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Summary

Immune checkpoint blockade (ICB) can produce durable responses against cancer. We and others
have found that a subset of patients experience paradoxical rapid cancer progression during
immunotherapy. It is poorly understood how tumors can accelerate their progression during

ICB. In some preclinical models, ICB causes hyperprogressive disease (HPD). While immune
exclusion drives resistance to ICB, counterintuitively, patients with HPD and complete response
(CR) following ICB manifest comparable levels of tumor infiltrating CD8* T cells and IFNy—
gene signature. Interestingly, patients with HPD but not CR exhibit elevated tumoral FGF2 and B-
catenin signaling. In animal models, T cell-derived IFNy promotes tumor FGF2 signaling, thereby
suppressing PKM2 activity and decreasing NAD™, resulting in reduction of SIRT1-mediated
B-catenin deacetylation and enhanced p-catenin acetylation, and consequently reprograming tumor
stemness. Targeting the IFNy-PKM2-B-catenin axis prevents HPD in preclinical models. Thus,
the crosstalk of core immunogenic, metabolic, and oncogenic pathways via the IFNy-PKM2-p-
catenin cascade underlies ICB-associated HPD.
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Li et al. uncover a crosstalk between core immunogenic, metabolic, and oncogenic pathways in
cancer cells during immunotherapy, which enables hyperprogressive disease (HPD) in preclinical
models and correlates with immunotherapy-associated HPD in cancer patients.
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Introduction

The molecular determinants of tumor response to immunotherapy are incompletely defined.
Immune checkpoint blockade (ICB) therapy unleashes T cell mediated anti-tumor immunity
to promote partial or complete responses in a wide variety of cancers 1. However, ICB

can also result in atypical patterns of response including pseudoprogression, in which

an initial increase in tumor size is followed by subsequent clinical benefit from therapy

5. Unfortunately, most cancer patients develop stable or progressive disease on ICB 2.

More recently, it has been suggested that initiation of ICB may promote hyperprogressive
disease (HPD) €, which manifests as an acceleration of cancer growth during ICB. Signaling
induced by the ICB antibodies as well as amplifications of EGFR or MDMZ2/4 have been
associated with HPD 7. Prior studies have identified T cell exclusion and immune signaling
dysfunction as contributors to tumor progression on immunotherapy 1-4. However, the
importance of tumoral immune composition to atypical but clinically relevant patterns of
response to ICB remains poorly defined.

Interferon (IFN)y signaling is a key immunogenic pathway and plays a decisive role in
spontaneous and ICB-induced anti-tumor immunity 8. Host IFNy signaling supports tumor
antigen presentation, antigen presenting cell (APC) activation, effector T cell recruitment,
and directly affects tumor cell proliferation and survival 1. Loss of IFNy signaling in tumor
cells results in immune evasion and resistance to immunotherapy %12, However, prolonged
IFNy exposure confers tumor resistance to ICB via multiple mechanisms, including PD-L1
induction and induction of cancer stemness 13-16, Hence, IFN'y signaling can play a dual
role in cancer immune responses. However, whether IFN-y can directly promote tumor
progression in the context of immunotherapy remains unknown.

An intertwined network of oncogenic and metabolic programs works in tandem to support
cancer growth and viability 1719, Oncogenes, including B-catenin, promote tumor stemness
and invasiveness and increase metastatic potential 20, Additionally, B-catenin signaling
enhances tumor cell survival by inducing MYC and other genes 21. Consequently, -

catenin signaling can promote resistance to immunotherapy 1322, Oncogenic programs also
upregulate aerobic glycolysis to support cancer progression 23, Furthermore, overexpression
of tumor growth stimulatory signals, including epidermal growth factor (EGF) and fibroblast
growth factor (FGF), enables unchecked growth 2425, However, the importance and
mechanism of how these oncogenic and metabolic drivers of cancer progression interact
with immunogenic signaling induced by ICB therapy is poorly understood.

Here, we explored the interplay between key immunogenic (IFN-y), metabolic (glycolysis),
and oncogenic (B-catenin) pathways in suspected ICB-associated HPD in tumor-bearing
murine models and patients with cancer. We discover that core immunogenic, metabolic,
and oncogenic pathway crosstalk provides a cellular and molecular basis for ICB-associated
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HPD. Our work suggests that targeting this crosstalk may prevent suspected iatrogenic
cancer progression in patients receiving ICB.

Rapid cancer progression occurs in a subset of patients during immunotherapy

Immunotherapy has altered the landscape of cancer treatment. It is not fully understood
whether there are differences in clinical response to immunotherapy as compared to
established cancer therapy. To explore this, we examined a cohort of metastatic melanoma
patients treated with ICB or targeted therapy at the University of Michigan (Cohort 1,
Table S1, 389 patients). ICB improved overall survival of patients when compared to
targeted therapy (Figure 1A). Surprisingly, a subset of patients treated with immunotherapy
progressed rapidly within three months as compared to those who received targeted therapy
(Figure 1A, inset). Similarly, we noted that though ICB improved the progression-free
survival of patients with metastatic melanoma (Figure 1B), a subset of patients rapidly
progressed after receipt of ICB compared to targeted therapy (Figure 1B, inset). To

extend our studies, we examined a cohort of non-small cell lung carcinoma (NSCLC)
patients treated with ICB or chematherapy at our institution (Cohort 2, Table S2, 375
patients). Receipt of ICB was also associated with inferior overall and progression-free
survival at three months in NSCLC patients (Figures 1C and 1D). To substantiate this
finding, we performed propensity-score matched multivariable modeling. After controlling
for clinicopathologic variables, inferior overall survival, and progression-free survival
(Figures SLIA-S1D) remained in melanoma and NSCLC patients treated with ICB at three
months as compared to other systemic therapies. To externally validate these observations,
we conducted a pooled analysis of the prospective, randomized controlled trials which
established the superiority of ICB over chemotherapy in metastatic NSCLC 26-28, Again,
receipt of ICB was associated with inferior initial progression-free survival at three months
(Figure 1E). This inferior progression-free survival was observed regardless of whether
anti-PD-1 (pembrolizumab), anti-PD-L1 (atezolizumab), or anti-CTLA-4 and anti-PD-1
(ipilimumab and nivolumab) were utilized (Figure 1F). Progression within three months
was associated with significantly inferior overall survival in melanoma and NSCLC patients
receiving ICB (Figures 1G and 1H). Together, these data indicate that rapid cancer
progression can occur in a subset of cancer patients during immunotherapy.

Next, we evaluated the patterns of early/initial radiographic response to cancer therapies in
patients with metastatic melanoma and NSCLC (Cohorts 1 and 2). imRECIST criteria were
utilized to exclude patients with pseudoprogression 2%, Quantitative evaluation revealed that
a higher proportion of metastatic melanoma had a substantial (> 50%) increase in tumor
burden at the time of first surveillance imaging following receipt of ICB as compared to
receipt of targeted therapy (Figure 11). Similarly, in patients with metastatic NSCLC, a
subset of patients had a substantial increase in tumor burden after receipt of ICB (Figure
1J). Substantial increases in tumor burden were associated with significantly inferior overall
survival in melanoma and NSCLC patients receiving ICB (Figures S1E and S1F). These data
collectively suggest that ICB is associated with a rapid and substantial increase in tumor
burden in a subset of cancer patients.
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Multiple groups have suggested that cancer hyperprogression may occur following receipt
of immunotherapy 30. Tumor growth rate is a validated quantification of tumor kinetics
over time 31, We observed that a proportion of patients had an acceleration of their tumor
growth rate after ICB, targeted therapy, or chemotherapy in melanoma and NSCLC (Figures
S1G and S1H). We next applied previously reported definitions for HPD whose criteria
include rapid time to failure, an increase in tumor burden, and tumor growth acceleration,
to our clinical cohorts (Table S$3) 6:7:32-38 HPD occurred in ~11% patients with metastatic
melanoma following receipt of ICB versus ~2% of patients following targeted therapy
(Figure S1I). Likewise, we observed HPD in ~13% of patients with NSCLC following
receipt of ICB and ~8% of patients following receipt of chemotherapy (Figure S1J).

These proportions were similar regardless of which previously published definition of HPD
was used 6:7:32-38 These data collectively suggest a small subset of cancer patients may
experience rapid progression upon immunotherapy.

HPD could represent unchecked intrinsic cancer growth in the face of ineffective therapy,
or a paradoxical acceleration of cancer progression induced by therapy. To evaluate these
possibilities, we examined serial radiographic cross-sectional images from the period
preceding and following ICB initiation in patients with metastatic melanoma and NSCLC.
Cross-sectional and reconstructed 3D imaging showed that a subset of patients had
significant increases in tumor burden after receipt of ICB (Figures 1K, 1L, S1K and S1L).
Longitudinal quantification of tumor burden demonstrated that a subset of melanoma and
NSCLC patients had significant increases in tumor burden following but not preceding
initiation of ICB as shown in individual patient growth curve (Figures SIM and S1N)

as well as the composite values (Figures 1M and 1N). To further understand whether

these patients with potential HPD differed from patients with progressive disease (PD) as
defined by imRECIST, we stratified patients by their radiographic response and compared
their disease burden longitudinally. We observed that unlike patients with PD, patients
with HPD had dramatic increases in their tumor burden after receipt of ICB (Figures

1M and 1N). Interrupted time series analysis confirmed patients with HPD were on a
distinct disease trajectory after initiation of ICB as compared to patients with PD. Metastatic
melanoma and NSCLC patients with HPD had significantly diminished overall survival
following receipt of ICB when compared to patients with PD (Figures 10 and 1P). In
patients with metastatic melanoma, HPD following immunotherapy occurred regardless of
the age, gender, performance status, lines of prior therapy, receipt of single or dual ICB,
melanoma histologic subtype, or BRAF mutational status (Figure S10). In patients with
metastatic NSCLC, HPD following ICB occurred regardless of age, gender, performance
status, smoking status, histology, and receipt of immunotherapy alone or in combination
with chemotherapy (Figure S1P). Of note, ICB-associated HPD was not associated with
increased tumor growth rates in the pretreatment period (Figures S1Q and S1R). These data
suggest cancer may accelerate in a minority of patients following immunotherapy.

Immunogenic and oncogenic pathways correlate in patients with HPD

To investigate the molecular underpinnings of HPD in patients, we identified a cohort of
patients who underwent comprehensive tumor and somatic sequencing, received ICB, and
had evaluable cross-sectional imaging at our institution (Cohort 3, Table S4) 39. Through
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longitudinal radiographic quantitation of tumor burden, we identified patients who had

a complete response (CR) as well as those patients who developed HPD in response to

ICB (Figures S2A-S2D). Survival analysis confirmed that radiographic response to ICB
impacted overall survival (Figure S2E). Limited IFN+y signaling and insufficient T cell
infiltration are known to be associated with tumor progression and resistance to ICB

1.24 e hypothesized that limited T cell responses would characterize the tumor immune
microenvironment in patients who subsequently developed HPD. Unexpectedly, patients
with CR and patients with HPD demonstrated comparable levels of IFNy and /RF1 as

well as similar T cell clonal diversity, number of TCR clones, number of TCR reads, and
CD8* T cell infiltration (Figure 2A). Regulatory T cells, myeloid dendritic cells (DCs),
and macrophages mediate immunosuppression in the tumor microenvironment via multiple
mechanisms, such as the PD-L1-PD-1 pathway 4041, Surprisingly, the levels of PDCD1
(PD-1), FOXP3, and CD68were also comparable between patients who had CR and HPD
in response to ICB (Figure 2A). To orthogonally confirm this observation, we evaluated
CD8* T cells in tumors in metastatic melanoma (Cohort 1) and NSCLC patients (Cohort
2) who had available tissues. Multiplex immunohistochemistry showed comparable levels of
tumor CD8* T cell infiltration between CR and HPD patients with melanoma (Figures 2B
and 2C) and NSCLC (Figures 2D and 2E). These data indicate that patients with HPD are
unexpectedly not immune excluded.

Given the lack of significant differences in the immune composition of patients who
responded completely versus those who developed HPD following receipt of ICB, we then
evaluated common oncogenic pathways 18. Gene signatures for several common oncogenic
signaling pathways, including Sonic Hedgehog, Hippo, KRAS, NOTCH, and EGF were
similarly expressed in patients with HPD and CR (Figure 2F). Interestingly, we found that
FGF2 and Wnt-p-catenin gene signatures were highly expressed in patients who developed
HPD as compared to patients who underwent a CR (Figures 2F and S2F). We detected
comparable levels of expression of EGFR, MDM?Z2, and MDMA4, but higher levels of

tumor stemness and invasiveness in HPD as compared to CR (Figure S2G). We found

one case with BRAF mutation and no cases with MDMZ2, MDMA4, and EGFR amplification
in this cohort (Figure S2H). The results suggest that FGF2, Wnt-fB-catenin, and stemness/
invasiveness pathways may be activated in patients with HPD. To validate this finding, we
examined FGF2 and MYC, surrogates for FGF signaling and B-catenin signaling, in tumors
from patients with melanoma and NSCLC who had CR or HPD following receipt of ICB.
Multiplex immunohistochemistry revealed nuclear FGF2 indicative of active FGF2 signal
transduction 42 and MYC expression (Figure 2G, upper panel). Quantitation revealed higher
levels of FGF2*MYC™* melanoma cells in patients with a HPD phenotype as compared

to patients with a CR phenotype (Figure 2H). Similar results were obtained in patients

with NSCLC (Figure 21, upper panel and Figure 2J). Furthermore, we performed multiplex
immunofluorescence staining for CD133, a marker for stemness in cancer tissues from
patients with CR and HPD. There was higher frequency of CD133M9" tumor cells (Figures
2G, 21, lower panels, and Figure 2H) and FGF2M9hcD133N8h tumor cells (Figures S21 and
S21J) in HPD patients as compared to CR patients. The data suggest that immunotherapy-
associated HPD is associated with activation of the FGF2 and p-catenin oncogenic pathways
as well as increased tumor stemness.

Cancer Cell. Author manuscript; available in PMC 2024 February 13.
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CD8* T cells drive cancer hyperprogression via IFNy

Preclinical models mimicking ICB-triggered HPD have not been developed. To resolve if
ICB may trigger HPD in melanoma, we sought to establish a melanoma murine model with
HPD features by testing 4 cell lines: B16-F0, B16-F10, YUMM1.7, and YUMMb5.2. We
inoculated the 4 cell lines into C57BL/6 mice and treated them with anti-PD-L1 mAb (aPd-
11). aPD-L1 therapy showed minimal anti-tumor effect in mice bearing B16 melanoma 4344
and YUMM5.2 tumor (Figure S3A). To our surprise, tumors progressed faster in YUMM1.7
melanoma-bearing mice under ICB (Figure 3A). In line with this, a CTLA-4 treatment also
promoted YUMML.7 tumor growth (Figure S3B). aPD-L1 resulted in increased tumor T
cell infiltration in YUMM1.7 model (Figures 3B and 3C) as well as enhanced multiple
tumor stemness- and invasiveness-associated genes, such as Mycand Cd44 proteins (Figures
3D) and transcripts (Figure 3E). In contrast, aPD-L1 therapy did not modulate these genes
in YUMMDS.2 model (Figure S3C). Notably, previous studies have revealed inconsistent
efficacy of ICB in YUMMA.7 tumor bearing mice 4546, To elucidate the necessity of
immune activation as demonstrated in cancer patients (Figure 2) and recapitulate tumor
stemness potential /7 vivo (Figures 1 and 2), we inoculated a limited number of tumor cells
into animals and initiated treatment at an early time point.

As melanoma from HPD patients harbored activated CD8* T cells (Figure 2), we wondered
whether CD8* T cells unexpectedly support tumor progression in the YUMMZ1.7 melanoma-
bearing model. We treated YUMMU1.7 melanoma-bearing mice with a CD8-depleting
monoclonal antibody (aCD8) (Figure S3D). We observed that a CD8 slowed YUMML1.7
tumor progression (Figure 3F) and reduced tumoral Mycand Cd44 expression (Figures

3G and S3E). The data suggests that CD8* T cells may activate oncogenic pathways in
tumor cells. We further tested this possibility in the setting of ICB. We treated YUMML1.7
tumor-bearing mice with aPD-L1, aCD8, or the combination of aPD-L1 and aCD8. Again,
aPD-L1 promoted tumor growth, but failed to do so when CD8* T cells were depleted,

as determined by tumor growth measurements (Figure 3H) and tumor weights (Figure 3I).
These data suggest that ICB may enhance tumor growth in a CD8" T cell-dependent manner.

To explore how CD8™" T cells activate oncogenic pathways, we cultured YUMML1.7 cells
with activated CD8" T cells or activated T cell media (TCM). T cells (Figure S3F) and
TCM (Figure S3G) induced the expression of Mycin YUMML1.7 cells in a dose-dependent
manner. Moreover, TCM promoted YUMM1.7 tumor sphere formation as compared to
control media (Figure S3H). The data suggests that CD8" T cell-derived factor(s) may
stimulate tumorigenesis. IFNy is a key effector cytokine released by CD8* T cells which
signals through the IFNy receptor 1 (IFNGR1) and induces STAT1 phosphorylation 8. We
hypothesized a potential role of IFNvy in inducing T cell-mediated tumorigenesis. To this
end, we established /fngr1 knock out (KO) YUMML.7 cells and treated them with TCM.
We found that TCM induced the expression of Mycand Cd44in wild type (WT) YUMML1.7
cells, but not in /fngr1 KO YUMM1.7 cells (Figures S31 and S3J). The data suggests that
T cell-derived IFNy may promote tumorigenesis. As a validation, we knocked out Stat,
the transcription factor responsible for IFNvy signaling, in YUMML.7 cells. IFN-y strongly
induced Cd44 expression and tumor sphere formation in YUMMZ1.7 WT cells, but not

in Stat? KO cells (Figures S3K and S3L). The data indicate that CD8" T cell derived
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IFNy signaling may promote tumor stemness, thereby enhancing tumorigenic potential.

To solidify this finding, we examined the effect of recombinant IFN-y on YUMM1.7 and
YUMMB.2 cancer cells in vitro. Treatment with IFN+y induced more spheres (Figures S3M
and S3N), higher expression of stemness markers, including Cd44 and Cd133 (Figures S30
and S3P) on cancer cell membrane, and multiple stemness gene transcripts (Figure S3Q) in
YUMML.7 cells, but not in YUMMDS.2 cells. Furthermore, we tested whether the effect of
IFN-y on tumor stemness depended on tumor cell density. We cultured YUMML.7 cells at
different densities and observed that IFN+y strongly induced Mycand Cd44 expression in
YUMML.7 cells cultured at low density (10-30%), but not at high density (> 60%) (Figures
S3R and S3S). Similar results were obtained in YUMML.7 cell sphere formation at low
density (Figures S3T and S3U). The data suggest that different melanoma cancer models,
such as YUMML.7 and YUMMS5.2, can differentially respond to IFN-y and/or ICB.

To extend our observation to a lung cancer model, we inoculated Lewis lung carcinoma cells
(LLC) into C57BL/6 mice and treated these mice with aPD-L1. In line with our previous
results 44, LLC bearing mice were resistant to ICB. We isolated multiple tumor clones
(PLC1.1-1.4 and PLC2.1-2.4) from mice bearing progressive LLCs (PLCs) and treated them
with IFNvy. IFN+y stimulated Myc expression in all PLC clones (Figure S3V). We inoculated
PLC2.4 cells into C57BL/6 mice and treated these mice with aPD-L1. Again, checkpoint
blockade induced tumor progression (Figure 3J). Altogether, the results reveal an oncogenic
role of IFN signaling in some mouse tumor models. We then stimulated multiple human
melanoma and lung cancer cell lines with IFNy. IFNy was able to induce MY C expression
in a minority of the cancer cell lines we examined (Figures S3W and S3X). To extend these
findings, we inoculated A375 human melanoma cells into NSG mice and treated these mice
with recombinant human IFN+y and observed that treatment with IFN-y supported tumor
progression (Figure S3Y).

To determine a direct role of the IFN+y signaling pathway in YUMML.7 tumor progression
in vivo, we pooled 3 different /fngr1 KO YUMML.7 clones and 3 different StatZz KO
YUMML.7 clones and inoculated these KO clones and wild type cells into wild type
C57BL/6 mice. We observed that WT tumors progressed rapidly on treatment while /fngri
KO (Figure 3K) or Stat1 KO (Figure 3L) tumors grew slowly. Similar results were obtained
when individual Stat? KO YUMML.7 cell clones were studied /n7 vivo (Figure 3M). The data
indicates that IFNvy signaling facilitates YUMML.7 tumor progression /n vivo. Moreover,
pooled /fngr1 KO (Figure 3N) or Statl KO (Figure 30) PLC2.4 tumors progressed more
slowly when compared to wild-type PLC2.4 tumors /n vivo. Similar results were observed
in individual StazZ KO PLC2.4 clones (Figure 3P). Thus, IFN+y signaling promotes tumor
growth in PLC2.4 model. As an additional control, we generated StatZ KO YUMMb.2

cells and performed similar /n vivo experiments. Contrary to the results from the Stat KO
YUMML.7 tumor model, the StatZ KO YUMM5.2 tumors grew faster than their wild type
counterparts (Figure 3Q). Thus, IFN-y signaling may promote tumor progression in a subset
of preclinical models.

Altogether, the data suggest that in a small subset of cancer models, IFN signaling may
activate oncogenic pathways and ICB may promote rapid tumor progression via the T
cell-IFNy signaling-activated oncogenic pathway.

Cancer Cell. Author manuscript; available in PMC 2024 February 13.
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IFN+y reduces NAD™ to activate B-catenin acetylation

We then explored the oncogenic pathway(s) activated by IFNy and ICB. We analyzed the
established oncogenic signaling genes in the lung cancer TCGA datasets 18. We found

that IFNy signaling positively and negatively correlated with the p-catenin and NOTCH
signaling pathways, respectively. However, there was no correlation between IFNvy signaling
pathway and KRAS, Hippo, and Hedgehog signaling pathways (Figure 4A). Furthermore,
expression of /RF1and MY, target genes in the IFN+y and p-catenin signaling pathways,
respectively, correlated positively across multiple cancer types in TCGA datasets (Figure
4B). This evidence, along with our observations on the relationship between CD8* T
cells/IFN-y and oncogenic gene expression in both mouse models and patients (Figure 2
and Figure 3), suggest a potential crosstalk between IFN-y and p-catenin signaling pathways
in tumors. In line with this finding, real-time PCR (Figure S4A) and RNA-sequencing

data (Figures 4C and 4D) demonstrated that IFNy activated B-catenin signaling genes

in A375 and A549 cells. We tested a role of IFNy in modulating -catenin signaling

using a reporter. We treated human melanoma cell line A375 with IFN-y. IFN+y treatment
induced the luciferase activity of p-catenin signaling reporter TOP-FLASH, but not the
control reporter FOP-FLASH (Figure 4E). In line with this, IFNy treatment resulted in
nuclear translocation of p-catenin protein (Figure S4B) as well as induction of MYC,
CCND1, VEGFA, and MMP14, classic target genes of p-catenin signaling, (Figures 4C,
4D and S4A). To determine if the increased gene expression was dependent on Wnt/ -
catenin signaling, we cultured A375 and YUMML.7 cells with the Wnt-p-catenin signaling
inhibitors DKK1 and Wnt-C59 in the presence of IFN-y. The two inhibitors diminished
IFNy-mediated expression of B-catenin signaling genes (Figure 4F), formation of tumor
spheres (Figure 4G), and surface expression of the stemness markers Cd44 and Cd133
(Figures 4H and 41). Furthermore, we established p-catenin KO A375 cells (Figure S4B).
IFN-y activated the expression of MYC, CCND1, VEGFA, and MMP14in WT cells, but
not in CTNVNB1 KO cells. (Figure 4J). Collectively, these data indicate that IFNvy activates
[B-catenin signaling in tumor cells.

To dissect how IFN+y activates p-catenin, we investigated the expression and
posttranslational modification of p-catenin. IFN-y treatment did not alter the protein levels
of total and phosphorylated p-catenin (Figures S4C and S4D) but increased B-catenin
acetylation in A375 cells (Figure 4K). Acetylation of B-catenin increases its activity to
stimulate gene transcription. P300 and Sirtuins are the main enzymes to catalyze acetylation
and deacetylation of B-catenin, respectively 47-49, We treated A375 cells with L002, an
inhibitor of P300 °9, in the presence of IFN'y. As expected, L002 treatment reduced

MY C expression. However, IFN+y was still able to increase MY C expression in L002
pretreated A375 cells, suggesting that P300 may not be involved in IFNy-induced B-catenin
signaling (Figure S4E). Then, we treated A375 cells with Salermide, a Sirtuin inhibitor

51 We observed that Salermide treatment induced B-catenin acetylation (Figure 4L) and
target gene expression (Figure 4M). In addition, IFNy failed to increase the expression of
[B-catenin target genes in cells co-treated with Salermide (Figure S4F-S41). In line with
this, Sirtinol, another Sirtuin inhibitor, also induced p-catenin signaling gene expression
(Figure 4M). Notably, Salermide and Sirtinol failed to trigger the signaling gene expression
of Hippo, NOTCH, and Hedgehog (Figure 4M). The Wnt-f-catenin signaling inhibitors,
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DKK1 and Wnt-C59, abolished the effect of Salermide on the expression of MYC, CCND1,
VEGFA, and MMP14 (Figure S4J). The data suggest that IFNy may induce the p-catenin
signaling via reducing Sirtuin-mediated B-catenin deacetylation. Sirtuins are a class of
NAD™ dependent deacetylases 2. IFN'y stimulated guanylate binding protein (GBP)-1
expression (positive control) 3, had no effect on SIRT1 expression (Figure 4N), but reduced
the intracellular level of NAD* (Figure 40). To restore NAD™ and Sirtuin activity, we
treated A375 cells with nicotinamide riboside (NR), an NAD* precursor. Interestingly,

NR treatment diminished IFN-y altered -catenin acetylation (Figure 4P), TOP-FLASH
reporter activity (Figure 4Q), and p-catenin target gene expression (Figure 4R and 4S),

as compared with vehicle controls. Similarly, treatment with nicotinamide mononucleotide
(NMN), also diminished the effect of IFN~y on the expression of B-catenin signaling genes,
while expression of other oncogenic pathways, such as Hippo, NOTCH, and Hedgehog
signaling, were not affected by NR or NMN (Figure 4S). Altogether, these data suggest

that IFNy enhances B-catenin acetylation via reducing NAD* levels (Figure 4T). B-catenin
can be acetylated at K49 and K345. We found that IFNy did not affect the expression of
K49-acetylated B-catenin (Figure S4K). Sirtuin may catalyze the deacetylation of p-catenin
at K345 47, We established stable cells carrying K345R B-catenin mutation. Upon IFNy
(Figures 4U and 4V) and Salermide (Figures 4W and 4X) treatment, B-catenin acetylation
(Figures 4U and 4W) and downstream gene activation (Figures 4V and 4X) were largely
abrogated in K345R mutant cells. The data suggest that IFN-y may affect p-catenin
acetylation at K345 via reducing Sirtuin activity. As an additional control, we treated
non-HPD-prone mouse YUMMS5.2 cells with IFN-y. IFN-y had no effect on the B-catenin
signaling activity (Figure S4L) and intracellular NAD™ levels (Figure S4M). Thus, that IFNy
selectively alters the NAD*-B-catenin signaling activities in HPD-prone tumor models.

IFN+y regulates PKM2 phosphorylation to alter NAD* and B-catenin signaling

Glycolysis ferments glucose into lactate, functioning as a metabolic regulator of NAD*/
NADH in cancer cells °4. We investigated whether IFN+y regulates tumor glycolysis, thereby
altering NAD* and the B-catenin signaling pathway. Seahorse experiments revealed that
IFNy treatment resulted in lower glycolytic rate in A375 cells as shown by extracellular
acidification rate (ECAR). This effect was abolished by 2-DG, a glycolysis inhibitor
(Figures 5A, S5A and S5B). To determine if IFN-y-regulated glycolysis is related to tumor
cell proliferation, we treated A375 cells with IFNy, in the presence or absence of different
concentrations of Palbociclib, a CDK4/6 inhibitor. IFN+y reduced tumor lactate production
regardless of Palbociclib treatment (Figure S5C). Additionally, IFN-y diminished lactate
production in wild type A375 cells but not in STATZ KO A375 cells (Figure S5D). Thus,
IFN-y signaling abrogates tumor glycolysis.

To validate this observation in the context of T cells, we co-cultured A375 cells with

TCM. Consistent with our prior findings, TCM reduced lactate production in wild type
A375 cells but not /FNGR1 KO A375 cells (Figure S5E). The data suggest that T cells
regulate tumor glycolysis via IFNvy. To understand how IFN+y affects glycolysis, we
measured the catalytic activities of the rate-limiting enzymes in the glycolysis pathway.
Interestingly, IFNy impaired the activity of pyruvate kinase (PK), but not that of hexokinase
(FHK), phosphofructokinase (PFK), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
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or lactate dehydrogenase (LDH) (Figure 5B). Inhibition of PK diminishes pyruvate
production, in turn decreasing the reaction by LDH, in which pyruvate and NADH will

be converted into lactate and NAD™, respectively (Figure 5C). Indeed, we detected reduced
levels of pyruvate in A375 cells treated with IFNy as compared to control (Figure S5F).
PKM2 is the predominant isotype of PK in tumor cells %°. IFNvy failed to regulate lactate
production in shPKMZ2 A375 cells (Figure S5G). Thus, IFN-y regulates tumor glycolysis in a
PK dependent manner.

We observed that IFN-y induced PKM2 phosphorylation without altering total PKM2
expression in A375 and YUMML.7 cells (Figures 5D and 5E). Notably, IFNvy induced the
phosphorylation of PKM2 at Y105 (Figures 5D and 5E), but not at S37 26 (Figure S5F-H).
Phosphorylation of PKM2 at Y105 inhibits the formation of active, tetrameric PKM2 by
disrupting binding of the PKM2 cofactor fructose-1,6-bisphosphate, thereby reducing its
catalytic activity 57. To link PKM2 with NAD*-B-catenin signaling, we knocked down Pkm2
with shRNA in YUMML.7 cells and PLC2.4 cells. We detected a decrease in the levels of
pyruvate, lactate, and NAD™* (Figures S5I-S5K) and an increase in the levels of Myc (Figure
S5L) in both shPkm2YUMML.7 cells and shPkm2PLC2.4 cells as compared to controls.
Moreover, knocking down PkmZ2enhanced Ca44 expression and nicotinamide riboside (NR)
blocked this effect (Figure S5M). The data suggest that knocking down PKMZ2 can activate
[B-catenin signaling and promote tumorigenesis. To validate this observation in an in vivo
system, we inoculated shPkm2YUMML.7 and shPkmZ2PLC2.4 cells into C57BL/6 mice.
As expected, shPkmZ2tumors progressed faster than control tumors (Figures S5N and S50).
Thus, restriction of PKM2 activity could promote p-catenin signaling and accelerate tumor
progression.

To rescue the effect of IFNy on PKM2, we applied DASA-58, a selective activator of PKM2
58 \We treated A375 cells with DASA-58 in the presence of IFNy. DASA-58 treatment
reversed the effect of IFNy on lactate production (Figure 5F), NAD* (Figure 5G), B-catenin
acetylation (Figure 5H), TOP-FLASH reporter activity (Figure 51), and p-catenin signaling
gene expression (Figures 5J and 5K). Notably, DASA-58 failed to alter the impact of

IFNy on GBP1I expression (Figure 5J). The data suggest that DASA-58 blocks p-catenin
activation by IFNy, rather than the blockade of global IFN-y signaling. Similarly, ML-265,
another PKM2 activator 58, diminished the effect of IFNy on Cd44 expression in YUMMZ1.7
cells (Figure 5L). Collectively, PKM2 activation blocks IFN-y-mediated p-catenin signaling
activation. To extend this observation /n vivo, we treated YUMM1.7 tumor bearing mice
with aPD-L1, ML-265, and the combination of aPD-L1 and ML-265. Although aPD-

L1 alone promoted tumor progression, ML-265 alone inhibited tumor growth, and the
combination therapy completely reversed aPD-L1-mediated HPD, thereby resulting in a
potent tumor inhibition (Figure 5M). As an experimental control, we observed that IFNy
had no effect on lactate production (Figure S5P) and PKM2 phosphorylation (Figure S5Q)
in non-HPD prone YUMMDB.2 cells. Altogether, targeting PKM2 blocks B-catenin activation
and subverts ICB-triggered HPD.
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IFN+y targets FGF2 to control PKM2-NAD*-B-catenin signaling

Next, we explored the upstream signaling genes involved in the regulation of the PKM2-
NAD™*-B-catenin axis by IFN+y. Several kinases, such as EGFR and FGFR, can induce
PKM2 phosphorylation 56:57 We treated A375 cells with Gefitinib, an EGFR inhibitor, and
Dovitinib, a FGFR inhibitor. We found that inhibition of FGFR, but not EGFR, abolished the
stimulatory effect of IFNy on MYC expression (Figure 6A). In addition to MYC, Dovitinib
diminished the effect of IFN+y on the expression of CCND1 but had no impact on GBPI
expression (Figure 6B). RNA-seq datasets demonstrated that IFN+y induced expression of
FGF2Z, but not the other FGF/FGFR family members, in A375 melanoma cells, while IFN-y
failed to induce FGF2 in non-HPD prone B16F10 melanoma cells (Table S5). In support of
this data, we observed that IFNvy stimulated FGF2mRNA and protein expression in A375,
YUMML.7, and PLC2.4 cells (Figure 6C and 6D). IRF1 was enriched in the promoter of
FGFZ2in the ChIP-seq datasets on K562 cells (Figure S6A). The IRF1 motif was conserved
across human and mouse species (Figure S6A). We inserted the FGF2 promoter and exon

1 sequence upstream of luciferase coding sequence in PGL3-basic plasmid and generated

a FGFZpromoter reporter. We found that IFN-y induced the luciferase activity of FGF2
promoter and failed to do so when the IRF1 binding site was deleted (Figure S6B). Thus,
IFN-y activates FGF2transcription via IRF1.

To determine the involvement of FGF2 on the effect of IFN-y on p-catenin, we treated
A375 cells with IFN-y, in the presence or absence of FGF2 neutralizing antibody (aFGF2).
aFGF2 abrogated the effect of IFNy on PKM2 phosphorylation, NAD*, and -catenin
signaling gene expression (Figures 6E-6G) and had no effect on the levels of total and
phosphorylated STAT1 (Figure S6C). In line with this, treatment with recombinant FGF2
protein induced the expression of phosphorylated-PKM2, MY C, and CD44, and reduced the
levels of NAD* (Figures S6D-S6F). Moreover, knockdown of FGF2resulted in reduced
expression of Mycand Cd44 induced by IFN+y in PLC2.4 and YUMML.7 cells (Figures
6H, S6G and S6H). In addition, we treated multiple mouse and human cancer cell lines
with IFN~y. Consistent with MY C activation (Figures 3D, S3C, S3S, S3U, and S3V), IFNy
stimulated FGF2 protein in a minority of cancer cell lines (Figures S61-S6K). Together,
IFNy promotes FGF2 signaling to control PKM2-NAD™*-B-catenin signaling in tumor cells.

To determine whether FGF2 expression is involved in ICB-triggered HPD, we inoculated
shFGF2 PLC2.4 cells into C57BL/6 mice and treated these mice with aPD-L1. As expected,
aPD-L1 accelerated tumor progression in WT PLC2.4 tumors, but inhibited shFgf2PLC2.4
tumor progression (Figure 61). The data suggest that FGF2 signaling contributes to ICB-
triggered HPD. To solidify this finding, we overexpressed Fgf2 (FgfE) in MC38 cells.
We found that Fg7ZOF MC38 cells expressed higher levels of Myc, Cendl, and Cd44, and
lower levels of Cahlas compared to vector carrying MC38 cells (Figure 6J). We inoculated
FgfPE MC38 tumors into C57BL/6 mice and treated these mice with aPD-L1. aPD-L1
slowed down control MC38 tumor progression, however, failed to control FgfZPF MC38
tumors (Figure 6K). Collectively, these data suggest that tumor FGF2 activates oncogenic
signaling and shapes immunotherapy outcome.
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Oncometabolic reprogramming drives cancer hyperprogression during immunotherapy

Finally, we evaluated whether oncogenic and immunogenic signaling pathways converged in
patients with progressive disease on ICB %%-62, While radiographic quantification required
for HPD ascertainment is not available in public datasets, we hypothesized that a subset of
patients with PD would have HPD. We confirmed that IFNy signaling strongly correlated
with CD8* T cell infiltration in these cohorts (Figure S7A). Our data suggests that FGF may
regulate Wnt signaling in preclinical models of cancer HPD (Figures 6A-6K). Interestingly,
we observed a positive correlation between FGF and Wnt-p-catenin signaling signatures in
patients receiving immunotherapy (Figure S7B). Our experimental work also suggests that
IFNy signaling promotes FGF and p-catenin signaling in HPD. Interestingly, in patients
who receive ICB and develop PD, we found that FGF and Wnt-B-catenin signaling scores
were increased in the subset of patients with elevated IFN-y signaling (Figure S7C). In
contrast, there was no elevation of FGF or Wnt-p-catenin in patients who developed a CR
(Figure S7D). We confirmed that within PD patients, a triple-high (IFN-y/ FGF/ p-catenin)
gene signature score was associated with diminished overall survival as compared to patients
with triple-low signatures (Figure S7E). In line with this, we analyzed a single cell RNA-
seq dataset from patients with cutaneous malignancies treated with ICB 3. Tumors from
non-responders manifested higher levels of IFNyMIPFGFNINB-catenini9" (triple-high) gene
signatures as compared with responders (Figure S7F). Interestingly, there existed 2 distinct
tumor cell subtypes within the same tumor: one population that was sensitive to ICB and
another one that was resistant to ICB (Figure S7G). The triple-high gene signature was
enriched in the ICB-resistant subtype (Figure S7H). The data suggest that immunotherapy
fails to eradicate tumor cells expressing triple-high gene signature. Thus, CD8*/IFNvy
immunogenic signaling and FGF2/B-catenin oncogenic signaling is enriched in patients who
derive limited benefit from ICB (Figure 7).

Discussion

In this work, we have conducted comprehensive sequencing, immunological, clinical, and
radiographic evaluations in multiple cohorts of patients receiving ICB. These analyses
demonstrate that HPD likely occurs in a small subset of patients. In addition, we have
established the syngeneic immunocompetent animal models of HPD, enabling the dissection
of the cellular, molecular, and immunological mechanisms of accelerated cancer progression
due to ICB. We report that the interplay between core immunogenic, metabolic, and
oncogenic mechanisms enables cancer hyperprogression via the IFNy-PKM2-B-catenin
signaling cascade in preclinical models and patients.

Heterogeneity of response to cancer therapeutics is frequently observed. While ICB
improves progression-free and overall survival at a population level, we found that in both
prospective 26-28 and institutional cohorts, a minority of patients develop hyperprogression
after receipt of ICB. This is similar to previous reports demonstrating an association
between HPD and ICB 6:7:32, |t remains to be prospectively validated whether HPD is
enriched in patients receiving ICB. Although medically challenging, in the future the
generation of a humanized mouse with tumors and matched autologous T cells from patients
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experiencing HPD could enable additional mechanistic insights. Our data suggest that akin
to ICB-triggered autoimmune reactions, HPD may be an immune-related adverse event.

Given the prognostic impact of HPD, it is extremely important to define molecular
mechanisms and identify molecular biomarkers for this clinical outcome. By integrating
information from comprehensive sequencing with clinical and radiographic platforms at
the University of Michigan Rogel Cancer Center 396465 e have immunologically and
genetically characterized HPD. Previous clinical reports suggest amplification of oncogenic
genes, including EGFR, MDM?Z, and MDM47, and enriched Foxp3* regulatory T (Treg)
cells 86 in HPD tumors. Myeloid cells and the PD-L1-PD-1 pathway is also known to
mediate immunosuppression in the human tumor microenvironment 404167 However, we
have detected comparable levels of EGFR, MDMZ, MDM4, FOXP3, CD68, and PDCD1
expression in tumors from patients with CR and HPD. Moreover, it has been speculated
that the Fc region of ICB antibodies may be involved in HPD development 8. However,
HPD has been observed in patients treated with anti-PD-L1, anti-PD-1, and anti-CTLA4
monoclonal antibodies in different isotypes, including IgG1, 1gG2, and IgG4 (demonstrated
in this work) 33.69-79_ Thus, prior to our study, the cellular and molecular basis of HPD
remained elusive.

Our experiments demonstrate that HPD is driven by the interplay among core immunogenic,
metabolic, and oncogenic pathways via the IFNy-PKM2-B-catenin molecular cascade.
Immune exclusion and mutations in the IFNy and MHC genes are known resistance
mechanisms to immunotherapy, promoting disease progression. It is commonly assumed
that HPD tumors are “cold” with poor immune infiltration. To our surprise, we discovered
that intratumoral CD8" T cells and active IFNvy signaling are required for HPD in preclinical
models. This mirrors the unexpected finding that patients with HPD and CR had similar
tumoral T cell infiltration and IFNvy signaling. This extends previous reports which highlight
the duality of interferon signaling in both promoting antitumor immunity and enabling
tumor immune evasion &. Hence, CD8* T cells and IFN signaling may unexpectedly
contribute to HPD in both mouse models and cancer patients.

We observed CD8* T cell-derived IFN+y targets FGF2 to selectively inhibit PKM2,

a dominant rate-limiting enzyme in glycolysis, resulting in reduced NAD* production.
Consequently, pB-catenin activity is increased in tumor cells, thereby promoting cancer
stemness and tumorigenic potential. Corroborating this mechanism, patients with HPD had
increases in MYCand FGFZ2 pathway activities, accompanied by high levels of invasiveness
and stemness gene signatures and expression of cancer stem-like marker CD133. In line with
this, it has been reported that tumor cells with stem-like properties manifest high metastatic
potential 8182 and are resistant to T cell-mediated cytotoxicity 8384,

It has previously been observed that FGF and B-catenin signaling pathways promote T

cell exclusion and resistance to immunotherapy 8°. In contrast, we have uncovered a
previously unappreciated mode of action of IFN+y controlling an intertwined metabolic and
oncogenic signaling pathway: IFN-y targets PKM2 to diminish Sirtuin-mediated B-catenin
deacetylation via NAD™ reduction, thereby causing B-catenin acetylation and activation.
These data suggest that similar to oncogene addiction, there is a state of interferon addiction
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where tumor cells can be supported by and dependent on immune signaling axes. While
tumoral regulation of T cell metabolism to promote immunosuppression is well established,
our work suggests T cells may also regulate tumoral metabolism. Further, this work suggests
that tumor glycolysis is not only a downstream effect of oncogenic signaling, but also

an upstream regulator of oncogenesis. In line with this, FGF2 and p-catenin oncogenic
signatures were enriched in patients with HPD. Hence, we suggest a causal link between
immune activation and accelerated tumor progression during immunotherapy. Collectively,
our data suggest that HPD is a form of immunopathology.

In addition to its scientific importance, our work may be translationally meaningful. We
identify a triple-high (IFN-y/ FGF/ B-catenin) gene signature score associated with HPD

in patients. This may serve as a surrogate marker for HPD, enabling prediction of HPD.

In addition, our study may inform the development of therapeutic strategies to limit the
devastating consequences of cancer hyperprogression. Mechanistically, IFNy-FGF2-PKM2-
[-catenin signaling promotes HPD. FGF2R inhibitors are approved as anti-oncologic
agents in cholangiocarcinoma and urothelial carcinoma 86. PKM2 activators are currently
being clinically pursued (NCT04328740). Our studies highlight that these agents may be
repurposed to limit HPD. Thus, our molecular studies provide insight and justification for
future clinical trials to further our understanding of ICB-associated HPD in order to search
for biomarker(s) and improve clinical management of HPD patients.

In summary, our work demonstrates that ICB is likely associated with HPD in a small
subset of patients. The interaction between the core immunogenic, metabolic, and oncogenic
pathways via the IFNy-FGF2-p-catenin axis is a plausible mechanism and may serve as
potential biomarkers for HPD. This work suggests that targeting this axis may prevent

the development of HPD in patients receiving immunotherapy and provides a rationale for
investigating this in prospective clinical studies.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for materials should be directed to the
lead contact: Weiping Zou (wzou@umich.edu)

Materials availability—This study did not generate new unique reagents

Data and code availability—The expression sequencing from the University of
Michigan cohort was previously deposited (National Center for Biotechnology Information
database of Genotypes and Phenotypes (dbGaP) under accession number phs000673.v2. p1.)
39.64.65 The expression sequencing data and corresponding clinical annotation for patients
receiving ICB was previously deposited (Gene Expression Omnibus (GEO) under accession
number GSE91061; National Center for Biotechnology Information database of Genotypes
and Phenotypes (dbGaP) under accession number phs001919. v1.p1. 59-62, The expression
profile of cell lines was previously deposited (Gene Expression Omnibus (GEO) under
accession number GSE99299) 11, The single cell RNA sequencing data of cancer patients
upon immunotherapy was previously deposited (Gene Expression Omnibus (GEO) under
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accession number GSE123814) 63, All raw data supporting the findings of this study are
available from the corresponding authors upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Studies—~Patients were recruited through the University of Michigan Hospital,
Ann Arbor, MI, USA. All clinical records in this study were obtained with the approval

of Institutional Review Boards and patients’ consents was waived following Institutional
Review Board protocol review (HUM00146400, HUM00139259, HUM00163915,
HUMO00161860, and HUMO00046018). Cohort 1 represents metastatic melanoma patients
who received treatment at the University of Michigan from 2013-2020. Cohort 2 represents
metastatic NSCLC patients who received treatment at the University of Michigan from
2013-2019. Cohort 3 represents patients at the University of Michigan who have undergone
comprehensive tumor and somatic bulk RNA sequencing as previously described who
received immunotherapy and had evaluable cross-sectional imaging 3°. Tumor radiographic
response and tumor growth rate were evaluated at the first imaging assessment preceding
and following therapy initiation in the subset of patients with evaluable longitudinal cross-
sectional imaging. Radiologists blinded to the hypothesis conducted evaluation of clinical
imaging to define tumor burden and all measurements were validated by a board-certified
radiation oncologist. Patients with pseudoprogression were identified by using inRECIST
criteria2® and excluded from all cohorts. RECIST1.187 was utilized for response assessment.
Hyperprogression was defined as previously published (Table S3); analysis using Champiat
et al. criteria are displayed. Tumor burden was defined as the sum of the longest cross-
sectional diameters of lesions noted on radiographic studies. Progression-free survival

and overall survival were calculated from initiation of therapy. 3D reconstructions were
constructed in Eclipse within the ARIA Oncology Information System (Varian Oncology,
\ersion 15).

Cell lines—Human melanoma cell lines included A375 (CRL-1619), MeWo (HTB-65),
A2058 (CRL-11147), CHL-1(CRL-9446), Malme-3M (HTB-64), G361 (CRL-1424),
SKMEL-1 (HTB-67), SKMEL-2 (HTB- 68), SKMEL-5 (HTB-70), and SKMEL-28
(HTB-72). Human lung cancer cell lines included A549 (CCL-185), H1299 (CRL-5803),
H292 (CRL-1848), H23 (CRL-5800), H69 (HTB-119), H460 (HTB-177), H661 (HTB-183),
H1437 (CRL-5872), and H1975 (CRL-5908). Mouse melanoma cell lines were YUMML.7
(CRL-3362), YUMMS5.2 (CRL-3367), and B16-F0 (CRL-6322). Mouse lung cancer cell
lines were Lewis lung carcinoma (LLC, CRL-1642) and its subclones. Human embryonic
kidney cell 293T (CRL-3216) was used in the study. These cell lines were from the
American Type Culture Collection (ATCC). Mouse colon cancer cell line MC38 from
previously studies was used 44:88, To generate LLC subclones, LLC tumor bearing mice
were treated with anti-PD-L1. Tumor cells were dissected from these mice bearing ICB-
resistant tumors and serially diluted and seeded into 96 well plates. Ten days after seeding,
single cell clones (PLC1.1-PLC2.4) were collected by trypsinization. Using CRISPR Cas9,
IFNGR1 KO and STAT1 KO A375 cells, /fngr1 KO and Statl KO YUMML.7 cells and
PLC2.4 cells, and Statl KO YUMMS.2 cell lines were generated in this study. YUMML1.7
cells were maintained at low confluence (less than 70%) to avoid clumping. All cell

lines were tested for mycoplasma contamination routinely and confirmed negative for
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mycoplasma. Cells were cultured in pyruvate-free medium supplemented with 10% FBS.
A375, MeWo, A2058, CHL-1, Malme-3M, SKMEL-1, SKMEL-2, SKMEL-5, SKMEL-28,
Ab49, 293T, LLC, and PLC2.4 cells were cultured in DMEM (Gibco #11965), H1299,
H292, H23, H69, H460, H661, H1437, H1975 YUMML.7, YUMMS5.2, B16, and MC38
cells were cultured in RPMI (Gibco #11875). G361 cells were cultured in McCoy’s 5a
medium (Gibco #16600). All cells were maintained in 37°C and 5% CO,.

Tumor models—Six- to eight-week-old female C57BL/6 (C57BL/6J, Stock# 000664) and
NSG (#005557) mice were obtained from the Jackson Laboratory. All mice were maintained
under pathogen-free conditions. The animal room is a controlled environment: temperature
(18-23°C), humidity (40-60%), and a 12-hour light/dark cycle. YUMM1.7 (10°), YUMMS5.2
(105), PLC2.4 (10°), and MC38 (2.5 x 10) cells were subcutaneously injected into the right
flank of C57BL/6 mice. A375 (5 x 10°) cells were subcutaneously injected into the right
flank of NSG mice. Tumor diameters were measured using calipers. Tumor volume was
calculated by Length x Width x Width/2. Tumor weight was measured with an analytical
balance. Animal studies were conducted under the approval of the Institutional Animal

Care and Use Committee at the University of Michigan (PRO00008278). The study is
compliant with all relevant ethical regulations regarding animal research. In none of the
experiments did xenograft tumor size surpass 2 cm in any dimensions, and no animal had
severe abdominal distension (= 10% original body weight increase). Sample size was chosen
based on preliminary data. After tumor inoculation, mice were randomized and assigned to
different groups for treatment.

METHOD DETAILS

Multiplex immunofluorescence staining and analysis—Multiplex
immunofluorescence staining was performed on pretreatment formalin fixed paraffin
embedded (FFPE) human melanoma or non-small cell lung carcinoma sections with OPAL
4-Color IHC kits (Akoya Biosciences, NEL810001KT). Antibodies against human CD8
(C8/144B, Abcam, 1:100), FGF2 (EP1735, Abcam, 1:500), MYC (Y69, Abcam, 1:200),
and CD133 (AC133, Miltenyi Biotec, 1:50) were used in the study. Imaging was completed
using the Mantra Quantitative Pathology Workstation. Tissue core images were captured at
x4 and x40 magnifications. All cube filters were used for each image capture (DAPI, CY3,
CYS5, Texas Red). The incorporated saturation protection feature was set at an exposure time
of 250 ms. Images were analyzed using in Form Cell Analysis software (Perkin Elmer).
Images were batch analyzed using a subset of randomly chosen tissue core images. Using
the inform software, both tissue and cell compartments were identified and segmented.
Tissue was segmented into stroma and epithelial cancer compartments, while cells were
segmented into nucleus compartments. DAPI counterstain was used to determine the size
and shape of each nucleus. After cell segmentation, based on single staining, CD8* T cells
and tumor cells were determined and quantified using the inform software after selected
cells were manually assigned.

Animal experiments—Six- to eight-week-old female C57BL/6 (C57BL/6J, Stock#
000664) and NSG (#005557) mice were obtained from the Jackson Laboratory. All
mice were maintained under pathogen-free conditions. The animal room is a controlled
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environment: temperature (18-23°C), humidity (40-60%), and a 12-hour light/dark cycle.
YUMML1.7 (10%), YUMMS5.2 (10°), PLC2.4 (105), and MC38 (2.5 x 106) cells were
subcutaneously injected into the right flank of C57BL/6 mice. A375 (5 x 10°) cells

were subcutaneously injected into the right flank of NSG mice. For anti-PD-L1 treatment
in MC38 model, 5 mg/kg anti-PD-L1 (/nVivoMADb, 10F.9G2) and control antibody
(/InVivoMAD, LTF-2) were intraperitoneally administered on day 6, 9, and 12 post tumor
inoculation. For anti-PD-L1 treatment in YUMML.7 and PLC2.4 model, 5 mg/kg anti-PD-
L1 (/nVivoMAb, 10F.9G2) and control antibody (/nVivoMAb, LTF-2) were intraperitoneally
administered on day 0, 3, 6, 9, 12, and 15 post tumor inoculation. For anti-CTLA4 treatment
in YUMML.7 model, 5 mg/kg anti-CTLA4 (/nVivoMAb, 9H10) and control antibody
(/InVivoMADb, LTF-2) were intraperitoneally administered on day 0, 3, 6, 9, 12, and 15

post tumor inoculation. For anti-CD8 treatment in YUMMZ1.7 model, 5 mg/kg anti-CD8a
(InVivoMADb, YTS169.4) and control antibody (/nVivoMAb, LTF-2) were intraperitoneally
administered on day —1, 2, 5, and 8 post tumor inoculation. For IFNvy treatment in A375
model, 0.5 pg IFNy (R&D, 285-1F) was intraperitoneally administered every 3 days post
tumor inoculation. For ML-265 treatment in YUMMZ1.7 model, 50 mg/kg ML-265 was
intraperitoneally administered every other day post tumor inoculation. Tumor diameters
were measured using calipers. Tumor volume was calculated by Length x Width x Width/2.
Tumor weight was measured with an analytical balance. Animal studies were conducted
under the approval of the Institutional Animal Care and Use Committee at the University
of Michigan (PRO00008278). The study is compliant with all relevant ethical regulations
regarding animal research. In none of the experiments did xenograft tumor size surpass 2
cm in any dimensions, and no animal had severe abdominal distension (= 10% original
body weight increase). Sample size was chosen based on preliminary data. After tumor
inoculation, mice were randomized and assigned to different groups for treatment.

Cell Culture—To generate knock down cell lines, lentiviral particles were produced by
transfection of PLKO.1 shRNA plasmid with psPAX2 (Addgene #12260) and pMD2.G
(Addgene #12259) (4:3:1) into 293T cells, and subsequently transduced into tumor cells
with polybrene (Sigma-Aldrich, 8 pg/ml) overnight. 48 hours after transfection, cells were
selected with puromycin (1-2 pg/ml) for an additional 2 weeks. To establish knock out cell
lines, PX459-sgRNA plasmids were transfected into tumor cells for 2 days and selected
by puromycin (1-2 pg/ml) for an additional 2 days. The cells were then serially diluted
and seeded into 96 well plates. After 2-3 weeks, single cell colonies were dissociated and
re-plated into 6 well plates. Upon cell confluency, half of the cells were harvested and
validated for knock out (KO) efficiency via Western blotting, B-catenin K345R mutant
plasmid was expressed in CTNNB1 KO cells to generate p-catenin K345R mutant cells. All
transfections were conducted with lipofectamine 2000 (Thermo Fisher) at a ratio of 1 ug
plasmid: 2 pl transfection regent. The transfection dosage was determined by titration.

Plasmids—To generate FGF2 promoter luciferase reporter, DNA sequences corresponding
to Fgf2 promoter and exonl were synthesized (Origene) and inserted into PGL3-basic
plasmid (Promega). TOP-FLASH (#12456), FOP-FLASH (#12457), and FLA-B-catenin
(#16828) were obtained from Addgene. Site directed mutagenesis was conducted to generate
B-catenin K345R mutant plasmid. To force mouse Fgf2 expression, the coding sequence
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of Fgf2 was PCR amplified from cDNA generated from IFN-y-treated YUMML1.7 cells

and subsequently inserted into PCI-Flag plasmid. PCI-Flag plasmid was prepared by
inserting the Kozak sequence plus Flag tag plus 5 x Glycine sequence into the PCl-neo
plasmid (Promega) between Nhel and Xhol. To knock down PkmZ2and FgfZ, shRNAs were
designed and inserted into PLKO.1 plasmid (Addgene #10879). The shRNA targeting firefly
luciferase (shF/uc) served as a negative control. To knock out IFNGR1 and STAT1, sgRNA
was designed and inserted into PX459 plasmid (Addgene #48139). The target sequences are
listed in Table S6. The primer sequences are listed in Table S7.

Luciferase activity assay—A375 cells were transfected with TOP-FLASH or FOP-
FLASH, along with PRL-SV40P (Addgene #27163) for 24 hours, then treated with IFNvy,
NR, and DASA-58 for additional 24 hours. Luciferase activity for firefly luciferase (TOP-
FLASH) and renilla luciferase (PRL-SV40P) was measured with Dual-Luciferase Reporter
Assay System (Promega). Relative firefly luciferase activity was normalized with renilla
luciferase activity.

Flow cytometry analysis (FACS)—Cells were trypsinized and washed with MACS
buffer (PBS, 2%FBS, 1 mM EDTA). Surface staining was performed by adding the
following antibodies to the cell suspension in 50 pl MACS buffer: anti-CD45 (30-F11, BD
Biosciences), anti-CD44 (IM7, BD Biosciences), and anti-CD133 (315-2C11, BioLegend).
For intracellular staining, cell suspension was incubated with anti-MYC (D3N8F, Cell
Signaling Technology), followed by washing and incubating with secondary antibody
(#A-11011, Invitrogen). After 30 minutes incubation, cells were washed with MACS buffer
and analyzed on BD Fortessa flow cytometer.

Extracellular acidification (ECAR) and oxygen consumption rate (OCR)—
ECAR and OCR were measured in control cells or IFN-y-treated cells with a Seahorse
XF96 Analyzer (Seahorse Bioscience, Billerica, MA, USA). In brief, 3 x 10> A375 cells
were seeded in RPMI-1640 with 10% FBS and incubated for 1 to 2 hours to allow cell
adhesion. The media were removed and replaced with Seahorse assay media with 2 mM
glutamine without glucose. The plates containing cells were incubated for 1 hour at 37°C
without CO2. Extracellular flux analysis was performed at 37°C without CO, in the XF96
analyzer (Seahorse Bioscience) following the manufacturer’s instructions. Port additions and
times are indicated in the figures. Glucose (10 mM), Oligomycin (1.25 uM), and 2-DG (5
mM), were injected where relevant, and ECAR (mpH/min) or OCR (pmol O,/min) were
measured in real time.

Quantification of enzymatic activity—A375 cells were treated with 10 ng/ml IFN-y for
36 hours. Cells were collected and the catalytic activity of glycolysis rate-limiting enzymes
were quantitated by Hexokinase Colorimetric Assay Kit (MAKO091, Sigma-Aldrich),
Phosphofructokinase (PFK) Activity Colorimetric Assay Kit (MAKO093, Sigma-Aldrich),
GAPDH Activity Assay Kit (MAK277, Sigma-Aldrich), Pyruvate Kinase Activity Assay
Kit (MAKO072, Sigma-Aldrich), and Lactate Dehydrogenase Activity Assay Kit (MAKO066,
Sigma-Aldrich), respectively, according to the manufacturer’s instructions.
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Quantification of lactate, NAD*/NADH, and pyruvate—To analyze the metabolites,
cells were washed with warm fresh medium and incubated in warm fresh medium for 1 hour
to balance the metabolites. Then, extracellular lactate was measured with a Lactate Assay
Kit (MAKO064, Sigma-Aldrich). Intracellular NAD*/ NADH and pyruvate were measured
with a NAD*/NADH quantification kit (MAKO037, Sigma-Aldrich) and Pyruvate assay kit
(MAKO71, Sigma-Aldrich), respectively, according to the manufacturer’s instructions.

Quantitative PCR (qPCR)—Total RNA was isolated from cells by column purification
(Direct-zol RNA Miniprep Kit, Zymo Research) with DNase treatment. cDNA was
synthesized using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific)
with random hexamer primers. Quantitative PCR (gPCR) was performed on cDNA using
Fast SYBR Green Master Mix (Thermo Fisher Scientific) on a StepOnePlus Real-Time PCR
System (Thermo Fisher Scientific). Gene expression was quantified using the primers listed
in Table S8. Fold changes in mMRNA expression were calculated by the AACt method using
ACTB as an endogenous control. Results are expressed as fold change by normalizing to the
controls.

Western blotting—Cells were washed in cold PBS and lysed in 1 x RIPA lysis buffer
(Pierce) with 1 x protease inhibitor (Pierce). Lysates were incubated on ice for 10 min and
cleared by centrifugation at 15,0009 for 15 minutes. Protein concentration was quantified
using a BCA protein assay kit (Thermo Fisher). Thirty microgram protein was mixed with
sample buffer (Thermo Fisher) with f-ME and denatured at 95°C for 5 minutes. Sample
was separated by SDS—-PAGE and transferred to a Nitrocellulose Membrane (Bio-Rad).
Membranes were blocked with 5% wi/v non-fat dry milk and incubated with primary
antibodies overnight at 4 °C and HRP-conjugated secondary antibodies (CST) for 1 hour at
room temperature. Signal was detected using Clarity and Clarity Max Western ECL Blotting
Substrates (Bio-Rad) and captured using ChemiDoc Imaging System (Bio-Rad). Antibodies
were as follows: anti-FGF2 (Abcam, #EP1735, 1:1000), anti-phosphorylated PKM2 (Y 105)
(CST, #3827, 1:1000), anti-phosphorylated PKM2 (S37) (Signalway, #11456, 1:1000), anti-
PKM?2 (Proteintech, #15822-1-AP, 1:1000), anti-GBP1 (Proteintech, #15303, 1: 1,000),
anti-GBP2 (Proteintech, #11854, 1:1000), anti-SIRT1 (CST, #2028, 1: 1,000), anti-phospho-
STAT1 (CST, #9167, 1:1000), anti-STAT1 (CST, #9172, 1: 1,000), anti-MYC (CST, #13987,
1:1,000), anti-acetylated-lysine (CST, #9441, 1:1000), anti-acetyl-B-catenin (K49) (CST,
#9030, 1:1000), anti-non-phospho (Active) p-catenin (CST, #8814, 1:1000), anti-CD44
(CST, #37259, 1:1000), anti-Histone H3 (CST, #4499, 1:1000), anti-Tubulin (CST, #2148,
1:1000), and anti-GAPDH (Proteintech, #60004, 1: 5,000). Subcellular fractionation was
performed with NEPER™ Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific,
#78833).

Co-Immunoprecipitation (Co-IP)—Cells were collected with IP lysis buffer (Pierce,
87787) plus protease inhibitor. Protein concentration was determined with BCA protein
assay kit. 200-500 ug protein samples were added with 20 ul EZview Red ANTI-FLAG M2
Affinity Gel (Sigma Aldrich), then incubated with gentle rocking at 4°C overnight. Samples
were then centrifuged at 7500 xg for 30 seconds at 4°C. Cell pellets were washed 4 times
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with IP lysis buffer, resuspended with 40 ul 2 x sample buffer with B-ME, and heated for 5
minutes at 95°C. The denatured protein samples were analyzed by Western blot.

Intratumoral immune cell profiling—To analyze intratumoral T cells, single-cell
suspensions were prepared from fresh tumor tissues by physically passing through 100

pm cell strainers. Immune cells were enriched by density gradient centrifugation. 2-3

ul of Anti-CD45 (30-F11, BD Biosciences), anti-CD90 (53-2.1, BD Biosciences), anti-

CD3 (145-2C11, BD Biosciences), anti-CD4 (GK1.5, BD Biosciences), and anti-CD8
(53-6.7, BD Biosciences) antibodies were added for 20 minutes for surface staining. The
cells were then washed and resuspended in 1 ml of freshly prepared Fix/Perm solution

(BD Biosciences) at 4 °C overnight, followed by washing with Perm/Wash buffer (BD
Biosciences). All samples were read on an LSR Fortessa cytometer and analyzed with FACS
DIVA software v. 8.0 (BD Biosciences).

Signature score computation—We used normalized expression of genes (Z-score)

to define the following signatures: CD8* T cell infiltration (CD8A, CD8B, PRF1, and
GZMB), IFNvy signaling (/FNG, STAT1, IRF1, GBP1, CXCLY, IFIT1, IFITM1, and
IFI135), FGF signaling (FGF2, FGFR1, FRSZ, GRBZ, SOS1, FOS, MET, RUNXZ2, SHC],
PTKZ2B, RPS6KA1, and SSHI), B-catenin signaling (CTNNBI1, MYC, CCNDZ, LEF],
TCF7, ADAM17, AXINI, AXINZ, CUL1, DKK1, DKK4, DVL2, FZD1, FZD8 MAML1I,
NCORZ, NCSTN, NKD1, NUMB, PPARD, PSENZ, RBPJ, and SKP2), Shh signaling
(GL/1, PTCHI, TLE1, SHH, SCG2, RTN1, SLIT1, OPHN1, and NRCAM), Hippo
signaling (YAPL, WTIF, AMOT, WWC1, WWTRI1, LATSZ, SCHIP1, MARK3, WWCZ,
LATS1, and PJAI), KRAS signaling (ABCB1, AKAP12, APOD, ARG1, BMPZ, BTBD3,
CBL, EPHBZ, and MAP?7), NOTCH signaling (VOTCH1, HEY1, HEYZ, JAGI, JAGZ,
HES1, SKP1, KAT2A, MAML?2), EGF signaling (EGF, EGFR, ETS2, IER3, EGRI1, IER?2,
NEDDY, EGR3, EGR4, ID1, ID3, ARC, NABZ, and NAPIL 1), and stemness/ invasiveness
gene signature (MYC, CD44, NANOG, SOX2, KLF4, BMI1, VIM, ZEB1, FN1, TJPI,
SNAI1, SNAIZ, and TWISTI).

Statistical analysis—For cell-based experiments, biological triplicates were performed in
each single experiment, unless otherwise stated. For animal studies, no less than 5 replicates
per group were employed. Animals were randomized into different groups after tumor

cell inoculation. The investigators were not blinded to allocation during experiments and
outcome assessment. Data are shown as mean values with standard derivation. Statistical
analysis was performed using GraphPad Prism8 software (GraphPad Software, Inc.) or in
R. Two-tailed t-test was used to compare treatment groups with control groups; Survival
function was estimated by Kaplan—Meier methods and log-rank test was used to calculate
statistical differences. In cases with non-proportional hazards, the restricted mean survival
time was utilized. Inverse-probability weighted (IPW) estimator was used for multivariable
modeling. The weights were estimated using the covariate balancing propensity score
method with consideration for age, gender, histology, performance status, number of lines
of prior therapy, BRAF mutational status (Cohort 1 only), and smoking status (Cohort 2
only). For all tests, £< 0.05 was considered significant. Sample size was not predetermined.
Unless noted, samples were independent biological replicates.
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Hyperprogressive disease (HPD) occurs during immunotherapy
HPD is associated with high levels of IFNy, FGF2, and B-catenin signaling
CD8* T cell derived IFN-y promotes HPD via rewiring cancer oncometabolic pathways

High IFNy-FGF2-B-catenin signature is a potential biomarker and target for HPD
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Figure 1: Rapid cancer progression occurs in a subset of patients during immunotherapy.
A, Overall survival (OS) of patients with metastatic melanoma (Cohort 1) stratified by

therapy type; inset, 3-month OS; immunotherapy n = 251, targeted therapy n = 138,
Restricted mean survival time (RMST) at 3 months, Hazard ratio (HR) = 0.95, £< 0.0001 by

log-rank test.

B, Progression-free survival (PFS) of patients with metastatic melanoma stratified by
therapy type. Inset, 3-month PFS. Progression-free RMST at 3 months HR = 0.89,
immunotherapy n = 251, targeted therapy n = 138, £< 0.0001 by log-rank test.
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C, OS of patients with metastatic NSCLC stratified by therapy type; Inset, 3-month OS;
immunotherapy n = 279, chemotherapy n = 96, RMST at 3 months, HR = 0.94, P < 0.0001
by log-rank test.

D, PFS of patients with metastatic NSCLC stratified by therapy type. Inset, 3-month PFS;
immunotherapy n = 279, chemotherapy n = 96, Progression-free RMST at 3 months, HR =
0.94, P < 0.0001 by log-rank test.

E, PFS of metastatic NSCLC patients treated with immunotherapy or chemotherapy, pooled
analysis of Keynote-042, Poplar, and Checkmate 227 randomized control trials. Progression-
free Log-rank HR at 3 months = 0.616, £ = 0.0336.

F, Hazard ratios for 3-month PFS of metastatic NSCLC patients treated with
immunotherapy or chemotherapy, pooled analysis of Keynote-042, Poplar, and Checkmate
227 randomized control trials. Two-sided t test, 7= 0.0152.

G, OS of patients with metastatic melanoma treated with ICB (Cohort 1) stratified by timing
of progression, other n = 146, rapid progression (PFS < 3 months) n = 53, Landmark
analysis (3 months) hazard ratio (HR) = 0.291, £< 0.0001 by log-rank test.

H, OS of patients with metastatic NSCLC treated with ICB (Cohort 2) stratified by timing of
progression, other n = 113, rapid progression (PFS < 3 months) n = 67, Landmark analysis
(3 months) hazard ratio (HR) = 0.3251, £< 0.0001 by log-rank test.

1, Waterfall plot showing change of tumoral burden from initiation of therapy to first
surveillance imaging in melanoma patients treated with indicated therapy, dotted line > 50%
increase in tumor burden, immunotherapy n = 200, targeted therapy n = 96, Chi-square =
19.53, P< 0.0001. Data are shown as percentage change.

J, Waterfall plot showing change of tumoral burden from initiation of therapy to first
surveillance imaging in NSCLC patients treated with indicated therapy, dotted line > 50%
increase in tumor burden, immunotherapy n = 212, chemotherapy n = 68, Chi-square =
5.133, P=0.0235. Data are shown as percentage change.

K-L, Representative cross-sectional (lower) and 3D reconstructed (upper) computed
tomography (CT) images of a patient with metastatic melanoma (K) and a patient with
NSCLC (L) with HPD preceding receipt of immunotherapy (left), at baseline preceding
immunotherapy (middle), and at first reassessment following immunotherapy (right).

M-N, Longitudinal tumor burden assessment in melanoma (M) or NSCLC (N) patients who
progressed while receiving ICB stratified by pattern of response. Baseline- cross sectional
imaging immediately prior to ICB initiation. Pre-therapy- Imaging assessment prior to
baseline evaluation. On therapy- next surveillance scan after baseline assessment. Melanoma
patients with PD (progressive disease, per RECIST 1.1, n = 48) and HPD (hyperprogressive
disease, per Champiat et al., n = 21); NSCLC patients with PD (n = 77) and HPD (n = 26),
interrupted time series regression, Data are shown as mean + s.d., P value indicated.

O. OS of metastatic melanoma patients (Cohort 1) stratified by best response, complete
response (CR) n = 31, partial/stable disease (PR/SD) n = 58, progressive disease (PD) n =
48, and hyperprogressive disease (HPD) n = 21. Log-rank test, HPD vs PD HR = 0.3058,
***Pp<0.001.

P. OS of metastatic NSCLC patients (Cohort 2) stratified by best response, CR n =7, PR/SD
n=77,PDn=77,and HPD n = 26. Log-rank test, HPD vs PD HR = 0.25, *** < 0.001.
See also Figure S1 and Tables S1-S3.
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Figure 2: Immunogenic and oncogenic pathways correlate in patients with HPD.
A. Immune gene signature analysis of patients receiving immunotherapy who developed a

complete response (CR) or hyperprogressive disease (HPD) per Champiat et al. in Cohort 3,
individual patients are shown; P-values were generated from multivariate mixed effect linear
models controlling for biopsy site (fixed effect) and disease type (random effect).

B-C. Representative immunofluorescence staining (B) and quantitation (C) for baseline
tumor infiltrating CD8+ T cells in melanoma patients with indicated response to therapy.
Frequency of positive cells is shown; CR, n = 20, HPD, n =12. Two-sided t-test.
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D-E. Representative immunofluorescence staining (D) and quantitation (E) for baseline
tumor infiltrating CD8+ T cells in NSCLC patients with indicated response to therapy.
Frequency of positive cells is shown; CR, n = 20, HPD, n =12. Two-sided t-test.

F. Oncogenic gene signature analysis of patients receiving immunotherapy who developed a
complete response (CR) or hyperprogressive disease (HPD) in Cohort 3, individual patients
are shown; P-values were generated from multivariate mixed effect linear models controlling
for biopsy site (fixed effect) and disease type (random effect).

G-J. Multiplex immunofluorescence staining was conducted in tumor tissues from patients
with melanoma (G, H) and NSCLC (I, J). Representative images showed FGF2, MYC, and
CD133 expressing tumor cells in patients with HPD and CR (G, I). Percentages of single

or double positive tumor cells are shown in patients with HPD and CR (H, J). Mean and
interquartile range shown. Melanoma patients with CR (n = 20) and HPD (n =12); NSCLC
patients with HPD (n = 5) and CR (n = 6). Two-sided t-test.

See also Figure S2 and Table S4.
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Figure 3: CD8" T cells drive cancer hyperprogression via IFN7y. See also Figure S3.
A-D. YUMML.7 tumor bearing C57BL/6 mice were treated with control (IgG) or PD-L1

antibody. Tumor growth curves were plotted (A). FACS analysis showed tumor T cell
infiltration (B, C) and tumor Mycand Cd44 expression (D). MFI, mean fluorescence
intensity.

E. YUMML1.7 tumor bearing C57BL/6 mice were treated with control (1gG) or PD-L1
antibody. Day 14! after tumor inoculation, the indicated genes expression in tumors was
determined by qPCR.
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F-G. YUMML.7 tumor bearing C57BL/6 mice were treated with control (IgG) or CD8
antibody. Tumor growth curves were plotted (F), and tumor Mycand Cd44 expression
(MF1) were determined by FACS (G).

H-1. YUMML.7 tumor bearing mice were treated with control (IgG), PD-L1 antibody, CD8
antibody, or the combination of PD-L1 and CD8 antibodies. Tumor growth curves were
plotted (H) and end point tumor weight (I) were scaled.

J. PLC2.4 cells were inoculated in C57BL/6 wild type mice. Mice were treated with control
(IgG) or PD-L1 antibody. Tumor growth curves were plotted.

K-L. Wild type and Ifngrl KO (K) or Statl KO (L) YUMML.7 cells were inoculated in
C57BL/6 mice. Tumor growth curves were plotted.

M. Wild type or 2 single clones of Statl KO YUMML.7 cells were inoculated in C57BL/6
mice. Tumor growth curves were plotted.

N-O. PLC2.4 wild type and Ifngrl KO (N) or Statl KO (O) cells were inoculated in
C57BL/6 wild type mice. Tumor growth curves were plotted, n =5 (N), n =6 (O).

P. Wild type or 2 single clones of Statl KO PLC2.4 cells were inoculated in C57BL/6 mice.
Tumor growth curves were plotted.

Q. Wild type or Statl KO YUMMD5.2 cells were inoculated in C57BL/6 mice. Tumor growth
curves were plotted.

In all panels n=5 unless otherwise indicated. Data are shown as mean + s.d., two-tailed t-test.
See also Figure S3.
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Figure 4: IFNy reduces NAD™ to activate B-catenin acetylation.
A. Correlation between the IFN-y and oncogenic signaling gene scores in lung

adenocarcinoma in TCGA datasets. The expression of the indicated oncogenic gene
signaling scores was plotted based on the top and bottom 25™ percentiles of the IFNy

gene signaling scores. P value by two-tailed t-test.

B. Correlation between the /RF1and MYC signaling gene scores in several cancer types

in TCGA datasets. The expression of the MYC gene signaling scores was plotted based on
the top and bottom 25™ percentiles of the /RF1 gene signaling scores. P value by two-tailed
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t-test. LUAD, lung adenocarcinoma; BLCA, Bladder urothelial carcinoma; KIRC, Kidney
renal clear cell carcinoma; OV, ovarian cancer.

C-D. Based on the RNA-seq datasets (GSE99299), the indicated gene expression was shown
in A375 (C) or A549 (D) cells in the presence or absence of IFNy. n = 2.

E. A375 cells were transfected with p-catenin signaling reporter TOP-FLASH or the mutant
vector (FOP-FLASH). Cells were treated with IFN-yfor 48 hours. Results are expressed as
the relative luciferase activity. Data are shown as mean * s.d., n = 3, P value by two-tailed
t-test.

F. A375 cells were treated with IFNy and recombinant DKK1 or Wnt-C59 (C59) for 48
hours. The indicated gene expression was determined by gPCR. n = 3.

G. YUMML.7 cells were treated with IFN-y and DKK1 or Wnt-C59 (C59) for 48 hours,
followed by 3D-sphere culture. Spheres were counted on day 7 after sphere culture. Data are
shown as mean * s.d., n = 6. Two-tailed t-test.

H-1. YUMML.7 cells were treated with IFN-y and DKK1 or Wnt-C59 (C59) for 48 hours.
Percentages of Cd44* (H) or Cd133" (1) cells were determined by FACS. Data are shown as
mean % s.d., n = 3. Two-tailed t-test.

J. Wild type or 2 clones of CTNNB1 KO A375 cells were treated with IFNvy for 48 hours.
The indicated gene expression was determined by qPCR. n = 3.

K. Flag-tagged p-catenin expressing A375 cells were treated with IFN+y for 24 hours. Co-IP
was performed with Flag antibody. Acetylated-lysine and p-catenin were detected in the IP
products. 1 of 2 Western blots shown.

L. Flag-tagged B-catenin expressing A375 cells were treated with Salermide for 10 hours.
Acetylated-lysine and p-catenin were determined in the Co-IP products with Flag antibody.
1 of 2 blots shown.

M. A375 cells were treated with Salermide (Saler) or Sirtinol (Sirti) for 24 hours. The
indicated gene expression was determined by gRT-PCR. n = 3.

N. A375 cells were treated with IFN-y for 24 hours. SIRT1 and GBP1 (positive control)
proteins were detected by Western blot. 1 of 2 Western blots shown.

O. A375 cells were treated with IFN+y for 24 hours. NAD* levels were determined by
quantitation kit. Data are shown as mean + s.d., n = 3. Two-tailed t-test.

P. Flag-tagged p-catenin expressing A375 cells were treated with IFN-y, in the presence

or absence of 0.7 mM nicotinamide riboside (NR), for 24 hours. Acetylated-lysine and
[B-catenin were detected in the Co-IP products with Flag antibody. 1 of 2 Western blots
shown.

Q. A375 cells carrying TOP-FLASH were treated with IFNy, in the presence or absence

of 0.7 mM nicotinamide riboside (NR), for 24 hours. Luciferase activity of the B-catenin
signaling reporter was determined. Data are shown as mean + s.d., n = 3. Two-tailed t-test.
R. A375 cells were treated with IFN-y and nicotinamide riboside (NR) for 24 hours. MYC
and GAPDH proteins were determined by Western blot. 1 of 3 Western blots shown.

S. A375 cells were treated with IFNy and nicotinamide riboside (NR) or p-nicotinamide
mononucleotide (NMN) for 48 hours. The indicated gene expression was determined by
gPCR.n=3.

T. Schematic diagram showing that IFN+y reduces NAD™ to suppress SIRT1-mediated 8-
catenin deacetylation, thereby activating B-catenin.
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U-V. Wild type or CTNNB1 K345R mutant A375 cells were treated with IFN+y. 24 hours
after treatment, acetylated p-catenin was determined by Western blotting following Flag-
catenin Co-IP (U). 48 hours after treatment, the indicated gene expression was determined
by gPCR (V). 1 of 2 Western blots shown, n = 3 for gPCR.

W-X. Wild type or CTNNB1 K345R mutant A375 cells were treated with Salermide (Saler).
12 hours after treatment, acetylated p-catenin was determined by Western blotting following
Flag-p- catenin Co-IP (W). 24 hours after treatment, the indicated gene expression was
determined by qPCR (X). 1 of 2 Western blots shown, n = 3 for qPCR.

See also Figure S4.

Cancer Cell. Author manuscript; available in PMC 2024 February 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal. Page 38
2-DG
A ) . B C Glucose
Oligomycin -
2 08 =1° P<00001  oContol AP
£ —e— Control = —— PFK
E Glucose g o IFNy
T 100 —e— IFNy o << 10 GAPDH
2 22 NADH
£ g E y FK
ﬂé 50 © =05 Pyruvate
Q & ﬁ NADH
LDH
0 T T T 1 0.0 T I
0 20 40 60 80 S SR S NAD+ v
’ . s QQ <© R Ny Lactate
Time (min) 0?-
D A375 E YUMM1.7 E Lactate G NAD*
P=0.2
pY105 . pY105 - » P=0.008
-PKM2 e — -Pkm2 — — Q 4 —
5
Pkm2 EN
PKM2 — =
— — — e 3,
E
S
CAPDH | e e Capch | S s e
0
IFNy (ng/ml) 0 5 25 IFNy (ng/ml) 0 5 25 IFNy -+ +
DASA-58 - =+ *
H | TOP-FLASH J MYC CD44 GBP1
Acetylated 5— P=0.003 w 10 P=0.002 w 8 P =0.007 o 40 P=0.07
g 4 5 8 fa] 6 o 30
o < < § <
. . = Z 6
282 2 4 H 2
L 3 3 2 3 2 g 10
DASA-58 - - + + « alllla < B =
_ 0 =T T o T — 0
IP:FLAG (B-catenin) IFNy - s IFNy - + - + IFNy - + - + IFNy - + +
DASA-58 = + DASA-58 - - + + DASA-58 - - + + DASA-58 an sy b W
K 19G wPD-L1 ML-265 oPD-L1
+ML-265
MYC |- - | e — —
GAPDH | v —
IFNy R B R A I %
DASA58  -i- -i*ti* *
1 11 1T 1 L
IFNy - + - + 9 13 17 9 13 17 9 13 17 9 13 17
ML-265 =y om WK

Days post inoculation

Figure 5: IFNy regulates PKM2 phosphorylation to alter NAD*/ -catenin signaling.
A. A375 cells were treated with IFNy for 24 hours. Seahorse analysis showed the

extracellular acidification rate (ECAR) in control cells and IFN-y-treated cells in the
presence of glucose, oligomycin or 2-DG. Data are shown as mean +s.d., n = 3.

B. A375 cells were treated with IFNy for 24 hours. Catalytic activities of glycolysis rate-
limiting enzymes were determined by quantitation kits. Data are shown as mean £s.d., h =

3. Two-tailed t-test.

C. Schematic diagram showing the glycolysis pathway and the NAD*/ NADH balance.
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D-E. A375 (D) or YUMML.7 (E) cells were treated with IFNy for 24 hours. Phosphorylated
or total protein levels of PKM2 were detected by Western blot. 1 of 2 Western blots shown.
F-G. A375 cells were treated with IFN-y, in the presence or absence of DASA-58, for

48 hours. Lactate production (F) or intracellular levels of NAD* (G) were determined by
quantitation kit. Data are shown as mean + s.d., n = 3. Two-tailed t-test.

H. A375 cells carrying Flag-tagged B-catenin were treated with IFN-y, in the presence or
absence of DASA-58. Acetylated-lysine and B-catenin were detected in the Co-IP products
with Flag antibody. 1 of 2 Western blots shown.

1. A375 cells carrying TOP-FLASH were treated with IFNvy, in the presence or absence

of DASA-58, for 24 hours. Relative luciferase activity was determined. Data are shown as
mean % s.d., n = 4. Two-tailed t-test.

J. A375 cells were treated with IFNy, in the presence or absence of DASA-58, for 24
hours, B- catenin signaling genes and IFNy signaling gene (GBP1) (positive control) were
determined by qRT-PCR. Data are shown as mean + s.d., n = 3. Two-tailed t-test.

K. A375 cells were treated with IFNy, in the presence or absence of DASA-58, for 48
hours. MYC and GAPDFI proteins were determined by Western blot. 1 of 2 Western blots
shown.

L. YUMML.7 cells were treated with IFNy, in the presence or absence of ML-265, for 48
hours. Surface expression of Cd44 was determined by FACS. Data are shown as mean + s.d.,
n = 3. Two-tailed t-test.

M. YUMML.7 tumor bearing C57BL/6 mice were treated with anti-PD-L1, ML-265, or the
combination of anti-PD-L1 and ML-265. Tumor growth curves were plotted, n =5/ group.
See also Figure Sb.
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Figure 6: IFNy induces FGF2 to control PKM2/ NAD*/ B-catenin signaling.
A. A375 cells were treated with IFNvy in the presence of Gefitinib (Gef) or Dovitinib (Dov),

for 36 hours. MYC protein was determined by FACS. Data are shown as mean + s.d., n = 3.
Two-tailed t- test.

B. A375 cells were treated with IFNy in the presence of Dovitinib (Dov), for 48 hours, B-
catenin signaling genes (MYC, CCNDI) and IFNvy signaling gene (GBPI) were determined
by gRT-PCR. Data are shown as mean + s.d., n = 3. Two-tailed t-test.
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C. FGF2 transcripts were quantified by gRT-PCR in IFNy-treated A375, YUMML.7 and
PLC2.4 cells. Data are shown as mean * s.d., n = 3. Two-tailed t-test.

D. FGF2 protein was determined by Western blot in A375 cells treated with IFNy. 1 of 2
Western blots shown.

E-G. A375 cells were treated with IFN-y, in the presence or absence of FGF2 neutralizing
antibody (aFGF2). Phosphorylated (Y105) and total protein levels of PKM2 were
determined at 24 hours by Western blot (E). Cellular NAD* levels were quantified at 24
hours by kit (F). MYC expression was determined at 48 hours by FACS (G). 1 of 2 Western
blots shown (E). Data are shown as mean + s.d., n = 3. Two-tailed t-test (F, G).

H. Fgf2, Mycor Ccndl transcripts were detected by gRT-PCR in PLC2.4 shF/ue or shFgr2
cells. Data are shown as mean £ s.d., n = 3. Two-tailed t-test.

1. shF/uc or shFgf2 PLC2.4 tumor bearing C57BL/6 mice were treated with anti-PD-L1 and
isotype 1gG. Tumor growth curves were plotted, n = 5 animals.

J. MC38 cells were forced expression of Fgf2 (FgfZOF). RNA levels of Fgf2, p-catenin
signaling genes (Myc, Ccndl1, Cd44), and epithelial marker gene (Cdh) were determined by
gRT-PCR. Data are shown as mean = s.d., n = 3. Two-tailed t-test.

K. FgfZPE MC38 tumor bearing C57BL/6 mice were treated with anti-PD-L1 and isotype
IgG. Tumor growth curves were plotted, n = 6 animals.

See also Figure S6, S7, and Table S5.
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Figure 7: Oncometabolic reprogramming drives cancer hyperprogression during
immunotherapy.

Mechanistic scheme of HPD development. IFNy produced by ICB-activated T cells
targets tumor FGF2signaling, inducing PKM2 phosphorylation at Y105 and decreasing
NAD™ levels, thereby diminishing SIRT1 activity and lessening B-catenin deacetylation.
Consequently, pB-catenin signaling pathway is activated resulting in enhanced oncogenic
potential and HPD.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
anti-FGF2 Abeam Cat # ab92337, RRID: AB_2049652

anti-phospho-PKM2 (Y105)
anti-phospho-PKM2 (S37)
anti-PKM2

anti-GBP1

anti-GBP2

anti-SIRT1
anti-phospho-STAT1
anti-STAT1

anti-MYC
anti-acetylated-lysine
anti-acetyl-p-catenin (K49)
anti-non-phospho-B-catenin
anti-CD44

anti-Histone H3
anti-Tubulin

anti-GAPDH

V500 Rat Anti-Mouse CD45
PE Rat Anti-Mouse CD44
APC anti-mouse CD133
FITC Rat Anti-Mouse CD90.2
PerCP-Cy5.5 Anti-Mouse CD3e
APC-Cy7 Anti-Mouse CD4

Alexa Fluor 700 Rat Anti-Mouse CD8a

anti-mouse PD-L1

rat IgG2b isotype control
anti-mouse CTLA-4
anti-mouse CD8a
anti-Human CD8a
anti-Human FGF2
anti-Human MYC
anti-Human CD133

Cell Signaling Technology
Signalway

Proteintech

Proteintech

Proteintech

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Proteintech

BD Biosciences

BD Biosciences
Biolegend

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

Bio X Cell

Bio X Cell

Bio X Cell

Bio X Cell

Abcam

Abcam

Abcam

Miltenyi Biotec

Cat# 3827, RRID: AB_1950369
Cat# 11456

Cat# 15822, RRID: AB_1851537
Cat# 15303, RRID: AB_2247448
Cat# 11854, RRID: AB_2109336
Cat # 2028, RRID: AB_1196631
Cat #9167, RRID: AB_561284

Cat #9172, RRID: AB_2198300
Cat# 13987, RRID: AB_2631168
Cat #9441, RRID: AB_331805

Cat # 9030, RRID: AB_2797689
Cat #8814, RRID: AB_11127203
Cat # 37259, RRID: AB_2750879
Cat #4499, RRID: AB_10544537
Cat # 2148, RRID: AB_2288042
Cat # 60004, RRID: AB_2107436
Cat #561487, RRID: AB_10697046
Cat # 561860, RRID: AB_10895375
Cat # 141207, RRID: AB 10898121
Cat # 553004, RRID: AB_394543
Cat #551163, RRID: AB_394082
Cat #552051, RRID: AB_394331
Cat # 557959; RRID: AB_396959
Cat # BE0101, RRID: AB_10949073
Cat# BE0090, RRID: AB_1107780
Cat # BE0131, RRID: AB 10950184
Cat # BE0117, RRID: AB_10950145
Cat # ab17147, RRID: AB 443686
Cat # ab92337, RRID: AB_2049652
Cat # ab32072, RRID: AB_731658
Cat# 130-090-422, RRID: AB_244339

Chemicals, peptides, and recombinant proteins

DASA-58
ML-265
L002
Wnt-C59

Cayman Chemical
Cayman Chemical
Cayman Chemical

Cayman Chemical

Cat # 13941
Cat # 13942
Cat# 17778
Cat # 16644
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REAGENT or RESOURCE SOURCE IDENTIFIER
Nicotinamide riboside Cayman Chemical Cat # 23132
B-Nicotinamide Mononucleotide Cayman Chemical Cat # 16411

Sirtinol Cayman Chemical Cat# 10523

Salermide Cayman Chemical Cat # 13178

Palbociclib Cayman Chemical Cat # 16273

human IFNy R&D Systems Cat # 285-IF

mouse IFNy R&D Systems Cat # 485-Ml

human DKK1 R&D Systems Cat # 5439-DK

mouse DKK1 R&D Systems Cat # 5897-DK

human FGF2 R&D Systems Cat # 233-FB

Critical commercial assays

Lactate Assay Kit Sigma-Aldrich Cat # MAKO064
NAD/NADH Quantitation Kit Sigma-Aldrich Cat # MAKO037

Pyruvate Assay Kit Sigma-Aldrich Cat # MAKO71
Hexokinase Colorimetric Assay Kit Sigma-Aldrich Cat # MAK091
Phosphofructokinase (PFK) Activity Colorimetric Assay Kit ~ Sigma-Aldrich Cat # MAK093

GAPDH Activity Assay Kit Sigma-Aldrich Cat # MAK277

Pyruvate Kinase Activity Assay Kit Sigma-Aldrich Cat # MAKO072

Lactate Dehydrogenase Activity Assay Kit Sigma-Aldrich Cat # MAK066
Deposited data

Gene expression profile of patient samples 39,64,65 dbGaP: phs000673.v2. pl
Gene expression profile of patient samples 60 GEO datasets: GSE91061
Gene expression profile of patient samples 62 dbGaP: phs001919. v1.pl
Gene expression profile of cell samples 1 GEO datasets: GSE99299
Gene expression profile of single cell patient samples 63 GEO datasets: GSE123814
Experimental models: Cell lines

Human Cell line: A375 ATCC Cat # CRL-1619

Human Cell line: MeWo ATCC Cat # HTB-65

Human Cell line: A2058 ATCC Cat # CRL-11147

Human Cell line: CHL-1 ATCC Cat # CRL-9446

Human Cell line: Malme-3M ATCC Cat # HTB-64

Human Cell line: G361 ATCC Cat # CRL-1424

Human Cell line: SKMEL-1 ATCC Cat # HTB-67

Human Cell line: SKMEL-2 ATCC Cat # HTB-68

Human Cell line: SKMEL-5 ATCC Cat # HTB-70

Human Cell line: SKMEL-28 ATCC Cat# HTB-72

Human Cell line: A549 ATCC Cat # CCL-185
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REAGENT or RESOURCE SOURCE IDENTIFIER
Human Cell line: H1299 ATCC Cat # CRL-5803
Human Cell line: H292 ATCC Cat # CRL-1848
Human Cell line: H23 ATCC Cat # CRL-5800
Human Cell line: H69 ATCC Cat# HTB-119
Human Cell line: H460 ATCC Cat # HTB-177
Human Cell line: H661 ATCC Cat# HTB-183
Human Cell line: H1437 ATCC Cat # CRL-5872
Human Cell line: H1975 ATCC Cat # CRL-5908
Mouse Cell line: YUMML.7 ATCC Cat # CRL-3362
Mouse Cell line: YUMMS5.2 ATCC Cat # CRL-3367
Mouse Cell line: B16-F0 ATCC Cat # CRL-6322
Mouse Cell line: LLC ATCC Cat # CRL-1642
Human Cell line: 293T ATCC Cat # CRL-3216
Mouse Cell line: MC38 44 N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J
Mouse: NSG

The Jackson Laborat Cat # JAX: 000664
The Jackson Laborat Cat # JAX: 005557

Oligonucleotides

Primers

Integrated DNA See Tables S6-S8
Technologies

Recombinant DNA

PGL-3 Basic Promega Cat # E1751

PCl-neo Promega Cat # E1841

TOP-FLASH Addgene Cat # 12456

FOP-FLASH Addgene Cat # 12457

FLAG-B-catenin Addgene Cat # 16828

PLKO.1 Addgene Cat # 10879

PX459 Addgene Cat # 48139

Fgf2 promoter and exonl Origene N/A

Software and algorithms

BD FACSDiva Software BD Biosciences https://www.hdbiosciences.com/en-

Graphpad Prism 8.0 softwan

ImageJ

us/products/software/instrument-
software/bd-facsdiva-
software#Overview

GraphPad Software http://www.graphpad.com/
scientificsoftware/prism/

NIH https://imagej.nih.gov/ij/
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