cultured with

4T1AXR tumor cells compared to 4T1P.

(F) Schematic of Balb/c derived splenocytes treated with CM derived from SM+ or SM- tumor
cells or splenocytes co-cultured together with SM+ or SM- cell populations.

(G-H) Log,FC of % Divided, % GRMB+, or % IFNy+ gated CD8&+ stimulated splenocytes

AxR
following (G) treatment with CM derived from 4T1 ~ SM+ tumor cells compared to SM- cells

AxR
or (H) co-cultured with 4T1 ~ SM+ tumor cells compared to SM- tumor cells.
(I-J) Heatmap summarizing Log, FC of % Divided, %GRMB+, %IFNy+ CD8+ gated stimulated

AxR CaR
splenocytes for CM or co-cultures comparing (I) 4T1 vs. P controls and EMT6  vs. P

controls or (J) 4T1AXR SM+ vs. SM- and EMT6CaR SM+ vs. SM- controls.

(I) Graphical summary of opposing effects of SM-expressing tumor cells on CD8 T-cell activity.

Parental (P); Axitinib-resistant (AxR),; Senescence-marker (SM); 5-Dodecanoylaminofluorescein
Di--D-Galactopyranoside  (C,,FDG); Senescence-marker (SM); Granzyme B (GRMB),

Interferon-gamma (IFNy); Conditioned media (CM); Forward Scatter (FCS); Fold Change
(FC); Primary tumor burden was assessed by caliper measurement. See Appendix 3 for details of
reduced Gompertz and mixed-effects modeling to evaluate tumor growth kinetics. Graphs in D,
E, G, H show Log2FC comparisons from controls standardized to ‘0’ (grey circles and error bars
shown). Standard deviation (SD); Quantitative data is shown as mean £ SD; * p <0.05, **
p<0.01, ***p < 0.001, ****p < 0.0001.

Figure 6: SM+ tumors have increased sensitivity to PD-L1 inhibition



(A) Schematic and quantification of % SM-expressing viable and CD45- gated cells isolated
from tumors in Balb/c mice orthotopically implanted with 4T1 tumor cells and treated with Ax

for 48 hours in established tumors (~400m ).
(B) Primary tumor growth of Balb/c mice orthotopically implanted with 4T1 tumor cells and

3
treated with Veh control, Ax, anti-PD-L1, or Ax + anti-PD-L1 once tumors reached 400mm (n =
5)

(C) FC comparison of primary tumor growth from (B) from endpoint to start of treatment (DPI
17).

(D) Difterence in tumor growth rate using Gompertz modeling (upper) and area under the curve
(AUC) analysis of primary tumor growth curves (B) after DPI 17 until endpoint.

(E) Primary tumor growth of FACS isolated EMT6CaR SM+ or EMT6CaR SM- tumor cells
orthotopically implanted into Balb/c mice and treated with Veh or anti-PD-L1 with difference in
the Gompertz model parameter B (specific growth rate increase) from growth kinetics analysis of
primary tumor growth curves (top left inset of each graph).

(F) FC comparison of SM+ and SM- tumor responses to anti-PD-L1 antibody treatment
(normalized to respective vehicle treated control and statistical analysis comparing treated SM+
and SM- groups) based on primary tumor volume.

(G) Overview schematic of proposed model.

Parental (P); Cabozantinib-resistant (CaR); Fluorescent-activated cell sorting (FACS);
Senescence-marker (SM); Ax (100mg/kg/day); anti-PD-L1 Ab (250ug/mouse/3 days); 5-
Dodecanoylaminofluorescein Di-B-D-Galactopyranoside (C ,FDG); Vehicle treated control

(Veh); See Appendix 3 for details of reduced Gompertz and mixed-effects modeling to evaluate
tumor growth kinetics. Standard Deviation (SD); Primary tumor burden was assessed by caliper
measurement. Quantitative data shown as mean = SD. * p< 0.05; ** p<0.01.
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