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Abstract

Background: Immunotherapy has increasingly become a staple in cancer treatment. However, substantial limitations in the
durability of response highlight the need for more rational therapeutic combinations. The aim of this study is to investigate
how to make tumor cells more sensitive to T-cell-based cancer immunotherapy.
Methods:Two pairs of melanoma patient-derived tumor cell lines and their autologous tumor-infiltrating lymphocytes
were utilized in a high-throughput screen of 850 compounds to identify bioactive agents that could be used in combinato-
rial strategies to improve T-cell-mediated killing of tumor cells. RNAi, overexpression, and gene expression analyses were
utilized to identify the mechanism underlying the effect of Topoisomerase I (Top1) inhibitors on T-cell-mediated killing.
Using a syngeneic mouse model (n¼5 per group), the antitumor efficacy of the combination of a clinically relevant Top1 in-
hibitor, liposomal irinotecan (MM-398), with immune checkpoint inhibitors was also assessed. All statistical tests were
two-sided.
Results: We found that Top1 inhibitors increased the sensitivity of patient-derived melanoma cell lines (n¼7) to T-cell-
mediated cytotoxicity (P < .001, Dunnett’s test). This enhancement is mediated by TP53INP1, whose overexpression increased
the susceptibility of melanoma cell lines to T-cell cytotoxicity (2549 cell line: P ¼ .009, unpaired t test), whereas its knockdown
impeded T-cell killing of Top1 inhibitor–treated melanoma cells (2549 cell line: P < .001, unpaired t test). In vivo, greater tumor
control was achieved with MM-398 in combination with a-PD-L1 or a-PD1 (P < .001, Tukey’s test). Prolonged survival was also
observed in tumor-bearing mice treated with MM-398 in combination with a-PD-L1 (P ¼ .002, log-rank test) or a-PD1 (P ¼ .008,
log-rank test).
Conclusions: We demonstrated that Top1 inhibitors can improve the antitumor efficacy of cancer immunotherapy,
thus providing the basis for developing novel strategies using Top1 inhibitors to augment the efficacy of
immunotherapy.
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Cancer immunotherapy, which aims to harness the power of
the immune system to target and eradicate cancer cells, has
been an area of keen research in oncology for several decades.
However, the emergence of clinical data in the past several
years demonstrating the potency of immunotherapy to increase
the overall survival of cancer patients (1–5) has heightened the
prominence of immunotherapy and led to the approval of a
number of checkpoint inhibitors in several cancer indications.
Objective response rates of up to 45% have been achieved with
PD1/-L1-targeting antibodies in patients with metastatic
melanoma, renal cell carcinoma, and non–small cell lung
cancer (6–8). Despite these achievements, the full potential of
cancer immunotherapy has not been realized, as most
immunotherapy-treated cancer patients show little to no clini-
cal benefit (9). The potency of cancer immunotherapy is under-
mined by immunoresistance mechanisms, either inherent or
acquired as tumors seek to evade the immune response.

Recent studies from our group and others have elucidated
some of the underlying mechanisms of immunoresistance. We
have shown that PTEN loss inhibits T-cell-mediated killing and
tumor T-cell infiltration and is correlated with poor outcomes
in anti-PD-1-treated melanoma patients (10). Others have
shown that activation of Wnt/b-catenin is associated with a
non-T-cell-inflamed state in melanoma and is correlated with
resistance to immune checkpoint blockade (11). Additionally,
analysis of tumors from melanoma patients who progressed on
anti-PD-1 therapy revealed that acquired resistance to PD-1
blockade was correlated with defects in interferon receptor sig-
naling and in antigen presentation (12).

The current limitations of cancer immunotherapy highlight
the need to better understand the molecular factors driving
tumor response or resistance to immunotherapy. New and ra-
tional treatment strategies need to be developed to improve on
current outcomes with single-agent immune checkpoint block-
ade. One such strategy is combination therapy involving differ-
ent types of cancer immunotherapy (eg, antibodies, adoptive
T-cell therapy) or combinations of immunotherapy with standard
treatment options (eg, surgery, radiation, and chemotherapy).

In an effort to develop novel combination strategies for im-
proving response to T-cell-based cancer immunotherapy, we
completed a compound screen to identify bioactive agents that
can increase T-cell-mediated cytotoxicity of tumor cells. We uti-
lized our unique set of melanoma patient-derived tumor cell
lines and their autologous TILs as a model system to assess
T-cell-mediated killing of tumor cells, which is the ultimate ef-
fector function of cytotoxic T cells. We set out to determine if
identified bioactive hits could have a synergistic effect on T-
cell-mediated cytotoxicity of tumor cells, and if the combination
with T-cell-based cancer immunotherapy would yield greater
tumor control in vivo. The ultimate goal is to provide preclinical
evidence to support the development of therapeutic strategies
of immunotherapy-based combinations to improve clinical out-
comes for cancer patients.

Methods

Mice and Cell Lines

C57BL/6 female mice (6–12 weeks old) were obtained from the
Charles River Frederick Research Model Facility (Bethesda, MD).
Mice were housed under specific pathogen-free conditions, and
experiments were performed in accordance with the require-
ments of the Institutional Animal Care and Use Committee.

All patient-derived melanoma cell lines and their autologous
tumor-infiltrating lymphocytes (TILs; n¼ 8 pairs) were gener-
ated under an institutional review board–approved laboratory
protocol with required patient informed consent (LAB06-0755)
as previously described (13). The MC38/gp100 cell line was gen-
erated as previously described (14). All cell lines were routinely
tested for mycoplasma contamination and verified by short tan-
dem repeat DNA typing. Cell culture details are provided in the
Supplementary Materials (available online).

Drug Screen and Cytotoxicity Assay

Patient-derived melanoma cell line 2549 was screened using an
850 compound library. Tumor cells were first stained with
DDAO (ThermoFisher; Waltham, MA); 5 � 104 labeled cells
were incubated with 1 mM of each compound for 24 hours.
Drug-treated cells were then washed and incubated for three
hours with autologous TILs at predetermined effector to target
cell ratios. Cells were then stained for flow cytometry analysis
of activated caspase 3 as a readout for apoptosis. Cells treated
only with drug, or autologous TILs, were also assessed. A com-
boscore was then used to evaluate the effect of the combina-
tion of each drug and TILs. The comboscore was calculated
using the following formula: [(ApoptosisdrugþTILs –
Apoptosisdrug)/(ApoptosisTILs)]

2. For dose response studies,
patient-derived cell lines were treated with SN38 or Topotecan
prior to incubation with autologous TILs. CalcuSyn (BIOSOFT;
Cambridge, UK) was then used to compute synergy.

Mouse Studies

Mice were inoculated with 5 � 105 MC38/gp100 cells and ran-
domized into one of four treatment groups three days later:
(i) control, (ii) MM-398, (iii) anti-PD1/-L1 antibody, (iv) MM-398
þ anti-PD1/-L1. Treatment began on day 3, and all treatments
were administered as follows: MM-398: 40 mg/kg i.v. once
weekly; anti-PD-L1: 150 mg; or anti-PD1: 200 mg i.p. every three
days. PBS was used as the diluent for both MM-398 and anti-
PD1/L1. Rat IgG2B and Rat IgG2A antibodies were used as
isotype-matched controls for anti-PD-L1 and anti-PD1, respec-
tively. For analysis of immune cells, mice were inoculated
with 5 � 105 MC38/gp100 cells and assigned to the four treat-
ment groups. Treatment began seven days after tumor inocu-
lation. Tumors were harvested 18 days after tumor
implantation and used to generate single-cell suspensions for
flow cytometry analysis, as previously described (14). Flow cy-
tometry data were analyzed using FlowJo (FlowJo, LLC;
Ashland, OR).

Statistical Analysis

Dunnett’s multiple comparisons test was used to calculate the
statistical significance of the effect of Topoisomerase I inhibi-
tors on T-cell-mediated killing of patient-derived melanoma
cell lines. The Fisher exact test was used to assess the statistical
significance of the gene expression changes in Top1 inhibitor–
treated melanoma cells. An unpaired two-tailed t test was used
to compare continuous variables between two groups.
Melanoma patient data were extracted from the publicly avail-
able The Cancer Genome Atlas database (16). The Kaplan-Meier
method and log-rank test were used to compare the post-
accession survival with respect to TP53INP1 expression (low vs
high). The Mann-Whitney test was used to compare lymphocyte
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score and cytolytic activity score between TP53INP1 low- and
high-expression groups. Analysis of variance using Tukey’s ad-
justment for multiple comparisons was used to compare tumor
size and immune cell subsets, while the Kaplan-Meier method
and log-rank test were used to compare survival between four
treatment groups in in vivo experiments.

The combination index was calculated using CalcuSyn,
which is based on the Chou-Talalay method of quantifying syn-
ergy, where combination index < 1 (synergism), > 1 (antago-
nism), or ¼ 1 (additive) (15). Twenty-five compounds with the
highest comboscores (>1.5), indicative of increased T-cell-medi-
ated killing, were selected for further statistical analysis. A two-
sample t test was then used to compare the apoptotic effect of
the combination of each compound and TIL with the apoptotic
effect of TIL alone. Ingenuity pathway analysis (QIAGEN;
Valencia, CA) was used to generate a pathway heatmap show-
ing the most statistically significantly altered signaling path-
ways in Top1 inhibitor–treated melanoma cells. Tableau
(Tableau Software; Seattle, WA) was used to generate a gene ex-
pression heatmap of Top1 inhibitor–treated cells.

Statistical analyses were performed using GraphPad Prism
v6.07 (GraphPad Software Inc.; La Jolla, CA). All statistical tests
were two-sided. The threshold for statistical significance was a
P value of less than .05, except for the drug screen, where a
Bonferroni-corrected threshold of a P value of less than .002 was
used to adjust for multiple testing. Exact P values are provided
(unless P < .001).

Additional methods are provided in the Supplementary
Materials (available online).

Results

T-Cell-Mediated Killing of Melanoma Tumor Cells

To identify bioactive agents that can increase T-cell-medi-
ated killing of melanoma cells, the patient-derived mela-
noma cell line 2549 was utilized in a high-throughput screen
of 850 compounds. To compute the effect of each compound
on T-cell-mediated killing of melanoma tumor cells, a
“comboscore” was calculated (Figure 1A). A comboscore
greater than 1 was indicative of an increase in T-cell-medi-
ated killing. Three inhibitors of Topoisomerase I (Top1),
Topotecan Hydrochloride, Camptothecin, and Irinotecan
Hydrochloride Trihydrate, scored as top hits from the screen,
indicating that Top1 inhibitors could enhance T-cell-medi-

ated killing of melanoma (Figure 1B). To validate results of
the screen, several patient-derived melanoma cell lines were
treated with SN38 (the active metabolite of irinotecan) or
Topotecan prior to incubation with their autologous TILs.
The results indicate that Top1 inhibitor treatment synergisti-
cally increased T-cell-mediated killing of melanoma cells
(2338 cell line: SN38 alone [1 mM] mean ¼ 15.53, SD¼ 1.894;
TIL alone mean ¼ 9.57, SD¼ 1.185; SN38þTIL mean ¼ 31.92,
SD¼ 1.552, combination index ¼ 0.4; P < .001, Dunnett’s test)
(Figure 1, C–E; Supplementary Figures 1–2, available online).
Specific lysis, as measured by chromium release, further val-
idated these results, as a greater percentage of specific lysis
was observed in melanoma tumor cells treated with both
SN38 and autologous TILs, in comparison with cells treated
only with TILs (Supplementary Figure 3, available online).

Gene Expression Analysis of Top1 Inhibitor-Treated
Melanoma Cells

Having determined that Top1 inhibitors could increase T-cell-
mediated killing of melanoma cells, we then sought to under-
stand the molecular mechanisms underlying this phenotype.
Four patient-derived melanoma cell lines were treated with
SN38 or DMSO as a control and subsequently subjected to gene
expression profiling by microarray analysis. Ingenuity pathway
analysis (IPA) was used to assess the gene expression changes
in SN38-treated cells in comparison with control cells.
Comparative analysis in IPA showed that the TP53 pathway was
the most statistically significant signaling pathway altered (P <
0.001, Fisher exact test) (Figure 2A) and that there was enrich-
ment for increased expression of TP53-regulated genes in Top1
inhibitor–treated melanoma cells (Figure 2B). In particular, we
observed consistent upregulation of the TP53 regulated factor
tumor protein 53–inducible nuclear protein 1 (TP53INP1) in
Top1 inhibitor–treated melanoma cells (P ¼ .02 [2338, 2400,
2549]; P ¼ .03 [2559], unpaired t test) (Figure 2C).

We then queried The Cancer Genome Atlas melanoma data-
base for clinical factors associated with the expression of
TP53INP1 in melanoma patients and found that stage III mela-
noma patients with high TP53INP1 expression had greater post-
accession survival (n¼ 84 patients; mean ¼ 97.6 months, 95%
CI¼ 65.3 to N/A) in comparison with patients with low TP53INP1
expression (n¼ 84 patients; mean ¼ 64.2 months, 95% CI¼ 34.8
to 115, P ¼ .03, log-rank test) (Figure 3A). Postaccession survival
is defined as the survival calculated from date of biospecimen
collection/accession to date of last follow-up or death (16). We
also found that in melanoma patients, higher TP53INP1 expres-
sion was associated with a higher lymphocyte score (P < 0.001,
Mann-Whitney test), which is a semiquantitative measure of
the number of lymphocytes in a sample (Figure 3B) (16).
Additionally, the immune cytolytic activity score (17) was also
statistically significantly higher in melanoma patients exhibit-
ing higher levels of TP53INP1 (P < .001, Mann-Whitney test)
(Figure 3C). Taken together, these data are indicative of a poten-
tial link between TP53INP1 and T-cell-mediated antitumor im-
mune responses.

Functional Role of TP53INP1 in T-Cell-Mediated
Cytotoxicity of Top1 Inhibitor-Treated Melanoma Cells

To determine the functional relevance of TP53INP1 to the en-
hancement of T-cell-mediated killing caused by Top1 inhibitors,
we determined the effect of altered TP53INP1 expression on
T cell cytotoxicity of melanoma cells. Increased T-cell-mediated
killing was observed in TP53INP1-overexpressing cells (2549-
TP53INP1þTIL: mean [SD] ¼ 47.57 [0.3215]) in comparison with
control cells (2549-GFPþTIL: mean [SD] ¼ 28.93 [6.957]; P ¼ .009,
unpaired t test) (Figure 4, A and B). In contrast, knockdown of
TP53INP1 (Figure 4C) impeded the effect of Top1 inhibitors on
T-cell-mediated cytotoxicity of melanoma cells (2549-TP53INP1-
shRNA: mean [SD] ¼ 33.37 [1.043]; 2549-control-shRNA: mean
[SD] ¼ 50.84 [2.757]; P < .001, unpaired t test) (Figure 4D). These
results indicate that TP53INP1 is necessary for Top1 inhibitor
enhancement of T-cell-mediated killing of melanoma cells.

TP53INP1 is a TP53-responsive gene, being upregulated in re-
sponse to genotoxic stress, and has been shown to be a positive
regulator of TP53-induced apoptosis (18). We therefore asked if
the enhancement in T-cell-mediated killing of melanoma tumor
cells treated with a Top1 inhibitor is dependent on induction of
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TP53 activity. siRNA was used to reduce the expression of TP53
in a melanoma cell line with wild-type TP53 (Supplementary
Figure 4, A and B, available online). Knockdown of TP53
resulted in a statistically significant reduction in T-cell-medi-
ated killing of SN38-treated melanoma cells (mean [SD] ¼
13.45 [3.391]) in comparison with T-cell-mediated killing of
SN38-treated melanoma cells with intact expression of TP53
(mean [SD] ¼ 37.62 [2.227]; P < .001, unpaired t test) (Figure 4E).
Enhancement in T-cell-mediated killing was observed in
seven of the eight human cell lines tested in our studies. In
the eighth cell line, which carries an inactivating mutation in
TP53, Top1 inhibition did not enhance T-cell-mediated killing
(Supplementary Figure 4, A and C, available online). Taken to-
gether, these results suggest that the observed effect of Top1
inhibitor on T-cell-mediated cytotoxicity of melanoma tumor
cells is dependent on TP53.

Antitumor Activity of the Combination of Liposomal
Irinotecan and Immune Checkpoint Blockade

Having demonstrated that Top1 inhibitors can enhance T-cell-
mediated cytotoxicity of tumor cells in vitro, we hypothesized
that Top1 inhibitors could enhance the efficacy of immune
checkpoint blockade. To test this hypothesis, we used the im-
munogenic MC38/gp100 mouse model. Tumor-bearing mice
were treated with the Top1 inhibitor liposomal irinotecan (MM-
398), an anti-PD1/-L1 antibody, or a combination of MM-398 and
anti-PD1/-L1. Tumor-bearing mice treated with vehicle and
isotype-matched control antibody served as controls (n¼ 5 per
group). MM-398 was chosen for in vivo studies because of its
pharmacokinetic and safety profile. Its encapsulated formula-
tion allows for increased tumor retention by the enhanced per-
meability and retention effect, and decreased host toxicities
(19). Greater tumor control was achieved with a combination
of MM-398 and anti-PD-L1 (mean [SD] tumor volume ¼ 40.04
[12.66] mm3), in comparison with either MM-398 (mean [SD]
tumor volume ¼ 136.3 [64.77] mm3; P ¼ .01, Tukey’s test) or
anti-PD-L1 alone (mean [SD] ¼ 373 [53.58] mm3; P < .001,
Tukey’s test) (Figure 5A). Tumor-bearing mice treated with this
combination also had the greatest overall survival (mean
[SD] ¼ 43.2 [8.643] days), in comparison with MM-398-treated
(mean [SD] ¼ 31.8 [5.02] days; P ¼ .02, log-rank test) or anti-
PD-L1-treated cohorts (mean [SD] ¼ 26.4 [2.51] days; P ¼ .002,
log-rank test) (Figure 5B). Increased antitumor activity was
also achieved with the combination of MM-398 and anti-PD1
(Figure 5, C and D).

To determine the effect of the combination treatment of
MM-398 and anti-PD-L1 on immune cell subsets in vivo, im-
mune cells were isolated from tumors and analyzed by flow cy-
tometry to assess phenotype and function. The results
demonstrated that the combination treatment increased
tumor-infiltrating CD8þ T cells in comparison with control or
MM-398-treated cohorts, although there was no statistically sig-
nificant difference when compared with the anti-PD-L1-treated
group (Figure 6A). The addition of MM-398 to anti-PD-L1 also did
not further increase the ratio of CD8þ T cells to regulatory T cells
(Tregs) (Figure 6B). These data suggest that the addition of MM-
398 to anti-PD-L1 may not further increase the trafficking or
proliferation of CD8þ T cells in the tumor. However, CD8þ T cells
detected in the treatment setting of MM-398 þ anti-PD-L1 were
more functionally cytotoxic, as indicated by higher levels of
granzyme B (Figure 6C). Taken together, these data demonstrate
that Top1 inhibitors can enhance T-cell-mediated cytotoxicity
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of tumor cells and can enhance the efficacy of cancer
immunotherapy.

Discussion

Checkpoint inhibitors targeting immunomodulatory factors
such as CTLA-4 and PD1/-L1 have resulted in improved clinical
outcomes for a variety of cancer patients. However, a common
theme that remains is the large patient population that garners
little to no benefit from cancer immunotherapy. For this study,
we hypothesized that we could enhance the efficacy of cancer
immunotherapy by developing combinatorial strategies to in-
crease the sensitivity of melanoma tumor cells to T-cell-based
cytotoxicity. We have identified Top1 inhibitors as potential
agents to be used in combination with cancer immunotherapy
in order to increase antitumor efficacy.

A number of recent studies have provided support for the
combination of chemotherapy and immunotherapy in cancer
treatment (5,20,21), and some have implicated Topoisomerase
inhibitors specifically. Haggerty et al. showed that
Topoisomerase inhibitors can increase the expression of mela-
noma tumor antigens and increase tumor recognition by T cells
(22), both of which are important factors for T-cell-mediated
antitumor responses. Additionally, Topotecan was shown to
upregulate expression of MHC class I and interferon-b in breast
cancer cells, suggesting a mechanism of chemotherapy-
enhanced antitumor immunity (23).

We also found that the ability of Top1 inhibitors to increase
the sensitivity of melanoma cells to T-cell-mediated killing
depends on the upregulation of TP53INP1, a TP53-responsive
factor that has been shown to positively regulate tumor cell ap-
optosis (18). TP53INP1 can mediate tumor cell apoptosis in re-
sponse to TP53 activation by regulating the transcription of P21,
PIG3, and BAX (24). In our studies, we found that overexpression
of TP53INP1 enhanced T-cell-mediated killing of tumor cells. On
the other hand, gene silencing of TP53INP1 had an inhibitory ef-
fect on T-cell-mediated killing of Top1 inhibitor–treated mela-
noma cells. These data lend further credence to the role of

TP53INP1 in mediating tumor cell death in response to T-cell-
based cancer immunotherapy.

Given the interplay between TP53INP1 and TP53, we interro-
gated our T-cell-killing phenotype in the context of TP53 and
found that the effect of Top1 inhibitors on T-cell-mediated kill-
ing of melanoma was dependent on TP53. TP53 is a key tumor
suppressor whose expression and function are frequently
deregulated in cancer cells, providing them with a survival and
development advantage (25). Our data suggest that Top1
inhibitor enhancement of T-cell-mediated killing can be af-
fected by the mutational status of TP53. Of the eight cell lines
used in our study, we observed an increase in T-cell-mediated
killing following Top1 inhibitor treatment in five cell lines that
are wild-type for TP53 and in 2 cell lines carrying a non-hot-
spot S241F missense mutation. The S241F missense mutation is
a so-called non-hot-spot mutation, as it likely retains TP53 tran-
scriptional activity (26–28). The only cell line in which we did
not observe enhancement in T-cell-mediated cytotoxicity fol-
lowing Top1 inhibitor treatment carries a mutation in the oligo-
merization domain of TP53 (F341L), which results in a
nonfunctional protein (29,30). There have been a number of
reports that have indicated that one important factor of tumor
suppressors is their effect on the immune response (10,31,32).
These studies highlight the effect of tumor suppressor genes
not only on the integrity of cells, but on the integrity of immu-
nity, and how their functions may help potentiate effective
antitumor immune responses.

We also demonstrated that the combination of a Top1 inhib-
itor with PD1/-L1 targeting antibodies resulted in statistically
significant improvements in tumor control and survival. This
suggests that the addition of the Top1 inhibitor resulted in
tumors being more immunogenic and therefore more respon-
sive to T-cell-mediated antitumor immune effects. This pro-
vides the basis for clinical investigations into the use of Top1
inhibitors to augment the efficacy of cancer immunotherapy.
One caveat of chemotherapy-immunotherapy combinations is
the potential for lymphodepletion by chemotherapy. However,
our data suggest that MM-398 was not detrimental to T-cell
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Figure 5. Antitumor effect of combining liposomal irinotecan (MM-398) with immune checkpoint blockade. A) C57BL/6 mice were challenged with MC38/gp100 cells.

Three days later when tumors were palpable, mice were randomized into treatment groups (n¼5) receiving the Top1 inhibitor MM-398 (40 mg/kg), anti-PD-L1 antibody

(150 mg), or both MM-398 and anti-PD-L1 antibody. Vehicle group received PBS and isotype-matched control antibody (150 mg). Beginning on day 3, mice received once

weekly doses of MM-398 (i.v.) and antibody was administered every 3 days (i.p.). Mean tumor volume is displayed. Data are mean 6 SD. B) Kaplan-Meier survival curves

for mice treated with MM-398 and/or anti-PD-L1 antibody. C) Mean tumor volume in C57BL/6 mice challenged with MC38/gp100 and then treated with MM-398 alone

(40 mg/kg i.v. once weekly) or in combination with anti-PD1 (200 mg i.p. every three days). Data are mean 6 SD. D) Kaplan-Meier survival curves of treated mice. Data

are representative of at least two independent experiments. All statistical tests are were two-sided. P values were calculated using Tukey’s test (A and C) and log-rank

test (B and D). PD1 ¼ programmed death 1; PD-L1 ¼ programmed death-ligand 1.
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generation or tumor infiltration, as we did not detect any defi-
cits in treatment settings involving the Top1 inhibitor. Our ob-
servation of increased antitumor activity in the combination
setting suggests that the primary effect of Top1 inhibitor is on
the tumor cells, thereby making them more susceptible to T-
cell-induced apoptosis. Additionally, the addition of MM-398 to
anti-PD-L1 saw a statistically significant increase in the cyto-
toxic capacity of CD8þ T cells, suggesting that this Top1 inhibi-
tor may be remodeling the tumor microenvironment to allow
for more pervasive cytotoxicity by effector T cells.

Despite the safety of MM-398 þ anti-PD1/-L1 in preclinical
experiments, one potential limitation of our study is that unex-
pected toxicities may emerge in early clinical testing. Our
in vivo studies involved concurrent dosing of MM-398 and anti-
PD1/-L1 antibody. However, this may not be the most optimal
dosing regimen, and further development of this combination
for clinical application should include additional investigation
into the dosing regimen, because priming or a run-in with the
Top1 inhibitor prior to introduction of the immune checkpoint
blocker may lead to additional antitumor benefits. Additionally,
our studies focused only on the ultimate effector function of T
cells, namely the lysis of tumor cells. However, other steps in
the cancer immunity cycle (33), such as priming and activation
of antigen presentation cells may also be influenced by Top1
inhibitors.

In summary, Top1 inhibitors can augment T-cell-mediated
antitumor immune responses and enhance the efficacy of can-
cer immunotherapy. The underlying mechanism of this combi-
nation is based on the TP53-responsive protein TP53INP1;
suggesting that the tumor suppressor TP53 plays an integral
role in the antitumor immune response and that TP53 status
may be an important consideration in the potential selection of
cancer patients for this combinatorial treatment strategy.
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