Murray et al. Molecular Cancer (2024) 23:242 MO | ecu | ar C ancer
https://doi.org/10.1186/512943-024-02147-z

e : ®
Tumour-intrinsic PDL1 signals regulate i

the Chk2 DNA damage response in cancer cells
and mediate resistance to Chk1 inhibitors

Clare E. Murray'", Anand V. R. Kornepati"'’", Carlos Ontiveros', Yiji Liao?, Bérbara de la Pefia Avalos?,

Cody M. Rogers®, Zexuan Liu*, Yilun Deng?, Haiyan Bai?, Suresh Kari?, Alvaro S. Padron*, Jacob T. Boyd',

Ryan Reyes', Curtis A. Clark'"'8, Robert S. Svatek>®, Rong Li”"'?, Yanfen Hu”°, Meiling Wang?,

José R. Conejo-Garcia’, Lauren A. Byers'®, Kavya Ramkumar'®, Anil K. Sood'", Jung-Min Lee'?,

Christin E. Burd'>®, Ratna K. Vadlamudi*®, Harshita B. Gupta®, Weixing Zhao?, Eloise Dray?, Patrick Sung>® and
Tyler J. Curiel!2#814151621%

Abstract

Background Aside from the canonical role of PDL1 as a tumour surface-expressed immune checkpoint molecule,
tumour-intrinsic PDL1 signals regulate non-canonical immunopathological pathways mediating treatment resistance
whose significance, mechanisms, and therapeutic targeting remain incompletely understood. Recent reports impli-
cate tumour-intrinsic PDLT signals in the DNA damage response (DDR), including promoting homologous recombi-
nation DNA damage repair and mRNA stability of DDR proteins, but many mechanistic details remain undefined.

Methods We genetically depleted PDL1 from transplantable mouse and human cancer cell lines to understand con-
sequences of tumour-intrinsic PDL1 signals in the DNA damage response. We complemented this work with studies
of primary human tumours and inducible mouse tumours. We developed novel approaches to show tumour-intrinsic
PDL1 signals in specific subcellular locations. We pharmacologically depleted tumour PDL1 in vivo in mouse models
with repurposed FDA-approved drugs for proof-of-concept clinical translation studies.

Results We show that tumour-intrinsic PDLT promotes the checkpoint kinase-2 (Chk2)-mediated DNA dam-

age response. Intracellular but not surface-expressed PDL1 controlled Chk2 protein content post-translationally

and independently of PD1 by antagonising PIRH2 E3 ligase-mediated Chk2 polyubiquitination and protein degra-
dation. Genetic tumour PDL1 depletion specifically reduced tumour Chk2 content but not ATM, ATR, or Chk1 DDR
proteins, enhanced Chk1 inhibitor (Chk1i) synthetic lethality in vitro in diverse human and murine tumour models,
and improved Chk1i efficacy in vivo. Pharmacologic tumour PDL1T depletion with cefepime or ceftazidime replicated
genetic tumour PDL1 depletion by reducing tumour Chk2, inducing Chk1i synthetic lethality in a tumour PDL1-
dependent manner, and reducing in vivo tumour growth when combined with Chk1i.

fClare E. Murray and Anand V. R. Kornepati contributed equally to this work.

*Correspondence:

Tyler J. Curiel

tylerj.curiel@dartmouth.edu

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12943-024-02147-z&domain=pdf
http://orcid.org/0000-0002-7919-3954

Murray et al. Molecular Cancer (2024) 23:242

Page 2 of 24

Conclusions Our data challenge the prevailing surface PDL1 paradigm, elucidate important and previously unappre-
ciated roles for tumour-intrinsic PDL1 in regulating the ATM/Chk2 DNA damage response axis and E3 ligase-mediated
protein degradation, suggest tumour PDL1 as a biomarker for ChkT1i efficacy, and support the rapid clinical potential
of pharmacologic tumour PDL1 depletion to treat selected cancers.
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Background

The immune co-signaling molecule programmed death
ligand-1 (PDL1, CD274) is the target of successful FDA-
approved cancer immunotherapies and is highly expressed
in certain cancers [1, 2]. Surface-expressed tumour PDL1
increases immunopathogenicity by suppressing anti-
tumour immune cells [3] through ligating their PD1 [4].
The principal mechanism-of-action of PDLI1-blocking
immunotherapy antibodies (aPDL1) is thought to be pro-
tecting PD1* anti-tumour immune cells from inhibitory
tumour surface-expressed PDL1 signals [2, 5, 6]. Although
some individuals experience durable and/or complete
treatment responses from aPDL1, most tumours (~85%)
fail to respond [7, 8]. Thus, there is an incomplete mecha-
nistic understanding of tumour PDL1 signaling and its
relationship to tumour biology and treatment outcomes.

While surface-expressed tumour PDL1 effects on
PD1" anti-tumour T cells are well established, we and
others identified non-canonical, tumour-intrinsic PDL1
signaling effects that are less understood but mediate
various pro-tumour and treatment resistance programs
that promote tumour pathogenesis [9]. Our group origi-
nally reported important tumour-intrinsic PDL1 signal-
ing consequences, including promoting mTORC1 and
tumour stemness and suppressing autophagy in mela-
noma and ovarian cancer cells [10, 11]. Targeting these
or other tumour-intrinsic PDL1 signals through genetic
and pharmacologic tumour PDL1 depletion improves
various cancer treatments, including cytotoxic chemo-
therapy, autophagy inhibitors, mTORC1 inhibitors, and
immune checkpoint blockade [12-15]. Nonetheless, clin-
ically exploiting therapeutic vulnerabilities exposed from
inhibiting tumour-intrinsic PDL1 is largely untapped and
warrants further investigation.

Recently, we reported that genetic tumour PDL1 deple-
tion impairs homologous recombination DNA damage
repair [16]. Others reported that tumour PDL1 supports
mRNA stability of DNA damage repair transcripts, but
the relationship to DNA damage response (DDR) out-
comes was not reported [17]. DDR is coordinated largely
through the upstream ATM/Chk2 and ATR/Chk1 path-
ways that orchestrate DNA repair activation and cell
cycle regulation [18]. Interference with the DDR offers
opportunities for synthetic lethal approaches using small
molecule DDR inhibitors (DDRi), some of which are in

clinical trials as single agents or in combination with
aPDL1 or aPD1 immunotherapy [19]. However, there is
an incomplete understanding of DDR mechanisms, DDRi
treatment response biomarkers, and DDRi resistance
mechanisms, warranting further investigation to under-
stand tumour DDR biology and inform improved DDRi
combination treatment regimens.

Whether tumour-intrinsic PDL1 modulates ATM/
Chk2 or ATR/Chk1-mediated DDR is unreported. As we
reported that tumour PDL1 supports BRCAl-mediated
homologous recombination DNA damage repair pathway
[16] that is downstream of ATM/Chk2 and ATR/Chkl
signals [20, 21], we hypothesised that tumour PDL1 could
enhance the DDR through these DNA damage-induced
signaling cascades. Here we present functional, biochem-
ical, and molecular evidence that tumour-intrinsic PDL1
specifically promotes Chk2 protein stability by sup-
pressing Chk2 polyubiquitination. Genetically silencing
tumour PDL1 in multiple tumour models, including cell
lines derived from our novel autochthonous melanoma
model, reduced Chk2 signals without impairing the ATR/
Chkl axis and improved sensitivity to selective small
molecule Chkl inhibitors (Chkli) and ATR inhibitors
(ATRi) both in vitro and in vivo, demonstrating a syn-
thetic lethal interaction between tumour PDL1 depletion
and ATR/Chk1 inhibition. Intracellular but not surface
PDL1 promotes Chk2 protein content and Chkli treat-
ment resistance, whereas surface PDL1 mediated distinct
tumour-intrinsic signaling outcomes. We recently dis-
covered that the P-lactam antibiotics cefepime and cef-
tazidime deplete tumour PDL1 [15]. Here we report that
these agents phenocopy genetic PDL1 depletion effects
to deplete tumour Chk2 protein, induce DNA damage,
and enhance PDL1-dependent Chkli synthetic lethality,
demonstrating a clinical translation potential of these
novel tumour-intrinsic PDL1 mechanistic controls.

Results

Tumour PDL1 promotes Chk2-mediated DNA damage
responses

To study the role of PDL1 in the ATM/Chk2 and ATR/
Chkl DDR axes, we initially utilized B16 mouse mela-
noma and ES2 human ovarian cancer cells which basally
express high levels of PDL1 and generated genetic PDL1
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knockouts (PDL1¥C) by CRISPR/Cas9. We have previ-
ously defined significant tumour PDL1-controlled patho-
logic pathways in these models [10, 11]. RNA-sequencing
and gene set enrichment analysis of PDL1¥C versus CTRL
B16 mouse melanoma cells identified multiple pathways
influenced by tumour PDLI silencing (Fig. S1a), consist-
ent with our prior reports [10, 11]. Interestingly, path-
ways associated with DDR checkpoints were among those
most significantly altered by PDL1 loss (Fig. S1a), includ-
ing downregulation of the p53 pathway in PDL1¥C ver-
sus CTRL. Significant genes driving enrichment of each
hallmark pathway are detailed in Table S1. Upregulated
pathways in PDL1XC, including mitotic spindle, G2/M
checkpoint, and E2F targets, could suggest increased cell
proliferation. However, PDL1 depletion from tumour
cells generally reduces in vitro cell proliferation as we
and others have reported [9, 10, 22]. We tested additional
unreported human and mouse PDL1-depleted cell lines
and found that genetic PDL1 also slowed their growth
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in vitro (Fig. S1b). Interrogation of DDR signaling axes
ATM/Chk2 and ATR/Chkl by immunoblotting identi-
fied specific total Chk2 protein reduction in cultured,
otherwise unperturbed PDL1X® B16 mouse melanoma
cells and PDL1¥C ES2 human ovarian cancer cells with-
out significantly altered ATM, ATR, or Chkl DDR pro-
teins compared to respective CTRL cells (Fig. 1a,b). Chk2
nuclear foci were significantly decreased in PDL1¥° B16
cells by immunofluorescence (Fig. S1c), consistent with
immunoblot data (Fig. 1a,b). YH2AX, a surrogate marker
for DNA double strand breaks [23, 24], accumulated even
under homeostatic conditions in PDL1¥C versus control
B16 and ES2 cells (Fig. 1a,b), suggesting tumour PDL1
suppresses DNA damage accumulation in some tumour
types experiencing high levels of endogenous cellular
DNA damage stress. In further support, nuclear yH2AX
foci were significantly increased in PDL1X® B16 cells
by immunofluorescence (Fig. S1d). To determine PDL1
dependence of tumour Chk2 content, we transiently
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Fig. 1 Tumour PDL1 promotes Chk2 content. a. Immunoblot from whole cell lysates of CTRL and PDL1 KO B16 cells. Vinculin (VINC), loading control.
YH2AX%e3% blot is shown as yH2AX. b. Immunoblot from whole cell lysates of CTRL and PDL1*C ES2 cells. VINC, loading control. ¢. Immunoblot

of CTRL and PDL1%0 ES2 cells transfected with empty vector (EV, gray) and/or PDL1 plasmid (black) at depicted ug. d. Immunoblot of CTRL

versus PDL1KCT24 cells after 72-h incubation with vehicle or gemcitabine (5 ng/mL). e. Quantification of relative intracellular PDL1 and Chk2
expression of 12 human high-grade serous ovarian tumours at upfront treatment. Statistical analysis by linear regression
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re-expressed PDL1 at increasing concentrations in
PDL1*C ES2 cells and observed a direct increase in Chk2
and simultaneous decrease in YH2AX as PDL1 content
increased, further showing that Chk2 protein reduction
from PDL1 depletion resulted in significant increases
in DNA damage (Fig. 1c). We also flow sorted cultured,
otherwise unperturbed CTRL ES2 cells into the highest
(PDL1") and lowest (PDL1"°) PDL1 expressing cells and
found that PDL1" cells have significantly less Chk2 pro-
tein, which further supports PDL1 promotion of Chk2
content to suppress DNA damage (Fig. Sle).

As some cell lines exhibit relatively lower basal PDL1
content compared to B16 or ES2 cells, which could be
from lower endogenous DNA damage stress, we inves-
tigated the possibility that Chk2-mediated DDR signal-
ing could be further impaired from exogenous sources of
DNA damage in specific PDL1-deficient cells. We used
PDL1X T24 human bladder cancer cells that exhibit
many known tumour-intrinsic PDL1 depletion out-
comes [25] and observed decreased Chk2 in them only
after exogenous DNA damage induction with cytotoxic
gemcitabine, while the ATR/Chkl pathway remained
unaffected (Fig. 1d). PDL1¥C T24 cells also accumulated
more YH2AX versus CTRL T24 cells with gemcitabine
by immunoblot, corroborated by confocal imaging of
YH2AX nuclear foci (Fig. S1f), consistent with a report in
breast and colon cancer cells [17]. In addition, function-
related phospho-Chk2 was significantly decreased spe-
cifically in PDL1%C T24 cells with gemcitabine treatment,
supporting decreased Chk2 activity (Fig. S1g). Thus,
basal DNA damage from homeostatic processes is suffi-
cient to reduce Chk2 protein in some PDL1¥C cells (e.g,
B16, ES2), whereas induction of additional DNA dam-
age is required to reduce Chk2 content in other PDL1¥°
cell lines (e.g, T24). To confirm human relevance, we
analysed 12 high-grade serous ovarian cancer patient
samples from patients receiving first-line treatment
and identified a significant positive correlation between
tumour PDL1 and Chk2 (Fig. le, Fig. S1h), confirm-
ing tumour PDL1 can predict Chk2 in primary human
tumours.

Genetic tumour PDL1 depletion enhances tumour Chk1i
synthetic lethality

As ATM/Chk2 and ATR/Chk1 axes are distinct yet coor-
dinated and compensatory pathways that initiate effec-
tive DNA repair [26, 27], we hypothesised that inhibiting
the ATR/Chk1 axis could induce synthetic lethality in
PDL1-deficient tumour cells based on compromised
Chk2-mediated DDR. We generated several additional
PDL1-deficient cell lines (Fig. S2a-c), all of which were
significantly more sensitive to the Chkli rabusertib ver-
sus respective CTRL cells in vitro (Fig. 2a). PDL1X° B16
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cells were also significantly more sensitive to the more
potent Chkli prexasertib versus CTRL cells in vitro (Fig.
S2d). PDL1-depleted T24 and 4T1 cells were more eas-
ily killed by Chkli as assessed by Annexin V/PI stain-
ing (Fig. 2b-c) and validated by colony formation assays
(Fig. 2d), confirming bona fide synthetic lethality, further
supported by reduced viable cell counts of PDL1' versus
CTRL 4T1 cells after rabusertib (Fig. S2e). Gemcitabine
also substantially reduced PDL1¥° T24 cell numbers (Fig.
S2f), supporting impaired DDR in PDL1¥° T24 cells that
creates sensitivity to DNA-damaging agents. PDL1-defi-
cient cells were also significantly more sensitive to the
selective ATRi AZD6738 (Fig. 2e), although less so than
with Chkli, but PDL1¥C T24 cells were not significantly
sensitive to ATMi AZD0156 (Fig. 2f), all supporting spe-
cific Chk2 deficiency in PDL1-depleted tumour cells.
Differential ATRi sensitivity could relate to increased
p-Chkl in some cases of tumour PDL1 depletion (e.g.,
Fig. S1g), which itself could be compensatory to reduced
p-Chk2. Chk2 inhibition with the validated small mole-
cule Chk2 inhibitor BML-277 improved both Chk1i and
ATRi efficacy in 4T1 and ID8agg cells (Fig. S2g-j), though
Chkli sensitivity was superior versus ATRi, mirroring
our PDL1 depletion data and supporting that Chk2 inhi-
bition improves sensitivity to both Chkli and ATRi in cell
lines used here.

Using a published dataset [28], we segregated 44
recently-derived primary ASCL1 subtype (SCLC-A)
human small cell lung cancer lines into PDL1' or PDL1M
cells by median centered analysis. Strikingly, we found
that PDL1'° SCLC-A cells were significantly (1.87-fold)
more sensitive to Chkli versus PDL1" cells in vitro and
ATMi-resistant as expected (Fig. 2g-h). As some vari-
ant data points could have outsized effects on this lim-
ited data set, we performed Grubb’s test, which did not
detect outlier data points. PDL1'® SCLC-A cells trended
to greater ATRi-sensitivity versus PDL1M cells (Fig. S2k)
without reaching statistical significance. We further vali-
dated that total Chk2 protein is depleted in PDL1" ver-
sus CTRL MDA-MB-231 after rabusertib incubation by
immunoblot while ATR and Chkl content were unaf-
fected (Fig. S2I).

Tumour PDL1-dependent Chk1i synthetic lethality
resistance is Chk2-dependent

We re-expressed Chk2 (Chk2RF) in PDLI-depleted
cells, which fully restored Chk2 protein in PDL1 4T1
cells and reversed DNA damage accumulation follow-
ing Chkli treatment (Fig. 2i) with similar data in CTRL
versus PDL1C Chk2®E T24 cells (Fig. S2m). Consistent
with these data, Chk2RF fully reversed Chkli synthetic
lethality in PDL1" 4T1 cells (Fig. 2j) and PDL1'® MDA-
MB-231 cells (Fig. S2n-o). By contrast, synthetic lethality
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Fig. 2 Tumour PDL1 deficiency promotes Chk2-dependent synthetic lethality to Chk1i and ATRi in vitro. a. In vitro cell viability of CTRL

versus PDL1YC B16,T24, and ID8agg cells or CTRL versus PDL1 °4T1 and MDA-MB-231 cells incubated with the selective Chk1i rabusertib for 5 days
at indicated doses (mean+SD, n=3 independent replicates, P values by two-way ANOVA). Viability normalised to vehicle controls. b. Flow
cytometry analysis of Annexin/Pl-stained CTRL versus PDL1© 724 cells and ¢. CTRL versus PDL1° 4T1 cells after treatment with vehicle (DMSO)
or 1 uM rabusertib. Q1 (% dead cells) quantified. £ two-way ANOVA. d. Clonogenic crystal violet stain of PDL1CT24 or PDL1"° 4T1 and respective
CTRL cells treated with indicated rabusertib (Chk1i) concentrations for 5 days. e. Cell viability of indicated CTRL versus PDL1-deficient cell lines
after ATRi (AZD6738) or f. ATMi (AZD0156) incubation. P, two-way ANOVA. g. IC, for the Chk1i prexasertib and h. ATMi AZD0156 in 44 human
SCLC-A cell lines segregated by low (lo) or high (hi) PDL1 expression. £, two-sided t-test. Grubb's test was used to identify outliers. i. Immunoblot
after Chk2 re-expression plasmids (Chk2") or empty vector controls were transiently introduced into CTRL or PDL1"° 4T1 cells and treated

with rabusertib (Chk1i, 2.5 uM) or vehicle (DMSO) for 72 h. j. PDL1 0471 viability with transient Chk2" as in i, treated with 2.5 UM rabusertib

for 5 days in vitro versus CTRL and PDL1" with empty vector. Data are mean = SD normalised to vehicle. £ unpaired t-test
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resistance to Chkli was only partially restored by Chk2**

in PDL1%© T24 cells (Fig. S2p). Thus, in selected tumours,
PDL1-mediated synthetic lethality resistance to Chkli
could include additional factors aside from Chk2. Based
on potential p53 effects discerned in RNA-seq data, we
incubated T24 cells with rabusertib + the small molecule
p53 activator nutlin-3a or p53 inhibitor pifithrin-a to find
they did not alter PDL1-dependent synthetic lethality to
rabusertib (Fig. S2q-r).

Genetic tumour PDL1 depletion promotes Chk1i synthetic

lethality in vivo

We challenged severely immunodeficient female NOD.
SCID yc-deficient (NSG) mice with CTRL or PDL1"
4T1 cells in mammary fat pads and treated with the
Chkli rabusertib. PDL1" but not CTRL 4T1 tumours in
NSG females were exquisitely sensitive to single agent
rabusertib (Fig. 3a-c), supporting immune-independ-
ent Chkli sensitivity in PDL1'° 4T1 tumours. However,
PDL1XC B16 tumours did not respond to rabusertib in
NSG mice (Fig. 3d-f), suggesting an immune require-
ment for Chkli efficacy in vivo. CTRL B16 tumours
implanted into immune-competent wild type (WT) C57/
Bl6 mice were refractory to rabusertib treatment in vivo
whereas PDL1¥C B16 tumours were highly rabusertib-
sensitive (Fig. 3g-i). Flow cytometry of tumour-infiltrat-
ing immune cells showed that rabusertib significantly
increased total and granzyme B* (GzB) CD8' T cells
and GzB mean fluorescence intensity (MFI, per-cell
production) in the tumour microenvironment (Fig. 3j-
1), increased interferon (IFN)y* CD8*1 T cells and IFNy
MEFI (Fig. S3a-b), and increased natural killer cell GzB
MEFI (Fig. S3c-d) in PDL1X© but not CTRL B16 tumours.
These immune cell populations mediate anti-tumour
immunity!, supporting improved anti-tumour immunity
in PDL1XC tumours treated with Chkli. Prevalence of
other prominent tumour microenvironmental immune
cells, including regulatory T cells, myeloid cells, dendritic
cells, macrophages, and myeloid derived suppressor cells,
were unchanged with Chkli treatment in PDL1¥C ver-
sus CTRL tumours, (Fig. S3e-p), except decreased CD4*
T cells and B cells in rabusertib-treated PDL1%° B16

(See figure on next page.)
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tumours versus vehicle-treated tumours (Fig. S3q-r). To
support adaptive immune contributions to Chk1i efficacy
in PDL1X® B16 tumours, we challenged Rag2X°® mice
with PDL1X° B16 cells and found abolished rabusertib
efficacy (Fig. 3m-n). Collectively, these data support
tumour-intrinsic PDL1 control of Chk2 DDR improves
Chkli efficacy in vivo by an immune-independent or
immune-dependent mechanism in distinct tumours, and
that tumour PDL1 control of Chk2 alters anti-tumour
immunity independent of its known tumour-extrinsic
signaling effects on PD1" immune cells that is not spe-
cific to breast cancer, melanoma, genetic background, or
tumour microenvironment.

Autochthonous PDL1-deficient tumour cells phenocopy
genetic PDL1 silencing in Chk2 deficiency and Chk1i
synthetic lethality

To date, essentially all reports describing tumour-intrin-
sic PDL1 signaling consequences use genetic PDL1
depletion in established PDL1-expressing tumour cells.
We generated a novel murine autochthonous melanoma
model wherein mice lack PDL1 only in melanocytes, the
melanoma cell-of-origin, and develop Nras®® mela-
nomas de novo by 4-hydroxytamoxifen induction (see
Methods). We crossed a mouse with CD274 flanked by
LoxP sites with a Tyrosinase:Cre*® inducible Nras/R
(TN%®)  mouse”. Melanocyte PDLI-deficient mice
(CD274"% TN®R) and PDL1-replete littermate con-
trols (CD274%"* TN®®) develop PDL1-null (PDL17) or
PDL1-replete (PDL1%) melanomas, respectively from
the time of initiation. We cultured single cell suspen-
sions from autochthonous tumours from these mice
in vitro and generated PDL1* NCH1 and PDL1~ NFH1
Nras?'R melanoma cell lines. We confirmed lack of basal
and IFNy-inducible PDL1 expression in PDL1~ NFH1
versus PDL1* NCH1 cells (Fig. 4a). PDL1~ NFH1 cells
exhibited decreased Chk2 protein content and increased
YH2AX after rabusertib treatment versus PDL1* NCH1
cells (Fig. 4b). PDL1™ NFHI cells exhibited increased
sensitivity to Chklis rabusertib and prexasertib in vitro
versus PDL1* NCH1 cells (Fig. 4c-d), consistent with
data from genetically depleting PDL1 from established

Fig. 3 Tumour PDL1 depletion promotes Chk1i synthetic lethality in vivo that requires adaptive immunity in distinct models. Growth in mammary
fat pad of a. CTRL and b. PDL1 ° 4T1 tumours in immune deficient NSG mice treated with vehicle or rabusertib (Chk1i). Data represented

as mean = SEM. P by two-way ANOVA. c. Tumour end-point weights from a and b. £, unpaired t-test. d-e. Tumour growth curves of NSG mice
challenged with d. CTRL and e. PDL1%C B16 cells and treated with rabusertib daily. P, two-way ANOVA. f. NSG mice bearing B16 tumours as in d-e
were sacrificed day 21 post-challenge and tumours were weighed. P, unpaired t-test. g-h. Growth of subcutaneous g. CTRL versus h. PDL1*0 B16
tumours in WT mice treated with vehicle or rabusertib. Data represented as mean + SEM. £, two-way ANOVA. i. Tumour end-point weights from g
and h. P unpaired t-test. j-I. Flow cytometry immune analyses of indicated populations in CTRL versus PDL1® B16 tumours treated with vehicle

or rabusertib in vivo. Mice were sacrificed day 17 post-challenge. £ unpaired t-test. m. Tumour growth curves of Rag2‘® mice bearing PDL1° B16
tumours treated with vehicle or rabusertib daily. P, two-way ANOVA. n. Rag2"® mice as in m were sacrificed day 20 post-challenge. P, unpaired t-test
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Fig. 4 Autochthonous PDL1-deficient tumour cells phenocopy genetic PDL1 silencing by inducing Chk2 deficiency and Chk1i synthetic lethality

in vitro and in vivo. a. Immunoblot validation of PDL1 expression in NRAS2"*-mutant melanoma cells derived from CTRL TN®'R (NCH1; PDL1%)

or PDL1™ TN®"% (NFH1; PDL17) mice. Cells were treated in vitro with 0.1 ng/mL IFNy for 48 h. b. Immunoblot of NCH1 (PDL1*) or NFH1 (PDL17) cells
treated in vitro with the Chk1i rabusertib or vehicle (veh) for indicated proteins. c-d. Cell viability of PDL1" NCH1 versus PDL1~ NFH1 melanoma cells
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tumour cells. However, similarly to the B16 melanoma
model, PDL1™ NFH1 tumours did not respond to rabu-
sertib in vivo when challenged into immunodeficient
NSG mice (Fig. 4e-g). In syngeneic WT mice, rabusertib
significantly suppressed in vivo growth of PDL1~ NFH1
versus PDL1" NCH1 tumours (Fig. 4h-j). Immune pro-
filing of NCH1 and NFHI1 tumours revealed rabusertib
significantly increased total and GzB" CD8' T cells
and their GzB production by MFI (Fig. 4k-m) in PDL1~
NFHI tumours, similar to rabusertib-treated PDL1¥C
B16 tumours. Other immune populations assessed as
in Fig. S3 were not significantly changed (Fig. S4a-r).
Thus, PDL1 effects on the Chk2-mediated DNA damage
response and Chkli sensitivity are not from compensa-
tory mechanisms following PDL1 depletion from estab-
lished PDL1-expressing tumours, as NFH1 tumours
never expressed PDL1.

Non-surface tumour PDL1 supports Chk2 protein content
and blunts Chk1i synthetic lethality

Tumour-expressed PD1 can drive tumour surface PDL1-
dependent signals, such as promoting cell proliferation,
mTORCI1 activation, and inducing tumour surface PDL1
reverse signaling, including in B16 cells studied here [9].
Immunoblots demonstrated that YH2AX, ATM/Chk2,
and ATR/Chkl were unaffected by PD1¥° in B16 cells
(Fig. 5a), supporting PD1-independent tumour PDL1
control of Chk2. In support, neither genetic PD1 deple-
tion of T24 cells (validated in Fig. S5a) nor surface PD1-
blocking antibodies enhanced their Chkli synthetic
lethality (Fig. 5b). Thus, tumour PDL1 control of Chk2
and Chkli sensitivity is PD1-independent in distinct
mouse and human cancer cells.

Membrane-bound PDL1 can signal extrinsically from
the tumour surface and contains a 30 amino acid cyto-
plasmic C-terminal tail unlikely to mediate significant
tumour-intrinsic signaling from the surface [30], but
PDL1 is also distributed throughout the cytoplasm and
nucleus [31-34]. We re-expressed PDL1 in PDL1X?
B16 cells in a vector generating preferential membrane
expression (PDL1™*™) or a vector expressing preferen-
tial cytoplasmic PDL1 (PDL1<™) (Fig. 5c, Fig. S5b-c, see
Methods) to understand the impact of subcellular PDL1
distribution on tumour-intrinsic signaling consequences.
PDL1™*™ mediated a gene-expression profile clearly dis-
tinct from PDL19* (Fig. 5d), consistent with distinct
functional outcomes of subcellular PDL1 expression.
A GSEA signature associated with G2/M checkpoints
and E2F targets was more enriched in PDL1"*, while a
GSEA signature associated with an epithelial to mesen-
chymal transition signature was significantly enriched in
PDL1™™ cells (Fig. 5d). As Chk2 also activates p53 and
E2F signaling and regulates mitotic spindle assembly [35,
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36], we considered that surface PDL1 was unlikely to
regulate Chk2 protein expression but that fully intracel-
lular (non-surface membrane) PDL1 could. In support,
PDL1™*™ did not restore Chk2 protein content or reduce
yYH2AX accumulation by immunoblot, whereas PDL1<*
rescued both phenotypes (Fig. 5e, quantified in Fig. S5d).
By contrast, PDL1™*™ enhanced vimentin expression, an
epithelial to mesenchymal transition marker [37], distinct
from PDL19" (Fig. 5e, Fig. S5d) and consistent with our
RNA-seq data. To confirm the non-surface PDL1 role in
Chkli synthetic lethality, we showed that PDL1™*™ ver-
sus PDL1" cells were more significantly killed by the
Chk1 inhibitors rabusertib (Fig. 5f) and prexasertib (Fig.
S5e). Our findings are consistent with previous studies
that showed specific functions of subcellular PDL1 [17,
33, 34]. Thus, tumour PDL1 in specific subcellular loca-
tions affects distinct signals and functions, including con-
trol of Chk2 protein content distinctly by cytoplasmic
PDL1.

Interferon-y and tumour necrosis factor-a preferentially
increase tumour membrane PDL1 without affecting Chk1i
synthetic lethality

Interferon-y (IFNy) and tumour necrosis factor-a
(TNFa) are anti-tumour cytokines that increase tumour
surface PDL1 expression, but their effects on subcel-
lular PDL1 are little reported except to show that they
minimally induce nuclear PDL1 [34]. As their PDL1 con-
trol mechanisms differ, and tumour PDL1 induced by
IFNY versus TNFa alters tumour biology distinctly [38],
we considered that they could also differentially affect
tumour-intrinsic PDL1 signals. We confirmed that each
cytokine robustly induced total PDL1 content in T24 and
4T1 cell lines as expected (Fig. S6a-b). However, neither
IENy nor TNFa-induced PDL1 appreciably altered rabu-
sertib synthetic lethality in T24 or 4T1 cells (Fig. 5g, Fig.
S6¢), suggesting lack of preferential cytoplasmic PDL1
induction. We then assessed subcellular PDL1 to find
that each cytokine preferentially induced surface mem-
brane but not cytoplasmic PDL1 in T24 cells and 4T1
cells (Fig. 5h, Fig. S6d), consistent with our data that
cytoplasmic tumour PDL1 promotes Chk2 content as a
distinct function from membrane-bound PDL1.

PDL1 inhibits Chk2 ubiquitination and degradation

Tumour-intrinsic PDL1 in specific subcellular locations
can increase cytoplasmic mRNA stability [17] or act as a
nuclear co-transcription factor [33, 34]. However, tran-
scripts of several DDR proteins, including Chek2, were
not significantly different between CTRL and PDL1X°
B16 cells in our RNA-seq datasets (Fig. 6a). In support,
Chek2 mRNA levels were unchanged at baseline and fol-
lowing rabusertib treatment in CTRL and PDL1XC B16
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Fig.5 Tumour PDL1 control of Chk2 is through intracellular PDLT and independent of PD1 and immunity. a. Immunoblots of PDL1® and PD1%C
B16 cells versus CTRL B16 cells for indicated proteins. Vinculin (VINC) loading control. b. In vitro MTT cell viability of CTRL T24 cells treated

with the aPD1 antibodies pembrolizumab (50 ug/mL), balstilimab (50 pg/mL), or genetic sShRNA PD1 knockdown (PD1 %) with increasing doses

of the Chk1i rabusertib for 5 days at indicated doses. P by two-way ANOVA. Viability shown as relative values following normalisation to respective
isotype or vehicle-treated controls. ¢. Schematic of membrane (mem)-localising versus intracellular (cyto)-localising PDL1 expression constructs (see
methods). d. RNA-seq analyses of PDL1™™ versus PDL19' B16 cells using gene set enrichment analysis. Top 10 altered hallmark pathways (p<0.01)
are shown by PDL1 subcellular location. e. Immunoblot comparing ATM, Chk2, yH2AX, and vimentin expression of indicated B16 cells. Vinculin
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cells (Fig. 6b) despite decreased baseline Chk2 protein,
suggesting PDL1 regulation of Chk2 independent of tran-
scriptional regulation or mRNA stability. We reported
that tumour-intrinsic PDL1 promotes mTORCI activa-
tion in B16 cells [10] that can enhance mRNA translation.
However, genetic knockdown of Raptor, the principal

component of the mMTORC1 complex, did not affect Chk2
protein content in B16 cells (Fig. S7). Chk2 protein half-
life but not ATM protein half-life was greatly reduced in
PDL1¥C versus CTRL B16 cells (Fig. 6¢), consistent with
PDL1 post-translational Chk2 control.
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Fig.6 PDL1 protects Chk2 from ubiquitination in distinct tumours. a. Volcano plot of RNA-seq data depicting PDL1%C effect on select mRNA levels
versus CTRL B16. b. qRT-PCR of Chek2 mRNA in CTRL versus PDL1C B16 cells treated with DMSO or rabusertib. P, unpaired t-test. ¢. Immunoblot

of CTRL versus PDL1¥C B16 cells treated with cycloheximide (CHX). Summary graph depicts normalised total Chk2 protein levels quantified using
ImageJ. d. Immunoblot of CTRL versus PDL1*0 B16 and e. ES2 cells treated with MG132 (2 uM) for 12-h. f. Immunoblot of immunoprecipitated
Chk2 from CTRL, PDL1%C, and stable PDL1 knock-in (PDL1) B16 cells and g. CTRL and PDL1%® ES2 cells after MG132 treatment. h. CTRL and PDL1%®
T24 cells treated with MG132 for 16-h plus vehicle (H,0) or 10 ng/mL gemcitabine (gem). Endogenous Chk2 was immunoprecipitated and Chk2

and ubiquitination (Ub) were detected by immunoblot

Ubiquitination is a major post-translational modi-
fication regulating DDR protein availability [39]. We
treated CTRL and PDL1X° B16 and ES2 cells with the
proteasome inhibitor MG132, which restored Chk2
expression in PDL1X® B16 and ES2 cells to CTRL lev-
els (Fig. 6d-e). PDL1XO B16 cells exhibited signifi-
cantly elevated ubiquitinated Chk2, while stable PDL1
re-expression (PDLIX!) into PDL1¥C cells completely
reversed Chk2 ubiquitination (Fig. 6f). Baseline Chk2
ubiquitination in PDL1X° versus CTRL ES2 cells was
similarly high (Fig. 6g), consistent with their decreased
basal Chk2. PDL1X? T24 cells only exhibited increased
Chk2 ubiquitination after DNA damage induction with
gemcitabine (Fig. 6h), supporting observed total Chk2
deficiency only after DNA damage induction. These

data fully accord with tumour PDL1 protection of
Chk?2 from ubiquitination and subsequent proteasome-

dependent degradation in multiple murine and human
tumour models.

PDL1 protects Chk2 from PIRH2-mediated ubiquitination
and degradation

As both mouse and human PIRH2, an E3 ligase, can
regulate Chk2 ubiquitination and degradation basally or
upon DNA damage [39], we hypothesised that tumour-
intrinsic PDL1 could interfere with PIRH2 E3 ligase regu-
lation of Chk2. We depleted PIRH2 in CTRL or PDL1¥?
B16 or PDL1* NCH1 and PDL1~ NFH1 Nras®'® cells
and found that PIRH2 depletion fully rescued Chk2
expression in PDL1X© B16 and PDL1~ NFH1 cells versus
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Fig. 7 Tumour PDL1 protects Chk2 from PIRH2 E3 ligase-mediated degradation in distinct tumours through its immunoglobulin-like domains. a.
Non-targeting or PIRH2-specific siRNA vectors transfected into CTRL or PDL1C B16 cells or b. PDL1* NCH1 cells and PDL1~ NFH1 cells. c. Interaction
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and co-immunoprecipitated with tGFP trap beads followed by immunoblotting. d. Endogenous PIRH2 co-immunoprecipitated in CTRL, PDL1%0,
and PDL1Y B16 cells. e. Left: Flag-tagged human PDL1 and Streptavidin-tagged human Chk2 were co-expressed in Tni cells and affinity pull-downs
of lysates with Flag resin and eluate fractions (1,2,3,4) followed by SDS-PAGE and Coomassie blue staining. Right: eluates were pooled for reciprocal
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post rabusertib (2.5 uM) treatment. £, unpaired t-test. g. Immunoblot of domain-expressing B16 cells immunoprecipitated using anti-mCherry beads

respective CTRL cell line levels (Fig. 7a-b). PDL1 deple-
tion did not significantly alter PIRH2 content and PIRH2
knockdown did not alter PDL1 content. We also depleted
MDM?2 in B16 cells, another E3 ligase controlling Chk2
protein content in selected cells, but Chk2 was unaf-
fected (Fig. S8a). Nonetheless, these data do not fully
exclude a role for MDM2 in controlling PDL1-regulated
Chk2 content.

PDL1, PIRH2, and Chk2 formed a single complex in
B16 cells by co-immunoprecipitation (Fig. 7c), suggesting
that PDL1 could directly interfere with PIRH2-mediated
Chk2 degradation. PIRH2 binding to Chk2 was signifi-
cantly increased in PDL1XC B16 cells and was rescued
to CTRL levels in PDL1X! cells (Fig. 7d). Since Chk2 is
largely nuclear, we asked whether PDL1 could co-localise
with Chk2 in nuclei to modulate its ubiquitination. First,
we validated nuclear PDL1 content in B16 cells by sub-
cellular fractionation and immunoblotting (Fig. S8b). We
observed nuclear PDL1-Chk2 co-localisation in B16 cells
(Fig. S8c) and confirmed a PDL1-Chk2 interaction bio-
chemically by co-expressing recombinant FLAG-tagged
PDL1 and Streptactin-tagged Chk2 in Tni cells (Fig. 7e),

demonstrating that PDL1 and Chk2 co-purify, consist-
ent with direct protein—protein interaction. These data
collectively support that PDL1 physically antagonises
the interaction between the PIRH2 E3 ligase and Chk2,
including in the nucleus, thus preventing ubiquitin-
mediated Chk2 degradation and facilitating Chk2 protein
stability. These data are consistent with prior reports of
functional nuclear PDL1 [33].

PDL1 IgV and IgC domains control Chk2 protein content
and Chk1i resistance

We generated mCherry-tagged fragments of PDL1 from
aal8-132, aal33-220, and aa260-290 (Fig. S9a) corre-
sponding to Ig-V-like, Ig-C-like, and C-terminal (cyto-
plasmic) tail domains, respectively [9]. These constructs
lack both the PDL1 signal peptide and transmembrane
domains and therefore are not membrane-bound and
cannot be surface-expressed. We re-expressed them or
controls individually in PDL1¥° B16 cells and validated
PDL1 fragment expression (Fig. S9b). Chkli resistance
was fully restored by re-expression of full-length PDL1,
PDL1 Ig-V domain, partially by the Ig-C domain, but
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not by the 30aa C-terminal tail (Fig. 7f). Consistent with
these data, Chk2 interacted strongly with the PDL1 Ig-V
N-terminal domain and slightly with the Ig-C N-terminal
domain by co-immunoprecipitation (Fig. 7g), suggesting
the PDL1 Ig-V domain could predominantly interact with
Chk2 to prevent its ubiquitination. These data are alto-
gether consistent with fully intracellular PDL1 control-
ling Chkli resistance through its N-terminal domains, as
our PDL1 domain constructs are fully intracellular, and
support our PDL1%" data.

Pharmacologic tumour PDL1 depletion phenocopies
genetic PDL1 knockout in eliciting Chk2 depletion

and Chk1i synthetic lethality

aPDL1 and aPD1 immune checkpoint blockade is now
being tested in clinical trials combined with DDRI],
but such combinations have thus far failed to demon-
strate convincing efficacy. Strategies to overcome DDRi
and immune checkpoint blockade treatment resist-
ance remain obscure. We found that aPDL1 treatment
does not deplete tumour PDL1 or Chk2 or improve
YH2AX induction with Chk1i in B16 cells in vitro (Fig.
S10a). The role of tumour-intrinsic PDL1 signals in the
ATM/Chk2 pathway and Chkli treatment responses
prompted us to identify pharmacologic agents target-
ing total tumour cell PDL1 content versus surface PDL1
alone. We recently identified FDA-approved drugs that
could be repurposed as PDL1-depleting drugs, includ-
ing the B-lactam cephalosporin antibiotic cefepime [15],
but its effects on Chk2 are not reported. Cefepime alone
specifically depleted Chk2 protein in B16 cells under
conditions in which it significantly depletes PDL1 [15]
but depleted Chk2 in T24 cells only when combined
with rabusertib (Fig. S10b, Fig. 8a), replicating the DNA
damage-dependent, PDL1-dependent control of tumour
Chk2 content seen with genetic PDL1 depletion in T24
cells. While cefepime depleted Chk2 in CTRL B16 cells,
it did not significantly deplete Chk2 in PDL1*C B16 or
PDL1X! B16 that significantly and stably overexpressed
PDL1 (Fig. 8b). Though cefepime alone did not affect cell

(See figure on next page.)
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viability, it potently induced synthetic lethality with rabu-
sertib in MDA-MB-231 and T24 cells (Fig. 8c-d) as also
elicited by genetic PDL1 depletion. Notably, cefepime did
not enhance rabusertib synthetic lethality in PDL1¥C T24
cells (Fig. 8e), confirming PDL1 dependency of cefepime-
mediated Chkli synthetic lethality. Rabusertib sensitiv-
ity elicited by cefepime was essentially equivalent to full
genetic PDL1¥? (Fig. S10c). Cefepime did not affect ATR
or Chk1 content in B16 and T24 cells (Fig. S10d-e), again
phenocopying genetic PDL1¥°,

Unlike conventional cytotoxic chemotherapy, cefepime
is not a known DNA-damaging agent outside of our
recent report and another that suggested certain cepha-
losporins have radio-sensitising capabilities [15, 40]. We
therefore considered a potential B-lactam class effect on
enhancing Chkli synthetic lethality and compared sev-
eral B-lactam drugs representing different subclasses. The
B-lactam ceftazidime shared similar molecular moieties
with cefepime, including a quaternary ammonium group
(green) and an oxime-aminothiazole group (purple, Fig.
$10f). Previously, we showed that ceftazidime depletes
tumour PDL1 [15]. Ceftazidime also reduced Chk2
expression in B16 cells as a single agent under conditions
in which it significantly depletes PDL1 [15] (Fig. S10g)
and in T24 cells combined with rabusertib (Fig. 8f). Cef-
tazidime did not deplete Chk2 in PDL1¥° or PDL1¥! B16
compared to CTRL B16 (Fig. 8g), similarly to cefepime
and consistent with PDL1 dependence of ceftazidime-
mediated Chk2 depletion. Ceftazidime but not structur-
ally distinct B-lactams cefazolin, meropenem, penicillin
G, or ceftriaxone sensitized PDL1T CTRL T24 tumour
cells to the Chkli rabusertib in a PDL1-dependent man-
ner (Fig. 8h-k). Thus, the ability to sensitize tumour cells
to Chkli is a feature of specific p-lactams and not a class
effect. Ceftazidime elicited rabusertib sensitivity similar
to genetic PDL1XC in T24 cells (Fig. S10h). Ceftazidime
also did not affect ATR/Chk1 content in B16 cells or T24
cells (Fig. S10i-j), further consistent with genetic PDL1
depletion. Ceftazidime sensitized PDL1" NCH1 tumours
to Chkli in vivo, (Fig. 8l-m), similarly to cefepime [15],

Fig. 8 Pharmacologic tumour PDL1 depletion replicates genetic tumour PDL1C by depleting Chk2 and inducing Chk1i synthetic lethality.

a. Immunoblot of CTRL T24 cells for indicated proteins after 72 h of treatment with vehicle (DMSQ), 1 uM rabusertib (Chk1i), 80 uM cefepime,

or combination. b. Immunoblot of CTRL, PDL1¥C, and stable PDL1¥ B16 cells treated with 80 uM cefepime for indicated time points. c-e. Cell viability
of ¢. CTRL MDA-MB-231, d. CTRL T24, and e. PDL1CT24 cells treated with indicated concentrations of rabusertib +80 UM cefepime or vehicle
(DMSO) for 96 h. P, two-way ANOVA. f. Immunoblot of CTRL T24 cells treated with vehicle, 1 uM rabusertib, 80 uM ceftazidime, or both for 72 h.

g. Immunoblot of CTRL, PDL1%C and stable PDL1¥ B16 cells treated with 80 uM ceftazidime for indicated time points. h-j. Cell viability of h. CTRL
MDA-MB-231,i. CTRLT24, and j. PDL1 K0T24 cells treated with indicated concentrations of rabusertib +80 UM ceftazidime or vehicle for 96 h. B
two-way ANOVA. k. MTT viability analysis of CTRL T24 cells treated for 96 h with 80 uM of indicated 3-lactams with rabusertib. £, two-way ANOVA.

1. Growth curves of PDL1* NCH1 tumours implanted subcutaneously in WT mice treated with vehicle, ceftazidime, rabusertib, or both. P, two-way
ANOVA. m. Tumour weights of NCH1 tumours from I. at endpoint (day 18). £ unpaired t-test. Vehicle (veh), ceftazidime (ctz), rabusertib (rab),

and ceftazidime +rabusertib (combo) groups are indicated
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highlighting the clinical therapeutic potential of targeting
tumour-intrinsic PDL1 signals with distinct PDL1 deple-
tion drugs.

Discussion

Here, we show that tumour-intrinsic PDL1 specifically
regulates the Chk2 DDR signaling pathway by preventing
Chk2 ubiquitin-mediated degradation and suppressing
Chkli efficacy (Fig. S11). Although PDL1 regulates Chk2
protein stability but also DDR protein transcripts, these
distinct mechanisms of DNA damage regulation could
overlap in certain instances, requiring further investiga-
tion. Our biochemical and genetic studies showed that
tumour-intrinsic PDL1 can form protein complexes with
Chk2 and co-localise with Chk2 in cellular nuclei, where
the DNA damage response is initiated to prevent Chk2
ubiquitination. Tumour-intrinsic PDL1 control of specific
molecular interactions and post-translational gene prod-
uct expression through protein ubiquitination provide
new mechanistic bases to explain the diverse pathologic
consequences driven by tumour-intrinsic PDL1. As E3
ligase activity varies among cells and as other E3 ligases
promote Chk2 polyubiquitination, PDL1 could protect
from other E3 ligases to inhibit Chk2 ubiquitination in
other cell types.

We showed that intracellular tumour PDL1 mediates
Chk2 protein control and Chkl1i synthetic lethality while
membrane-bound PDL1 promoted distinct outcomes,
including epithelial-to-mesenchymal transition. Oth-
ers previously reported that subcellular tumour PDL1
mediates important pathologic signals almost exclusively
through its C-terminal tail [9]. In contrast, we identified
PDL1 regions outside of the C-terminal tail that sup-
port Chk2 protein content and Chkli resistance. Addi-
tional work is required to define further mechanistic
details, including the precise subcellular location where
PDL1-controlled Chk2 content control occurs and other
tumour-intrinsic signaling outcomes of specific PDL1
domains. Nonetheless, subcellular tumour PDL1 location
could be a treatment response biomarker for DNA dam-
aging agents.

The important anti-tumour cytokines IFNy and TNF«
increase surface membrane PDL1 expression that inhib-
its anti-tumour immunity, termed adaptive resistance
[2], but neither induced significant tumour cytoplas-
mic PDL1 accumulation in a study of that effect [34].
We found that both cytokines preferentially increased
tumour surface PDL1 content rather than non-surface
PDL1 and did not reverse Chkli synthetic lethality, con-
sistent with our demonstration of the importance of non-
surface PDL1. Lack of Chkli synthetic lethality reduction
by these cytokines that potently induce PDL1 could be
a function of insufficient non-surface PDL1 induction,
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near-maximal basal Chkli resistance of these tumour
cells, or unknown mitigating cytokine effects. As both
cytokines only minimally induce nuclear PDL1 [34], and
we identified the cytoplasm as a key non-surface location
for PDL1 effects we describe, further work is needed to
define specific contributions from specific non-surface
locations.

Despite some pre-clinical studies showing increased
DDRi efficacy when combined with PDL1/PD1 in
tumours with presumed underlying DNA repair defects
[41], this strategy appears incompletely effective in can-
cer patients [42]. We showed robust synthetic lethality
to Chkli in multiple human and mouse immune check-
point blockade-resistant tumour models (e.g., 4T1 [16],
ID8agg [43]) following genetic PDL1 knockout in vitro
and in vivo without immune contributions. Our in vivo
Chkli dosing was highly successful at inhibiting in vivo
tumour growth of various PDL1-deficient tumours, sug-
gesting that efficacy could be improved when tumour
PDL1 status is taken into consideration, which could
serve as a DDRi response biomarker. Reduced PDLI1-
dependent Chk2 expression during the DDR was suffi-
cient for robust Chk1i synthetic lethality in some tumour
cells, but only partial reversal of Chkli sensitivity follow-
ing Chk2 re-expression in PDL1X® T24 cells implicates
additional mechanisms for tumour PDL1-dependent
Chkli synthetic lethality and likely Chk2 control. These
differences in Chk2 dependency for synthetic lethality
with Chkli likely relate to tissue-specific signaling and
to distinct mutational landscapes in different tumour
cells, among other considerations. Other DDR protein
inhibitors involved in DNA replication and repair such
as ATM, Weel, and DNA-PK are also in clinical trials
[44, 45], which could address some of these additional
factors. Notably, cell proliferation rate tends to correlate
with DDRI efficacy [46], whereas in the case of genetic or
pharmacologic PDL1 depletion, we find that cells gener-
ally tend to proliferate more slowly despite increased sen-
sitivity to these agents [9, 16]. These data underscore the
complexity and as-yet unknown details of the DDR. Full
definition of these complex mechanisms will continue
to enhance our ability to improve treatments. Addition-
ally, compared to rabusertib, prexasertib is more potent
at inhibiting Chkl and inducing growth arrest [47].
Increased efficacy of prexasertib versus rabusertib in
PDL1%9 B16 cells (Fig. 2a and Fig. S2d) might also be due,
at least in part, to the differential potencies of distinct
small molecule inhibitors. Additionally, some ATR sub-
strates could antagonize Chk2 function [48, 49], which
adds another layer of complexity to their interactions and
effects in cellular pathways. Finally, the Chkli UCN-01
induced significantly more yH2AX than ATRIi [48], lead-
ing some to conclude that inhibition of Chkl is more
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deleterious to cycling cells than inhibition of ATR [49,
50], which could help explain increased Chkli efficacy
versus ATRi efficacy in distinct PDL1¥C tumour cells.

DNA damage induces cytosolic DNA, which can acti-
vate RNA or DNA pattern recognition receptors and sub-
sequent type-I interferon signaling [9]. Thus, intact DNA
damage checkpoints in tumour cells are crucial in pre-
venting activation of these receptors and avoiding anti-
tumour immunity [9]. Previously, we showed that PDL1
deficiency increases STING signals when combined with
the PARP inhibitor olaparib [16], and genetic [16] or
pharmacologic tumour PDL1 depletion with cefepime
or ceftazidime [15] activates immunogenic tumour
STING signals, which could be a result of deficient DDR
and could improve immune-dependent treatments [51].
Here, we show that in vivo Chkli induces specific anti-
tumour immune populations specifically in PDL1X°
tumours, including granzyme B-producing CD8" T
cells and NK cells, which could be a result of increased
tumour immunogenicity from DNA damage and subse-
quent cGAS/STING activation. Further, Chkli efficacy in
B16 and NCH1/NFH1 models in vivo is immune depend-
ent, specifically requiring adaptive immunity in PDL1¥°
B16 tumours, supported by increased CD8* T cells in the
tumour microenvironment. Our immune profiling data
from PDLI1-deficient B16 and NFHI1 tumours ex vivo
show decreased prevalence of accepted anti-tumour
immune populations, including CD8" T cells in NFH1
tumours, yet their prevalence increased with Chkli.
Thus, further work into the influence of tumour-intrin-
sic PDL1 on the tumour immune microenvironment
with DNA damage and CD8" T cell control of PDL1¥°
tumours from Chkli treatment is warranted.

Treatment efficacy in PDL1¥° but not CTRL tumours
could owe in part due to the known increased PDL1 with
DNA damage [9], which could be overcome with our
pharmacologic tumour PDL1 depletion strategy. Phar-
macologic tumour PDL1 depletion could also augment
combinations using cytotoxic DNA damaging agents,
which usually increase tumour PDL1 [16]. Further inves-
tigation into tumour-intrinsic, immune checkpoint-inde-
pendent PDL1 effects on tumour immune evasion and
immune modulators, including regulation of the DNA
damage response and suppression of type-I interferon
signals post-DNA damage, could define additional roles
for tumour-intrinsic PDL1 in cancer pathogenesis and
improve immunotherapy responses.

Targeting tumour-intrinsic PDL1 signals through
genetic and pharmacologic tumour PDL1 depletion
improves various cancer treatments, including cyto-
toxic chemotherapy and immune checkpoint blockade
[12-15]. Our data suggest that depleting the intracel-
lular PDL1 pool with PDL1 depleting drugs could be an
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effective strategy to increase DDRi treatment response
compared to surface PDL1 targeting with available
immune checkpoint blockade agents. The cephalosporin
antibiotics cefepime and ceftazidime deplete tumour
PDL1 to phenocopy genetic PDL1 knockout effects on
Chk2 protein and sensitize tumour cells to Chkli. Cepha-
losporins are not reported to affect specific DDR signals,
but the cephalosporin cephalexin sensitized tumour cells
to ionizing radiation, a double strand break-inducing
agent [40]. Other B-lactam antibiotics, including alter-
native cephalosporins that we tested, did not induce
synthetic lethality with Chkli, suggesting there is not a
cephalosporin or B-lactam class effect to deplete PDL1,
impair the ATM/Chk2 DNA damage response, or sen-
sitize to Chkli. Additionally, cefepime and ceftazidime
suppress PDL1 expression under DNA damage condi-
tions. Thus, our pharmacologic tumour PDL1 depletion
approach could be applied to genotoxic agents to over-
come the potential decrease in efficacy due to increased
PDL1 expression with DNA damage. Our data support
the use of PDL1-depleting agents such as cefepime as
adjunct therapy to Chkli and have rapid translational
potential.

Conclusions

We identified a novel function of tumour-intrinsic PDL1
in promoting the Chk2 DNA damage response, Chkli
resistance, and regulating DDR protein ubiquitination
in human and mouse cell lines, an autochthonous mela-
noma model, and in primary human tumour cells. We
identified novel roles for membrane versus intracellular
PDL1 in modulating different tumour-intrinsic PDL1
signals and replicated genetic phenotypes with phar-
macologic tumour PDL1 depleting drugs cefepime and
ceftazidime, demonstrating their relevance as a novel
therapeutic strategy with rapid clinical translation poten-
tial. Understanding tumour PDL1 contributions to the
DDR provides important insights into tumour PDL1-
driven pathogenesis and mechanisms underlying DDRi
treatment resistance.

Methods

Chemicals and reagents

Rabusertib (S7109), prexasertib (S7178), AZDO0156
(S8375), ceftazidime (S3649), and AZD6738 (S7693)
were purchased from Selleckchem. MG132 (474,790),
cycloheximide (0180), cefepime for in vitro studies
(A3737), gemcitabine (G6423), and 4-hydroxytamoxifen
(H6278) were purchased from Sigma-Aldrich. Human
and mouse recombinant interferon-gamma (IFNy,
485-MI, 285-IF) and TNF-alpha (TNF«, 410-MT, 210-
TA) were from R&D Systems. BML-277 (HY-13946),
Pifithrin-a (HY-15484) and nutlin-3a (HY-10029) were
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purchased from MedChem Express. AZD0156 was dis-
solved in ethanol, and gemcitabine and ceftazidime were
dissolved in water. Penicillin G, meropenem, ceftriaxone,
and cefazolin were obtained from Oakdell Pharmacy
(7220 Louis Pasteur Dr., San Antonio, TX, 78,229) and
dissolved in sterile 0.9% NaCl. Remaining drugs used for
in vitro drug studies were dissolved in dimethyl sulfox-
ide (DMSO). Drugs were aliquoted in individual tubes,
stored at -80° C, and thawed as needed to avoid multi-
ple freeze-thaws or made fresh when required. The aPD1
antibody pembrolizumab was purchased from Invivogen,
and the aPD1 antibody balstilimab was a kind gift from
Agenus. The a-mouse PDL1 antibody (clone 10F.9G2)
and IgG isotype control were purchased from BioXCell
(BE0101, BE0090). In vivo ceftazidime was from Med-
Chem express.

Cell lines

B16-F10 (herein B16), ID8agg, ES2, and 4T1 we described
previously [10, 13]. All of these cell lines were grown in
RPMI-1640 containing 5% fetal bovine serum, 1% peni-
cillin/streptomycin, 1% L-glutamate, and 1% HEPES
buffer (Gibco, ThermoFisher, “complete medium”). T24
cells were a gift from R. Svatek (UTHSA) and cultured in
McCoy’s 5A complete medium (Thermo-Fisher). PDL1™
TN®® and PDL1" TN®® Nras mutant mouse melanoma
cells (NFH1 and NCHI respectively) were made from
single cell suspensions of tumours from 4-hydroxytamox-
ifen-induced mice plus UVB (4.5 kJ/m?) and passaged
in vitro as polyclonal cell populations. NCH1, NFHI,
MDA-MB-231, and Tni cells were grown in DMEM
complete medium. All cell lines were periodically tested
by Mycoalert PLUS (Lonza Bioscience) and confirmed
Mycoplasma-free.

Stable PDL1% cell lines were generated using shRNAs
targeting CD274 or non-targeting controls as we previ-
ously described [10]. B16 cells were infected with len-
tivirus expressing murine control or Raptor-targeting
shRNAs from Sigma-Aldrich (TRCN0000077469) and
transduced cells were selected in 2 mg/mL neomycin to
generate Raptor™® cells. PDL1X T24 cells were generated
by CRISPR/Cas9 as we previously described [25] and
PD1% T24 by using lentiviral particles containing PDCD1
shRNAs (TRCN0000083508) from Sigma-Aldrich.
PD1C and PDLI1*® B16 cells were generated using
CRISPR/Cas9-GFP expression plasmids (SantaCruz Bio-
technology), which included 3 pooled sgRNAs targeting
PD1 or PDL1. sgRNA sequences used for CRISPR/Cas9
mediated gene deletion for PD1 were (1) 5-AGCCCC
TCGCCCAAACCAGA-3; (2) 5-CGGAGGATCTTA
TGCTGAAC-3; 5-GTGCCTCGGCCATGGGACGT-3!
sgRNA sequences for PDL1 were (1) 5-GTATGGCAG
CAACGTCACGA-3; (2) 5-CTGGATCCACGGAAA
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TTCTC-3; (3) 5-TCCAAAGGACTTGTACGTGG-3!
Stable PDL1¥! B16 was generated as previously described
[10]. Plasmids were transfected using Turbofect reagent
(Thermo-Fisher) according to the manufacturer’s proto-
col. Cells were cytometrically sorted by GFP expression,
then single cell clones were isolated and analysed for tar-
geted gene disruption using genomic DNA PCR primers
spanning exon regions of PD1 or PDL1. Gene targeting
was validated by Immunoblotting and/or sequencing.

Plasmids, transfections, and lentivirus transductions

Chek2 expression plasmids or vector only controls for
Chk2 re-expression experiments (Chk2RF) were obtained
from OriGene (RC201278 and MR208692 for human and
mouse, respectively). RCHY1 (PIRH2) siRNA Smartpools
or scrambled controls were obtained from Dharmacon
(Cat#: L-065323-01-0005). Mouse PDL1 expression
plasmid for rescue experiments and further subclon-
ing was from OriGene (Cat#: MG203953). Transient
transfections were performed using lipofectamine 3000
reagent (Thermo-Fisher) per the manufacturer’s proto-
col. Transient induction of differential PDL1 expression
into PDL1%O ES2 cells by was by transfecting empty vec-
tor (Addgene 72299) or human Flag-PDL1 (Addgene
121446) expression plasmids. After 48-h, cells were col-
lected and lysed for immunoblot analysis.

For PDL1™®™ expression constructs, a mouse PDLI1-
tGFP fusion protein construct (OriGene MG203953) was
PCR amplified and subcloned into the pDisplay vector
(Invitrogen) at the BglII and PstI sites, resulting in N-ter-
minal fusion to the murine Igk-chain leader sequence
and C-terminal fusion to the platelet derived growth fac-
tor receptor transmembrane domain, anchoring PDL1 to
the extracellular plasma membrane (PDL1™*™). To gen-
erate intracellular localised PDL1 constructs (PDL1<%),
a myristoylation (myr) tag [52] was incorporated at the
N-terminus of PDL1, preventing PDL1 from extracellu-
lar surface presentation. To generate the pcDNA-myr-
PDL19™ expression vector, mouse PDL1-GFP CDS
was PCR amplified and cloned into a pcDNA6C vector
(Invitrogen) using EcoR1-Xhol sites. All constructs were
sequence verified.

PDL1 vectors with C-terminal mCherry tag (pLV-
mPDL1 aal8-132-mCherry, pLV-mPDL1 aal33-220-
mCherry, pLV-mPDL1 aal-260-mCherry, pLV-mPDL1
aal-290-mCherry, pLV-mPDL1 aa260-290-mCherry)
were designed using pLV-mCherry-vector backbone and
were custom synthesized and sequence verified by Vec-
tor Builder (Chicago, IL). All PDL1 mutant constructs
were CRISPR/Cas9 resistant for stable re-expression in
PDL1© cells.

Lentivirus was produced by transfecting HEK293T
cells with targeting plasmid along with packaging
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vectors pMD-2G, pMDLg/pRRE and pRSV-Rev plasmids
(Addgene 12259, 12,253, 12,251) using Turbofect Trans-
fection Reagent (R0531, Thermo Scientific) according to
the manufacturer’s transfection protocol. The lentivirus-
containing supernatants were collected 24 and 48 h after
transfection and concentrated by concentrator (Lenti-X,
cat 631,231, Takara). Transduction was performed by
adding the lentivirus to PDL1¥C B16 cells in the presence
of polybrene (10 pg/mL, TR-1003-G, Sigma), followed
by selection with puromycin (1 pg/mL) for 14 days.
Similarly, PDL1¥C B16 cells stably expressing pDisplay-
PDL1™™ and pcDNA-myr-PDL1™ constructs were gen-
erated by neomycin selection (2 mg/mL). Pooled clones
were selected and expression of recombinant proteins
was confirmed by immunoblotting and/or imaging as
indicated.

Immunoblots and subcellular fractionations

Immunoblotting was performed as we described [53, 54].
Briefly, cells were lysed using RIPA buffer (20 mmol/L
Tris—HCI, pH 8.0, 150 mmol/L NaCl, 1 mmol/L diso-
dium EDTA, 1 mmol/L EGTA, 2.5 mmol/L sodium
pyrophosphate, 1 mmol/L B-glycerophosphate, 1%
triton-X100 plus Halt protease/phosphatase inhibitor
cocktail from Thermo-Fisher (78,442). Plasma mem-
brane/subcellular fractionation kit was obtained from
Abcam (ab65400). Protein concentrations were quanti-
fied using a Pierce-BCA Kit (23,328). 2040 pg of lysate
plus 4Xloading dye were run on 4% to 15% gradient
SDS-PAGE Precast TGX gels (Bio-Rad) and transferred
to nitrocellulose membranes (Bio-Rad) using a rapid
transblot system (Bio-Rad). Membranes were blocked in
TBS (pH 7.4) plus 1% Tween-20 (TBST) and 5% non-fat
dry milk, incubated overnight at 4° C with diluted pri-
mary antibodies against indicated proteins. Membranes
were incubated with either horseradish peroxide—con-
jugated secondary antibodies (Cell Signaling) for 2 h at
room temperature then washed with TBST 3 times for
3 min each followed by incubation with Western Light-
ening Plus ECL reagent from Perkin Elmer (NEL10400L).
Image] or ImageLab softwares were used to quantify rela-
tive band intensity by normalizing to loading controls.
Antibodies against the following targets from Cell Sign-
aling were used: PDL1 (#13,684), ATM (#2873S), Vin-
culin (#18799S), YH2AX"3? (#9718S), Chk2 (#2662S),
GAPDH (#2118S), Ubiquitin (#58395S), Rabbit HRP-
conjugated secondary (#7074S), Mouse HRP-conjugated
secondary (7076S), p-ATRS™®  (#2853S), p-Chk-
15345 (#2348S), ATR (#13934S), p-Chk2™® (#2197S),
p-ATMSe 1981 (#5883S), Nat/K+ ATPase (#3010S), PDL1
(#29122S), Chk1 (#2360S), Vimentin (#3932S), Chk2 XP
(#6334S), and Chk2 (3440S). Antibodies from Abcam
against these targets were: PDL1 (ab213480) and PIRH2
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(ab189907). Antibodies from Santa Cruz include those
detecting Chk2 (sc-5278) and PIRH2 (sc-374505). The
detection antibody against PD1 was from Thermo-
Fisher (7A11B1), and RFP detection antibody (dsRED
polyclonal) was from Takara (632496). Primary and sec-
ondary antibody dilutions were made per the manufac-
turer’s recommendation. Membrane and cytoplasmic
fractionations were performed using the plasma mem-
brane protein extraction kit (Abcam ab65400) following
manufacturer’s instructions. Membrane fraction is pure
surface plasma membrane. Cytoplasmic and nuclear
fractionations were performed using NE-PER nuclear
and cytoplasmic extraction reagents (Thermo Scientific
78833).

Immunoprecipitation

Cells were cultured on 15-cm? plates, trypsinized, and
counted with Vi-Cell XR cell viability analyzer with 10
million cells used per immunoprecipitation sample.
After centrifugation at 500 X gravity for 5 min, cell pellets
were washed with ice-cold 1xXPBS and lysed in Pierce
IP Lysis Buffer (#87,787) supplemented with 1:100 Halt
Protease and Phosphatase Inhibitor Cocktail (#78,442)
from Thermo-Fisher. Samples were incubated on a rota-
tor for 15 min at 4° C then centrifuged at 13,000 X grav-
ity for 15 min at 4° C. Supernatants were transferred to
a new microcentrifuge tube. Input fractions were trans-
ferred to a new tube and boiled with equivalent volume
of 2xloading dye for 10 min. Antibodies against Chk2
(sc-5278), PIRH2 (sc-374505), or normal mouse IgG (sc-
2025) as indicated for endogenous protein pull-downs
were added to the remainder of the supernatants and
incubated on a rotator overnight at 4° C. Pierce Protein G
Magnetic Beads (Thermo-Fisher) were washed with ice-
cold 1xPBS four times on a magnetic rack, resuspended
in Pierce IP Lysis Buffer, and added to immunoprecipita-
tion samples. For co-immunoprecipitation of mCherry or
turbo-GFP (tGFP) tagged PDL1 recombinant proteins,
we used pre-conjugated RFP or tGFP trap beads (Chro-
motek). Samples were incubated on a rotator for 2 h at
4° C then washed four times with ice-cold 1xPBS on a
magnetic rack. Beads from each immunoprecipitation
sample were resuspended in 1Xloading dye and boiled
for 10 min, and supernatants were transferred to a new
tube. Samples were subsequently analyzed via immunob-
lotting as described above.

RT-qPCR

CTRL or PDL1¥® cells were harvested with vehicle con-
trols or rabusertib and subjected to total RNA extraction
using TRIzol reagent. A Superscript Vilo kit (Invitrogen)
was used for reverse transcription of total RNA followed



Murray et al. Molecular Cancer (2024) 23:242

by qPCR of ¢cDNAs using the SYBR green method. The
following primers were used for murine Chek2: 5'- CCG
AGCTTATTGGGAAAGGC-3; 5- AGCCATCTTTAC
CTCCCCAC -3’ and B-Actin: 5- CATTGCTGACAG
GATGCAGAAGG -3} 5- TGCTGGAAGGTGGAC
AGTGAGG-3. Data were analyzed by the 2(-AA C(T))
method.

In vitro viability assays

Tumour cells were seeded in a 96 well plate. B16 and
ID8agg cells were seeded into 96 well plates pre-coated
with fibronectin derived from bovine plasma (Sigma
Aldrich). All cells were treated with indicated drugs and
respective vehicle controls for the indicated time peri-
ods. Plates were then incubated with 3-(4,5-dimeth-
ylthiazolyl-2)-2,5-diphenyl tetrazolium bromide (MP
Bio) MTT reagent (3 mg/ml) for 2 h. Medium was fully
decanted and 200 ul of DMSO was added to each well.
Plates were read at 490 nm with a BIO-TEK Synergy HT
plate reader. Raw data was analyzed using Excel and nor-
malized data plotted using Graph Pad Prism software.
Cefepime, ceftazidime, penicillin G, meropenem, ceftri-
axone, and cefazolin were used at 80 uM, a concentration
safely and effectively achievable in vivo®®>’. Pembroli-
zumab and balstilimab were used at 50 pg/mL. For MTT
assays, IFNy and TNFa were used at 1 ng/mL and 10 ng/
mL respectively, added to wells at the same time as rabu-
sertib, and incubated for 96 h.

Endogenous ubiquitination assays

The detection of ubiquitinated protein was conducted
as previously described®. Briefly, 6x10° cells as indi-
cated were treated with MG132 (2 uM) for 12 h. For T24
experiments, gemcitabine (10 nM) or vehicle (water)
was added at the same time as MG132. Cells were lysed
in denaturing buffer (50 mM Tris—HCl, 0.5 mM EDTA
and 1% SDS) followed by heating at 95° C for 10 min and
quenched with nine volumes of quenching buffer (0.5%
Triton X-100, 20 mM Tris—HCI (pH 8.0), 137 mM NacCl,
10% glycerol, 2 mM EDTA). Protease inhibitor cocktail
was freshly added to all buffers. Cell lysates were incu-
bated on a rotator for 30 min at 4° C then centrifuged
at 20,000 gravity for 15 min at 4° C. Supernatants
were subsequently processed using Dynabeads Protein
G for Immunoprecipitation (Thermo Fisher) plus anti-
Chk2 antibody (Santa Cruz-5278). The final eluate was
processed and immunoblot analysis was performed as
described above.

Immunofluorescence, confocal microscopy, and image
visualization and analysis

For confocal imaging of PDL1™™ and PDL1“" con-
structs, cells were grown on collagen-treated slides to
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confluence, fixed with 4% fresh formaldehyde/PBS, per-
meabilized with ice-cold 100% methanol, and blocked
in 5% normal goat serum/buffer for 1 h at RT. Cells were
incubated with PDL1 primary antibody at 1:1000 over-
night at 4 °C on a rocker. AlexaFluor secondary antibod-
ies were used at 1:500 for 1 h at RT in the dark, followed
by DAPI as nuclear counterstain at 0.1 mg/ml for 5 min.
Prolong® Anti-Fade mounting agent with #1.5 coverslips
was used to seal slides and allowed to dry overnight prior
to imaging. Images were taken on Zeiss LSM710 Confo-
cal Microscope using EC Plan-Neofluor 40x/1.30 Oil DIC
objective, using same settings between fields of view and
cell lines. 16-bit images have dimensions of 1024(x) by
1024(y) and z-dimensions that varied per sample (10-20
z-planes per image).

Cryopreserved ER and PR human ovarian section
slides were thawed for 30 min at RT, fixed for 20 min in
4% paraformaldehyde, and washed three times in 1 X PBS.
Samples were permeabilized with 0.1% Triton X-100 for
5 min and blocked in Background Sniper (Biocare Medi-
cal, cat #BS966) for 15 min at RT. Antibodies against
PDL1 (Abcam #ab205921 or R&D #MAB1561), yH2AX
(Millipore #05-636), and Chk2 (Abcam #ab109413) were
diluted with Da Vinci Green (Biocare Medical #PD900L)
antibody diluent and incubated overnight at 4° C. After
three washes, appropriate fluorophore-conjugated sec-
ondary antibodies (AlexaFluor488 or AlexaFluor568,
Invitrogen) diluted in Fluorescence Antibody Diluent
(Biocare Medical #FAD901L) were incubated for one
hour at room temperature. Samples were washed and
stained with DAPI (Invitrogen #D1306) and HCS Cell-
Mask Deep Red stain (Invitrogen #H32721) for 10 min
then mounted in Prolong Gold Anti-fade Mountant (Inv-
itrogen, cat #9071). Stained tissue was imaged by laser
scanning confocal microscopy using a Zeiss LSM880 and
20X (0.8 N.A.) Plan/Apo objective with a pinhole aper-
ture of 1-1.5 AU. Images were captured and processed
using identical microscope settings (e.g., laser transmis-
sion and gain). Quantifications of marker expression
from representative 2X zoom images (minimum n=3
patients) were performed using Imaris (Bitplane, v9.0)
image analysis software Cells module. The segmentation
algorithm detected nuclei via the DAPI channel and the
cell body via the far-red channel for CellMask Deep Red,
with cell splitting based on one nucleus per cell and cell
body signal intensity thresholding using Imaris Image
Visualization and Analysis Software 9.9. Statistical analy-
sis was performed by a paired, two-tailed student’s t-test
with unequal variance. Indirect immunofluorescence of
nuclei for Chk2/PDL1 colocalisation was performed as
described [57]. Chk2 foci imaging was obtained from pre-
extracted nuclei and represent the chromatin-bound frac-
tion. Cells were seeded and grown on glass coverslips for
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24 h and if specified, treated with either Chkli (10 nM)
for 12 h or MG132 (5 uM) for 2 h. Cells were left intact or
cell nuclei were pre-extracted as specified for each experi-
ment with nuclear extraction buffer (NEB; 10 mM PIPES
(pH 6.8), 100 mM NacCl, 300 mM sucrose, 3 mM MgCl,,
1 mM EGTA (pH 8.0), 0.5% Triton X-100) for 2 min at
room temperature then fixed with 4% paraformaldehyde
for 10 min at 4° C. Nuclei were blocked in 5% BSA and
0.3% Triton X-100 in PBS, immunoblotted with a primary
antibody (1:500 in dilution buffer; 1% BSA and 0.3% Tri-
ton X-100 in PBS), followed by secondary antibody (2 pg/
mL in dilution buffer). DNA was counterstained with
DAPL. Slides were viewed on an Olympus FV3000 confo-
cal microscope. Primary antibodies include rabbit aChk2
(Abcam), mouse aPDL1 or mouse aGFP (Sigma). Sec-
ondary antibodies include a-mouse (Abcam ab150103,
Alexa Fluor 647), a-rabbit (Abcam ab150081, Alexa Fluor
488), a-mouse (Abcam ab150117, Alexa Fluor 488), and
a-rabbit (Santa Cruz sc362292, CFL-647). Nuclear foci
quantification was performed using CellProfiler.

Flow cytometry

Flow cytometry to detect expression of surface pro-
teins in cultured cells was performed as we previously
described [10, 11]. For cell death analysis with Annexin V,
cells were treated with 1 uM Chk1 inhibitor (rabusertib)
for 48 h. Cells were stained using the Dead Cell Apop-
tosis Kit with Annexin V for flow cytometry (Thermo-
Fisher V13242) according to the manufacturer protocol.
For sorting on PDL1 expression, CTRL T24 cells were
stained with aPDL1 antibody (BioLegend 374,508) and
sorted on the BD FACS Aria II. For immune analyses,
mice were sacrificed using cervical dislocation under
isofluorane anesthesia. tumours were collected and
strained through 40 micron cell strainers into RPMI-1640
medium. 5x 10° cells were collected from single-cell sus-
pensions (counted with Vi-Cell-XR cell counter, Beckman
Coulter), resuspended in 200 puL of 1xPBS, and trans-
ferred to U-bottom 96 well plates. Cells were stained
with Live/Dead Cell Stain for UV excitation (Thermo-
Fisher Scientific) for 30 min 4 °C protected from light,
followed by incubation with anti-CD16/32 (Biolegend)
for 30 min at 4 °C protected from light. Surface antibod-
ies were used at 1:100 and include aCD45 (58-0451-
82) from Invitrogen, CD3 (TONBO 80-0032-U100),
aCD4 (BD Biosciences 612,952), aCD8 (BD Biosciences
563,786), PD1 (BD Biosciences 566,515), «CD11b (Bio-
Legend 101,226), aCD1llc (TONBO 60-0114-U100),
aF4/80 (Biolegend 123,135), aGrl (BioLegend 108,440),
NK1.1 (TONBO 20-5941-U100), and aB220 (BD Bio-
sciences 612,972). After surface staining, cells were
washed with FACS buffer (1 xPBS with 2% FBS), then
activated with the Cell Activator Cocktail (Biolegend in
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CR10 medium (RPMI-1640 with 10%FBS, L-glutamine,
sodium pyruvate, non-essential amino acids, penicil-
lin/streptomycin, HEPES). After 6 h at 37° C, cells were
and permeabilized using the Foxp3/Transcription Fac-
tor Staining Buffer Kit (TONBO Biosciences). Following
permeabilization, cells were incubated with intracellular
antibodies diluted to 1:100 for 30 min at 4° C. Intracel-
lular antibodies include aFoxP3 (ThermoFisher 15-5773-
82), alFNy (BD Biosciences 612,769), and aGranzyme B
(BioLegend 515,408). After intracellular antibody incu-
bation, cells were washed and fixed. Data were acquired
using a Cytek Aurora flow cytometer and analyzed with
FloJo software V.10.7.1. For sorting of cultured cells, ES2
cells were stained with Ghost UV 450 (Tonbo 13-0868-
T100) Live/Dead stain for 30 min at 4 °C, washed with
FACS buffer, then stained for 30 min at 4 °C with isotype
control or aPDL1 (Fisher 50-112-8926) then were sorted
into PDL1" or PDL1" populations using a BD FACSAria
Fusion cell sorter.

Small cell lung cancer data sets

44 human SCLC cell lines of the ASCL1 subtype (SCLC-
A) [28] were classified based on their PDL1 expression
into high and low high groups by a median-centered
analysis. ICg, values of DDR inhibitors in the SCLC-A
cell lines were determined using a 96-h cell viability assay
and calculated as previously described [58] and com-
pared between the PDL1 high and low groups by t-test.
Grubbs test was used to identify potential outliers.

Protein co-purifications

MBP-PDL1-FLAG (hereby PDL1) and MBP-Chk2-Strep
(hereby Chk2) were synthesized and cloned into Series-
438A vectors for expression in insect cells [59]. These
vectors were transformed into the E. coli strain DH10Bac
for bacmid generation. Bacmids were PCR verified and
transfected into Sf9 (Gibco) insect cells using Cellfectin
II Reagent (Gibco) following the manufacturer’s instruc-
tions for production and amplification of recombinant
baculovirus. For co-expression of PDL1 and Chk2, 1 mL
of each virus stock was used to infect 50 mL of Tni
(Expression Systems) insect cells for 48 h at 27° C with
150 rpm shaking. Cells were harvested by centrifugation
at 1000 X gravity for 10 min and stored at -80° C.

We modified a method to test protein complex forma-
tion previously described [59]. Briefly, cell pellets were
lysed in 20 mL buffer A (25 mM Tris—HCI pH 7.5, 10%
glycerol, 0.5 mM EDTA, 200 mM KCl, 1 mM DTT, and
0.01% Igepal CA-630) supplemented with a 4 X protease
inhibitor mix (aprotinin, chymostatin, leupeptin, and
pepstatin A at 3 pg/mL each), 2 pl benzonase, and 1 mM
MgCl,. Lysates were further processed with 10 strokes in
a Dounce homogenizer and sonication at 30% amplitude
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using a pulse (10 s on, 30 s off). Clarification of the lysates
was accomplished by centrifugation at 45,000 rpm for
45 min in a Type 70 Ti fixed-angle rotor (Beckman Coul-
ter) at 4° C. The supernatant was incubated with 1 mL
Anti-FLAG M2 affinity gel (Sigma) for 1 h at 4° C with
gentle agitation. The immobilized complex was washed
with 50 mL of buffer A before elution in buffer A supple-
mented with 0.4 pg/mL 1XFLAG peptide across 4 frac-
tions of 1 column volume each. The presence of PDL1
and Chk2 was verified by SDS-PAGE and Coomassie
staining, and the elution fractions were pooled before
incubation with 500 pL Strep-Tactin Sepharose (IBA) for
1 h at 4" C with gentle agitation. The beads were washed
with 50 mL buffer A and eluted in buffer A supplemented
with 2.5 mM desthiobiotin in 4 fractions (1 complete vol-
ume each). Lysate, flow-through, input, and elutions were
run on SDS-PAGE gels, stained with Coomassie blue, and
imaged on a ChemiDoc MP Imaging System (Bio-Rad).

Mice, in vivo tumour challenges, and in vivo treatments

Wild type (WT) C57BL/6 ] (Bl6), Rag2® on Bl6 back-
ground, and NOD.CgPrkdcscidll2rgtm1Wj1/Sz] [non-
obese diabetic/severe combined immunodeficiency
(NOD/SCID)/interleukin (IL)-2Ry KO, NSG] mice were
purchased from Jackson Laboratory or bred in our in-
house facility and maintained under specific pathogen
free conditions. Mice were given food and water ad libi-
tum. 8 to 10-week old age- and sex matched mice were
used. All animals were approved by the UT Health San
Antonio Institutional Animal Care and Use Commit-
tee or the Dartmouth College Institutional Animal Care
and Use Committee. For in vivo 4T1 experiments in
NSG mice, CTRL or PDL1" 4T1 cells (0.5%x10° cells)
were injected into mammary fat pads of BALB-C or
NSG mice with Matrigel Membrane Matrix (1:1, Corn-
ing). Mice were randomized, and rabusertib in 5% DMSO
was administered intraperitoneally 3 times total over the
course of the experiment, on day 3 (10 mg/kg) 10 and 17
(1 mg/kg). For in vivo B16 experiments, CTRL or PDL1°
B16 cells (0.5x10° were injected into WT mice sub-
cutaneously. 0.2x10° CTRL or PDL1¥C B16 cells were
injected into NSG mice, and 0.4x 10° PDL1*C B16 cells
per flank were injected subcutaneously into Rag2© mice.
Mice were treated with 25 mg/kg rabusertib or vehicle
intraperitoneally on day 3, followed by daily injections
of 5 mg/kg rabusertib or vehicle. Tumour volumes were
measured using Vernier calipers calculated as (length
x width?)/2. For in vivo Nras mutant melanoma experi-
ments, CD274"1 TNS® and PDLI1 replete CD274%'*
TN®® (PDL1~ NFH1 and PDL1" NCHI, respectively)
melanoma cells were challenged into WT Bl6 mice
(0.5x10°, subcutaneously) and treated with 25 mg/kg
rabusertib intraperitoneally starting day 3 and every four
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days following, with 5 mg/kg rabusertib every other day.
NSG mice received 0.2x10° NCH1 or NFHI1 cells per
flank subcutaneously. Ceftazidime was given 80 mg/kg
intraperitoneally daily.

Melanocyte-specific PDL1 knockout genetically
engineered mouse melanoma model

In our murine autochthonous melanoma model, mice
lack PDL1 only in melanocytes, the melanoma cell-of-ori-
gin, and can develop melanomas de novo when induced.
To generate these mice, a transgenic mouse with CD274
flanked by LoxP sites (CD274°*P) on the 129 back-
ground from Taconic was crossed onto a BL6 background
and then subsequently crossed for 7 generations with a
well-established Tyrosinase:Cre®®™ inducible Nras2'R
(TN®™®) mouse melanoma model®. These melanocyte
PDL1-deficient mice (CD274"1 TN®'X) or PDL1 replete
littermate controls (CD274+* TN®R) were induced by
painting 4-hydroxytamoxifen (25 mg/mL in DMSO) on
their skin on postnatal day 3 and 4. Mice were induced
with 4-hydroxytamoxifen + ultraviolet B (UVB) radiation
on postnatal day 5 using a 312nm 2X8 Watt UVB lamp
(Spectroline). We obtained tumour cells from autochtho-
nous melanomas after 4-hydroxytamoxifen induction plus
4.5 kJ/m? UVB radiation and cultured them to create sta-
ble cell lines.

RNA-seq and bioinformatics analysis

Total RNA from CTRL, PDL1*®, PDL1™*"™, and PDL1%"
B16 cells were purified using an RNeasy kit (Qiagen),
and RNA quality was ensured on an Agilent Bioana-
lyzer. 50-base pair single read sequencing was conducted
using Illumina HiSeq 2000 at the UT Health San Anto-
nio Genome Sequencing Core Facility. The entire differ-
ential expression (DE) analysis and gene set enrichment
analysis (GSEA) were performed on R Studio. R pack-
age DESeq2 [60] was used to compare differential gene
expression analysis. Converting gene IDs to Ensembl IDs
was performed with AnnotationDbi. MSigDB was used
to obtain the Mus musculus gene set. Significant genes
were selected by removing those that have a log2FC value
of -2<x<2 post-DE analysis. The fgsea R package was
used for enrichment, and ggplot2 was used to visualize
GSEA data. Leading edge genes from each pathway (most
significant genes driving pathway enrichment) were con-
verted from Ensembl ID to gene symbols using the fol-
lowing website: https://www.syngoportal.org/convert.
Selected genes differentially expressed in PDL1¥°/CTRL
cells were plotted using R package EnhancedVolcano.
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Statistics

Statistical analyses were done using GraphPad Prism 9
software. Data were shown as either mean+standard
deviation or+standard error of the mean where indi-
cated. Unpaired ¢-test was used to determine significance
when comparing measurement data from two individual
groups. Analysis of variance was used to determine sig-
nificance when comparing continuous outcomes across
multiple experimental groups. Outliers in data sets were
identified by Grubb’s test and removed from analysis.
P<0.05 adjusted for multiple comparisons was consid-
ered statistically significant.
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