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ABSTRACT

NAD(P)H:quinone oxidoreductase 1 (NQOT1) is overexpressed in most solid cancers, emerging as
a promising target for tumor-selective killing. -Lapachone (3-Lap), an NQO1 bioactivatable drug, exhibits
significant antitumor effects on NQO1-positive cancer cells by inducing immunogenic cell death (ICD) and
enhancing tumor immunogenicity. However, the interaction between B-Lap-mediated antitumor immune
responses and neutrophils, novel antigen-presenting cells (APCs), remains unknown. This study demon-
strates that B-Lap selectively kills NQO1-positive murine tumor cells by significantly increasing intracel-
lular ROS formation and inducing DNA double strand breaks (DSBs), resulting in DNA damage. Treatment
with B-Lap efficiently eradicates immunocompetent murine tumors and significantly increases the infil-
tration of tumor-associated neutrophils (TANs) into the tumor microenvironment (TME), which plays
a crucial role in the drug’s therapeutic efficacy. Further, the presence of B-Lap-induced antigen medium
leads bone marrow-derived neutrophils (BMNs) to directly kill murine tumor cells, aiding in dendritic cells
(DCs) recruitment and significantly enhancing CD8" T cell proliferation. B-Lap treatment also drives the
polarization of TANs toward an antitumor N1 phenotype, characterized by elevated IFN-f expression and
reduced TGF-B cytokine expression, along with increased CD95 and CD54 surface markers. -Lap treat-
ment also induces N1 TAN-mediated T cell cross-priming. The HMGB1/TLR4/MyD88 signaling cascade
influences neutrophil infiltration into B-Lap-treated tumors. Blocking this cascade or depleting neutrophil
infiltration abolishes the antigen-specific T cell response induced by B-Lap treatment. Overall, this study
provides comprehensive insights into the role of tumor-infiltrating neutrophils in the B-Lap-induced
antitumor activity against NQO1-positive murine tumors.
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1. Introduction highlight the antitumor effects of neutrophils, emphasizing
their role in killing tumor cells, eliciting innate immune
response, and inducing adaptive immunity.®""!

Neutrophils isolated from blood and bone marrow have
been reported to directly kill tumor cells under in vitro
conditions.""'? While neutrophils exhibit cytotoxic activity
toward cancer cells, they can also promote tumor growth,
metastasis, and immunosuppression, potentially resulting in
poor patient prognosis.”'>'* The contrasting roles of neutro-

Neutrophils, the most abundant subset of leukocytes in human
peripheral blood, serve as the body’s first line of defense against
injury, infections, and inflammation."* Neutrophils also play
a critical role in initiating acute inflammatory reactions.’
Furthermore, neutrophils have emerged as significant regula-
tors of both chronic inflammation and innate and adaptive
immunity.* Like other major inflammatory cells that infiltrate

tumors, neutrophils enter tumor sites under the influence of
specific chemokines, cytokines, and cell adhesion molecules.
However, the role of these neutrophils, known as tumor-
associated neutrophils (TANs), in tumor progression remains
a subject of ongoing debate.”® A growing body of evidence
suggests that neutrophils can modulate the function of
immune cells, exerting either suppressive or activating effects
that promote tumor growth.*” Conversely, several studies

phils in tumor progression and regression may arise from their
diversity and plasticity associated with maturation and activa-
tion under tumor conditions.”'”> The recruitment of neutro-
phils into the tumor microenvironment (TME) and the
transition between cytotoxic, antitumor neutrophils and pro-
tumorigenic neutrophils in the TME are influenced by various
tumor-secreting factors, chemokines, and cytokines.'*™'®
Furthermore, neutrophils have been found to inhibit certain
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types of human cancers during the early stages of tumor
development or metastasis and can act as antigen-presenting
cells to cytotoxic T cells.'*'*"*' A deeper understanding of the
diversity, plasticity, and transcriptional profiles of tumor-
specific neutrophils has recently illuminated their antitumor
properties, paving the way for the development of neutrophil-
activating therapies for effective cancer treatment.”* **
Moreover, recent findings suggest that neutrophils can kill
antibody-opsonized cancer cells through a process termed
trogoptosis, indicating that, with the right stimulation, neutro-
phils can elicit powerful antitumor immune responses, offering
therapeutic potential against cancer.’’>> Chemotherapeutic
drugs may alter neutrophil plasticity, resulting in diversifica-
tion that could foster an immunosuppressive TME. Therefore,
neutrophil-targeted therapies, such as antibody-mediated
depletion, have been found to be effective. However, newer
reports suggest that certain subpopulations of neutrophils can
synergize with immunotherapy to enhance treatment
efficacy.”® So, understanding how chemotherapeutic drugs
affect the plasticity and diversity of tumor-infiltrating neutro-
phils is important for improving cancer treatment strategies.

NAD(P)H quinone oxidoreductase 1 (NQO1) is a two-
electron oxidoreductase that is overexpressed (>20-100 fold)
in various solid tumors and is emerging as a valuable target for
tumor-selective killing.””** NQO1 bioactivatable drugs, such
as B-Lapachone (B-Lap), deoxynyboquinone, and KP372-1,
activate NQO1-dependent futile oxidoreductive cycles, leading
to substantial intracellular production of reactive oxygen spe-
cies (ROS). These ROS have the potential to selectively induce
DNA damage and cell death in tumors. This selectivity arises
because normal cells possess a lower NQO1-to-catalase ratio
compared to tumor cells, allowing them to efficiently scavenge
ROS via catalase and thereby prevent cell death.”** In our
previous study, we found that the NQO1-targeted prodrug p-
Lap induces immunogenic cell death in the tumor microenvir-
onment (TME), triggering innate sensing and inhibiting tumor
growth in a T-cell-dependent manner.”> Additionally, B-Lap-
mediated activation of high mobility group box 1 (HMGB1)
activates the host TLR4/MyD88/type 1 interferon pathway and
Batf3 dendritic cell-dependent cross-priming, bridging both
innate and adaptive immune responses against the tumor.> -
Lap also demonstrated synergistic effects with anti-PD-L1
immunotherapy in overcoming adaptive resistance.’
However, it remains uncertain whether the antitumor immune
response mediated by B-Lap is facilitated by primary innate
sensing mediators like neutrophils. The present study aims to
elucidate the role of tumor-infiltrating neutrophils in the anti-
tumor immune response following B-Lap treatment.

2. Materials and methods
2.1. Cell lines and reagents

MC38 and 4T1 cell lines were purchased from Kerafast Inc.
(Boston, MA) and ATCC (Manassas, VA, USA), respectively.
The EO771 cell line was generously provided by Dr. Lu at
Indiana University, while the TC-1 cell line was kindly pro-
vided by Dr. T.C. Wu at Johns Hopkins University. All cell
lines underwent rigorous testing for mycoplasma

contamination using a mycoplasma detection kit. The cell
lines were cultured in RPMI 1640 medium, or Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 1% v/v
glutamine, 10% heat-inactivated fetal bovine serum, and 100
U/mL penicillin/streptomycin.

B-Lapachone (B-Lap), synthesized by Dr. Bill Bornmann
(M.D. Anderson, Houston, TX), was prepared as previously
described for in vitro experiments.”® For in vivo studies, -Lap
was dissolved in a 20% hydroxypropyl-B-cyclodextrin
(HPBCD) solution, which was prepared in 1X PBS. HPBCD
(>98% purity) was purchased from Cydodextrin Technologies
Development, Inc. (Gainesville, FL). Dicoumarol (DIC),
Hoechst 33258, Hydrogen peroxide (H,0,), DNase I, and
Histopaque 1119 and 1077 were procured from Sigma-
Aldrich. OT1 peptide, Fixable viability dye eFluor 506
(eBioscience), and Gibco™ Collagenase Type IV were sourced
from ThermoFisher. Anti-Ly6G (clone 1A8), anti-CD16/CD32
(clone 2.4G2), IgG (polyclonal), and anti-HMGB1 monoclonal
antibodies were purchased from BioXCell (Lebanon, NH).
ROS-Glo™ assay kit (G8820) was obtained from Promega
(Madison, WT). TACS™ Annexin V-FITC apoptosis detection
kit was purchased from R&D Systems, Inc (ME, USA). IFNy
ELISPOT kit was obtained from BD Bioscience. Mouse Naive
CD8" T cell isolation kit and PE positive selection kit were
sourced from STEMCELL Technologies (Cambridge, MA).
Antibodies used in this study were: y-H2AX (JBW301,
Millipore, Temecula, CA), NQO1 (A180, Santa Cruz),
Tubulin (B-7, Santa Cruz), HMGBI1 (3E8, company), CD45-
PE/CY5 (30-F11, BioLegend, CA), CD11b-PE/CY7 (M1/70,
BioLegend, CA), Ly6G-PE or Gr-1-FTIC (RV6-8C5,
BioLegend, CA), Ly6C-AF488 (HK1.4, BioLegend, CA) CFSE
Cell Division Tracker Kit (BioLegend, CA), CD80-PE (16-
10A1, BioLegend, CA), CD86-PE/CY7 (GL-1, BioLegend,
CA) CD95-APC (SA367H8, BioLegend, CA), CD54-PE
(YN1/1.7.4, BioLegend, CA), TGF-B-PE (TW7-16B4,
BioLegend, CA), and IFN-B-APC (Assaypro LLC, MO).

2.2. Animal acquisition and care

Female BALB/c WT and C57BL/6] WT mice, as well as female
Ragl™~, MyD88™'~, and TLR4 '~ mice, all bred within the
C57BL/6] genetic lineage, were purchased from The Jackson
Laboratory. All mice were meticulously maintained under spe-
cific pathogen-free conditions. Animal care and experimental
procedures strictly adhered to institutional and National
Institutes of Health (NIH) protocols and guidelines. Ethical
approval for this study was obtained from the Institutional
Animal Care and Use Committee of the University of Texas
Southwestern Medical Center and Indiana University School of
Medicine.

2.3. Relative cell survival assay (DNA assay)

The relative cell survival assay was predicated on the assess-
ment of DNA content, employing the DNA assay method as
previously described.’® In brief 10,000 cells were seeded into
48-well plates and subjected to varying doses of B-Lap (0-4
uM) with or without DIC (50 uM), a specific NQO1 inhi-
bitor, for a duration of 3h. Subsequently, the culture



medium containing B-Lap was replaced with fresh medium,
and the plates were incubated at 37°C for 6-7 days, allowing
control cells to reach nearly 90% confluence. Following this
incubation, cells were thoroughly rinsed with 1X PBS, and
each well was supplemented with 250 pL of sterile distilled
H,O. The plates were then subjected to overnight freezing at
—-80°C. On the subsequent day, cells were allowed to thaw to
room temperature for cell lysis facilitation. Thereafter, 500
uL of a
DNA-binding Hoechst 33258 dye solution (prepared at
a final concentration of 0.01 mg/mL in 1X Tris-NaCl-
EDTA buffer) was added to each well, and the plates were
incubated in darkness for 2h at room temperature. DNA
content was determined by measuring the fluorescence at
460 nm using a Victor X3 plate reader (PerkinElmer
Waltham, MA). The resulting data is expressed as the trea-
ted/control (T/C) ratio and is derived from hexaplicate
samples (mean * SD).

2.4. Quantification of H,0,

Murine tumor cells were cultured (1 x 10* cells/well) in 96-well
white-walled clear-bottom tissue culture plates overnight and
subsequently exposed to B-Lap with or without DIC for 3 h.
Intracellular reactive oxygen species (ROS) induction, specifi-
cally H,0,, was quantified using the ROS-Glo™ assay Kkit,
following the manufacturer’s instructions.

2.5. Immunofluorescence staining for y-H2AX foci

The treated murine cells were processed and stained following
previously established protocols.” y-H2AX foci, which are
considered as a DNA double-strand break marker in cells,
were visualized using a Leica DM5500 fluorescence microscope
and quantified in terms of foci/nucleus.

2.6. Tumor growth and treatment

Approximately 6 x 10> MC38, TC-1, or EOQ771 cells were
injected subcutaneously into the right flanks of C57BL/6 WT
mice, while 6 x 10° 4T1 cells were similarly injected into BALB/
¢ WT mice. Upon tumor development, the tumor-bearing mice
were randomly divided into either control or treatment groups.
In the case of p-Lap treatment, tumor-bearing mice received p-
Lap via intravenously at a dose of 25 mg/kg or intratumorally at
dose of 18 or 22 mg/kg every other day for a total of 4 treat-
ments. The control group was subjected to vehicle treatment,
consisting of 20% HPPCD. For tumor-infiltrating neutrophil
depletion, 200 pg of anti-Ly6G monoclonal antibody was
administered intraperitoneally on alternate days for a total of
4 doses. For HMGBI blockade experiments, 200 pg of anti-
HMGB1 monoclonal antibody was administered intraperito-
neally every 3 days for a total of 3 treatments, commencing on
the same day as the initial -lap treatment. Tumor volume was
measured twice a week following the last administered dose
and calculated using the following formula: (Length x Width
x Width)/2.
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2.7. Cell isolation from tissues

Subcutaneous tumors were harvested from mice, washed with
1X PBS, and then the tumor tissues were finely minced into
small pieces. Subsequently, the tissue fragments were resus-
pended in a tissue digestive buffer comprising 1.5 mg/mL type
1 collagenase and 100 pg/mL DNase I, followed by a 30-minute
incubation in shaking incubator at 37°C. After incubation, the
tissue suspension was passed through a 70 um cell strainer to
obtain a single-cell suspension for subsequent analysis.

2.8. Flow cytometric analysis of neutrophils

The single cell suspension derived from 4T1 tumors in BALB/c
WT mice, as well as TC-1, EO771, and MC38 tumors in
C57BL/6 WT, MyD88™'~, TLR4™"~, or Rag™"~ mice, was initially
treated with anti-CD16/32 antibody (clone 2.4G2) for 10 min-
utes to block nonspecific binding. Subsequently, the cell sus-
pension was incubated with fluorochrome-conjugated anti-
mouse antibodies for 30 minutes at 4°C in the dark. Finally,
the cell suspension was stained with Fixable viability dye eFluor
506 (eBioscience) for 10 minutes to exclude nonviable cells
during flow cytometry analysis.

2.9. Co-culture of neutrophils and cancer cells

Neutrophils were isolated from the bone marrow of mice
bearing 4T1 or EO771 tumors utilizing the gradient density
centrifugation method, employing Histopaque 1119 and
1077.*7 To create antigen-induced media, 4T1 and EQ771
cancer cells were cultured under various treatment conditions.
For DMSO or B-Lap-induced antigen medium, cancer cells
were exposed to DMSO or B-Lap (8 uM) for 4 h, followed by
replacement of fresh medium for the next 48 h. Subsequently,
4T1 or EO771 cells (5 x 10%) were co-cultured with bone mar-
row-derived neutrophils (1 x 10°) for 48 h. This co-culture was
conducted in the presence of complete medium (RPMI with
10% FBS) or cell culture-induced antigen, DMSO-induced
antigen, or B-Lap-induced antigen medium. Cancer cell viabi-
lity and death were monitored through a phase-contrast micro-
scope and documented via photography. Cells were then
incubated for 6-7 days at 37°C, and cell viability assessed by
DNA assay.

2.10. Co-culture of neutrophils and CD8" T cells

CD8" T cells were isolated from the spleen of 4T1 tumor-
bearing mice using the EasySep™ Mouse Naive CD8" T cell
isolation kit following the manufacturer’s instructions. Tumor-
associated neutrophils (TANs) were collected from 4T1 tumors
(80-200 mm?) by staining the tumor cell suspension with PE-
conjugated Ly6G antibody, and then the PE-tagged Ly6G*
TAN s were selectively isolated using the EasySep™ PE positive
selection kit as per the manufacturer’s instructions.>® For CD8"
T cell proliferation analysis, purified CD8" T cells were labeled
with carboxyfluorescein diacetate N-succinimidyl ester (CFSE)
and then co-cultured with the bone marrow-derived neutro-
phils isolated from tumor bearing mice at a 1:5 ratio for 72 h in
the presence or absence of 3-Lap-induced antigen. Following
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the 72 h co-culture, CD8" T cell proliferation was assessed by
flow cytometry, with proliferation indicated by CFSE
dilution.’® Subsequently, to assess T cell death induced by
TANs in the presence of B-Lap, the isolated CD8" T cells
were co-cultured with TANS at a ratio of 1:5 with DMSO or B-
Lap (6 uM). After 72h of co-culture, the viability of CD8"
T cells was analyzed using the TACS'™ Annexin V-FITC
Apoptosis Detection Kit, with data collected on the Attune
NxT Flow cytometer.

2.11. Neutrophil polarization

The polarization of bone marrow-derived neutrophils toward
an antitumor N1-like phenotype was carried out in the pre-
sence or absence of P-Lap-induced antigen medium.
Neutrophils (2.5 x 10° cells/mL) were isolated as previously
described® and cultured in DMSO induced antigen medium
or B-Lap-induced antigen medium for 24 h. Subsequently,
neutrophils were labeled for surface markers typically asso-
ciated with N1-like neutrophils and then analyzed using the
Attune NxT flow cytometer. Additionally, cytokines that play
a role in neutrophil polarization were assessed via cytokine
staining, followed by flow cytometry analysis.

2.12. Isolation of peritoneal neutrophils induced by
thioglycollate broth and trans-well migration assay

Peritoneal neutrophils were isolated from tumor-bearing
C57BL/6 WT or TLR4 ™ mice after a 4-hour exposure to thio-
glycollate broth, following established protocols.*’ These iso-
lated neutrophils were then utilized for migration analysis
employing the trans-well technique, as previously detailed.*'
This migration assay involved the use of MC38 cancer cells in
the presence or absence of B-Lap (4 uM), or p-Lap in combina-
tion with an anti-HMGB1 antibody.

2.13. Detection of HMGB1 release

MC38 or TC-1 cells were seeded onto a six-well plate, allowed
to reach 70% confluency, and then subjected to treatment with
B-Lap (2 and 4 uM), either alone or in combination with DIC
(50 uM) for 3 h. Subsequently, the culture medium was
replaced with fresh medium, and the supernatant was collected
after 24 h. The presence of extracellular HMGB1 was assessed
through western blotting.

2.14. IFNy cytometric bead array

IFN-y in the supernatant was quantified using a BD
Cytometric Bead Array, according to the manufacturer’s pro-
tocol. After staining, samples were run on a CytoFLEX flow
cytometer and data were analyzed with FlowJo software.

2.15. IFNy enzyme-linked immunosorbent spot assay
(ELISPOT)

Tumor-draining lymph nodes (TDLNs) and spleen specimens
were obtained from tumor-bearing mice were collected, and
single-cell suspensions were meticulously prepared. For the re-

stimulation of tumor-specific T cells, irradiated tumor cells or
OT-1 peptides were employed. In details, approximately 2 ~
4 x 10° lymph node cells or splenocytes were co-cultured with
2 ~4x10° irradiated tumor cells for 48 h. Subsequently, an
ELISPOT assay was performed using the IFNy ELISPOT kit
according to the manufacturer’s instructions. Spots were
counted using an ImmunoSpot Analyzer (Cellular
Technology Limited).

2.16. Quantitative real-time PCR

Total RNA from bone marrow-derived neutrophils (BMN) was
isolated using TRIzol (Invitrogen). The quality of RNA was
ensured by the 260/280 ratio using a spectrophotometer.
Complementary DNA (cDNA) synthesis was carried out with
the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Inc.).
Quantitative real-time PCR was performed with iTaq universal
SYBR Green super mix (Bio-Rad Laboratories, Inc.) according
to the manufacturer’s instructions. The primers used in this
study are listed in Supplementary Table 1. GAPDH was used as
the housekeeping gene. The 2”**“' method was used to calcu-
late relative expression changes.

2.17. Statistical analysis

All experimental data are expressed as mean + SD from three
independent experiments. All statistical analyses were per-
formed with GraphPad Prism 10. *p<0.05, **p<0.01,
***p <0.001, and ****p <0.0001, determined by two-way
ANOVA or unpaired two-tailed t-tests.

3. Results

3.1. B-Lap specifically kills NQO1* murine tumor cells by
inducing intracellular ROS generation and DNA damage

B-Lapachone (B-Lap) is a prominent NQO1 bioactivatable
drugs that has shown significant antitumor effects on NQO1*
human solid cancer cell lines.””*>*® To assess the lethality of p-
Lap in murine cell lines, we first examined the expression levels
of NQOL1 protein in various murine cancer cell lines through
western blot analysis, as well as NQOI1 enzyme activity. The
results demonstrated remarkable expression of NQO1 protein
in all the tested murine cancer cell lines (Figure 1(a,b)).
Subsequently, we conducted a DNA assay to determine the
cytotoxic effects of f-Lap on 4T1 and EO771 murine tumor cell
lines. As expected, these NQO1* murine cell lines exhibited
sensitivity to p-Lap treatment, whereas co-treatment with
dicoumarol (DIC), a specific inhibitor of NQOI1, ameliorated
these effects, thereby preserving cell viability (Figure 1(c,d);
Supplementary Fig. S1A-C). Furthermore, cytotoxicity assays
conducted on MC38 WT (NQO1 over-expressing), MC38
NQOI1 Knockout, B16 WT (NQO1 non-expressing), and B16
NQOI1 knock-in murine tumor cells definitively demonstrated
that the cell-killing efficacy of B-Lap is dependent on NQO1
expression (Supplementary Fig. S1D, E). In our previous stu-
dies, B-Lap was found to selectively kill NQO1-overexpressing
human cancer cells through acute intracellular ROS generation
and concomitant DNA damage.”® Therefore, we investigated
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Figure 1. B-Lap selectively kills NQO1* murine tumor cells and induces extensive DNA damage. (a-b) NQO1 expression and activity in murine tumor cell lines. (a) Level
of NQO1 protein expression analyzed by western blot. (b) NQO1 enzyme activity. (c—d) Viability of murine tumor cell lines expressing endogenous NQO1; 4T1 (c) and
EO771 (d) following B-Lap with or without DIC (Dicumarol, an NQO1 specific inhibitor) treatment for 3 h determined by DNA assay. (e-f) ROS measurement in murine
tumor cells. (g) yH2AX foci/nuclei immunofluorescence staining indicating DNA damage in the form of double strand breaks induced by B-Lap treatment. Scale bar = 10
pum (h-i) Quantification of yH2AX foci/nuclei. Data are shown as mean + SD from three independent experiments. ***p < 0.001, ****p < 0.0001, ns: not significant

(determined by unpaired Student’s t-test).

ROS (in the form of H,0,) generation in these murine tumor
cells following B-Lap treatment and observed a significant
increase in intracellular ROS levels (Figure 1(e,f);
Supplementary Fig. S1F, G). Additionally, we explored the
effects of B-Lap treatment on DNA double strand breaks by
examining Ser139-phosphorylated yH2AX foci, which serve as
markers of DNA double-strand breaks (DSBs).*? The results
clearly indicated increased formation of yH2AX foci upon
exposure to a lethal dose of B-Lap (4 uM) in 4T1 and EO771
cells, and this effect was attenuated by DIC co-treatment
(Figure 1(g-1)). Collectively, these findings confirm that (-
Lap treatment induces cell death in NQO1-positive murine
tumor cells through ROS generation-associated DNA damage.

3.2. B-Lapachone treatment leads to a significant
increase in the infiltration of tumor-associated neutrophils
(TANs) into the tumor microenvironment

In our previous study, it was evident that p-Lap induces
immunogenic cell death (ICD) and triggers innate sensing
within the tumor microenvironment (TME).>> However,
the specific role of B-Lap in mediating the antitumor
immune response through primary mediators of innate

sensing, such as neutrophils, remains unclear. To further
investigate this, we examined neutrophil infiltration in the
TME of different syngeneic subcutaneous mouse models,
including MC38, TC-1, 4T1, and EO771 tumors. Following
the inoculation of tumor cells into the mice, treatment with
either a vehicle (20% HPBCD) or B-Lap was initiated when
the tumor volume reached approximately 80 mm®.
Treatment was administered four times on alternate days,
and tumors were collected 24 hours after the final dose to
prepare single-cell suspensions. Flow cytometry analysis
was then performed to assess tumor-infiltrating neutrophils
or tumor-associated neutrophils (TANs) wusing the
CD11b*Gr-1"8"  subset or the more specific
CD11b*Ly6C Ly6G" population in vehicle- and B-Lap-
treated tumors. Remarkably, we observed a significant
increase in TANs infiltration in B-Lap-treated MC38, TC-
1, 4T1, and EO771 tumors compared to vehicle-treated
tumors, regardless of the lethal (25mg/kg) or sublethal
(18 mg/kg) dosages of PB-Lap or differences in tumor cell
origin (Figure 2(a-2); Supplementary Fig. S2 A, B).
Additionally, it was noted that MC38 tumors exhibited
greater TANSs infiltration among the different tumor mod-
els tested.
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Figure 2. Impact of B-Lap treatment on tumor-infiltrating neutrophils in the tumor microenvironment. C57BL/6 WT mice (n = 5/group) were inoculated subcutaneously
(s.c.) with 6 x 10° MC38, 1x 10° EQ771, or 1x 10° TC-1 cells, while BALB/c WT mice (n = 5/group) received subcutaneous inoculations of 6 x 10° 4T1 cells. Tumor-
bearing mice were subsequently treated with -Lap (25 mg/kg, i.v., for MC38 and TC-1, or 18 mg/kg, i.t. For 4T1 and EO771 tumors) or 20% HPBCD (Vehicle) every
other day for a total of four treatment once tumor volumes reached ~80 mm>. Tumor samples were harvested 24 h after the last administrated dose. Tumor-infiltrating
neutrophils were assessed in (a) MC38, (b) TC-1 [gated as CD11b*Gr-1Mgh population], (c) 4T1 and (d) EO771 (gated with specific markers, as Ly6C Ly6G" population)
tumors using flow cytometry. Data are presented as mean + SD from three independent experiments. *p < 0.05, **p < 0.01 determined by unpaired Student’s t-test.

3.3. Antibody-mediated depletion of tumor-infiltrating
neutrophils abolishes the therapeutic effect of B-Lap

Although it is evident that there is a significant infiltration of
TANs into TME following p-Lap treatment, we are curious
about the impact of these TANs on the therapeutic efficacy
of B-Lap. A growing body of evidence has shown that
murine neutrophils can be characterized by the expression
pattern of both Ly6G and Ly6C antigens, with Ly6G being
specific to neutrophils.*>** Furthermore, blockade of Ly6G
using a neutralizing antibody (clone 1A8) treatment has been
found to decrease neutrophil tissue infiltration and impair
their response to injury.45 6 To assess the antitumor activity
of B-Lap under conditions of neutrophil deficiency, we used
an anti-Ly6G antibody to deplete neutrophils in C57BL/6
WT mice bearing subcutaneous MC38, TC-1 and EO771
tumors, as well as in BALB/c WT mice bearing 4T1 tumors.
Mice were treated with a vehicle (20% HPBCD), B-Lap, anti-
Ly6G antibody (clone 1A8), or a combination of p-Lap and

anti-Ly6G antibody every other day for a total of four treat-
ments, and tumor volume was measured to evaluate the
antitumor activity. Surprisingly, depletion of tumor-
infiltrating neutrophils clearly impacted on tumor regression
by B-Lap at both lethal (25 mg/kg) and sub-lethal (18 mg/kg)
doses. The combination treatment of anti-Ly6G antibody
and P-Lap resulted in increased tumor volumes, similar to
those seen with vehicle treatment, while the B-Lap alone-
treated group showed a significant reduction in tumor pro-
gression across all four tumor models used in this study
(Figure 3(a-3)). Further, flow cytometric analysis of tumor-
infiltrating neutrophils (CD11b"Ly6G™ population) from
anti-Ly6G antibody-treated 4T1 tumors revealed effective
blockade of these neutrophils’ infiltration into the tumor
(Supplementary Fig. S2C). These results indicate that B-Lap
treatment suppresses tumor growth by promoting neutrophil
infiltration into the TME and that these tumor-infiltrating
neutrophils or TANs contribute significantly to the overall
therapeutic efficacy of pB-Lap.



a MC38
& 600 -o- Vehicle
£ % B-Lap (25 mgkg, i.v.)
E -+ anti-Ly6G Ab
aE> 400 B-Lap+anti-Ly6G Ab
= ;
S Start x| *
« 200 treatment b
<)
£ 4
]
0

0 5 10 15 20 25 30
Days after tumor inoculation

G 4T
-~ Vehicle
- -# B-Lap (18 mg/kg, i.t.)
"’E 800 o 1gG
£ 5 | = anti-Ly6G Ab
o 600+ B-Lap+anti-Ly6G Ab
E L[
S 400 Start ¥
> treatment
S 2004 4
;E; 200
oo

0 5 10 15 20
Days after tumor inoculation

ONCOIMMUNOLOGY 7

b TCA1
& 7507 -e- Vehicle
E = p-Lap (25 mglkg, i.v.)
© 500- A antl-LySGAb
E B-Lap+anti-Ly6G Ab
% *
S Start x
« 2501 treatment ¥
o]
E 4
~ 04

0 5 10 15 20 25 30
Days after tumor inoculation

d EOQ771
-o- Vehicle

~— 800~ -# B-Lap (18 mg/kg, i.t.)
E o 1gG
£ 6004 -+ anti-Ly6G Ab
g .~ B-Lap+anti-Ly6G Ab
% 4001 Start * )
>5 200 treatment.
§
F o

0 5 10 15 20 25

Days after tumor inoculation

Figure 3. Impact of neutrophil depletion on B-Lap therapeutic efficacy. (a-d) Tumor volumes measurement in MC38, TC-1, 4T1, and EO771 tumor models following
neutrophil depletion. The depletion of tumor-infiltrating neutrophils was achieved using anti-Ly6G (clone 1A8) antibody, specifically targeting this neutrophil subset.
IgG was employed as the anti-Ly6G control in the 4T1 and EO771 tumor models. C57BL/6 WT mice (n = 5/group) were inoculated subcutaneously (s.c.) with 6 x 10°
MC38, 1 x 10° TC-1, or 1 x 10° EO771 cells, while BALB/c WT mice (n = 5/group) received subcutaneous inoculations of 6 x 10° 4T1 cells. Tumor-bearing mice were
subsequently treated with B-Lap (25 mg/kg, i.v., for MC38 and TC-1, or 18 mg/kg, i.t. For 4T1 and EO771 tumors), 20% HPBCD (Vehicle), anti-Ly6G (clone 1A8) antibody
(200 pg, i.p.), or a combination of B-Lap-+anti-Ly6G antibody every other day for a total of four times once tumor volumes reached ~80 mm?>. Tumor volumes were
assessed bi-weekly. Tumor volumes of MC38 (A) and TC-1 (b) in C57BL/6 mice. Tumors volumes of 4T1 in BALB/c mice (c) and EQ771 in C57BL/6 mice (d). Data are shown
as mean + SD from two independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 determined by Student’s 2-tailed t-test.

3.4. Bone marrow derived neutrophils (BMNs) not only
directly kill murine tumor cells but also enhance DC
recruitment and CD8" T cell proliferation in the presence
of B-Lap-induced antigen medium

To better understand the contribution of neutrophils to the
antitumor activity of B-Lap, we conducted ex vivo experiments.
Prior studies have reported that neutrophils can directly kill
tumor cells and that high-density neutrophils (HDN) can
promote CD8" T cell proliferation in vitro.'"'**®*” As neutro-
phils are produced in the bone marrow, which is considered
a reliable source for their isolation,”” we isolated bone marrow-
derived neutrophils (BMNs) to assess their impact on tumor
cell proliferation. Purity of the isolated population of bone
marrow-derived high-density neutrophils was confirmed by
flow cytometry (Supplementary Fig. S3A). Co-culturing
BMNs with 4T1 or EO771 tumor cells for 48 h resulted in
a notable reduction in tumor cell proliferation when exposed
to B-Lap-induced antigen medium, compared to controls trea-
ted with cell culture- or DMSO-induced antigen medium
(Figure 4(a-4); Supplementary Fig. S3C, D). Furthermore,
BMNs exposed to B-Lap-induced antigen medium exhibited
a significant increase in reactive oxygen species (ROS) forma-
tion specifically (Figure 4(e,f)), whereas BMNs directly exposed
to B-Lap (2 or 4 uM) for 6 or 24 hours did not elicit a similar
increase in ROS (Supplementary Fig. S3E, F). These findings
suggest that the activation of neutrophils is specifically
mediated by the components within the B-Lap-induced antigen
medium. Additionally, RT-qPCR analysis revealed an

upregulation of genes associated with neutrophil activation,
such as INOS and TNF-a, in BMNs cultured in B-Lap-
induced antigen medium (Figure 4(g)).

Our previous report has documented that p-Lap can induce
Batf3-dependent dendritic cell-mediated T cell cross-
priming.”> With this in mind, we evaluated the cross-priming
capability of p-Lap-induced tumor-infiltrated neutrophils
using a Cytometric Bead Array (CBA) to measure IFN-y levels
secreted by T cells. The results revealed that neutrophils are
also capable of cross-priming CD8" T cells in p-Lap treated
tumors, thus contributing to the antitumor immune response
(Figure 4(h)). We also investigated whether neutrophils could
affect DCs recruitment, maturation, or activation under -Lap-
induced antigen medium. RT-qPCR analysis showed elevated
expression of chemokines such as CCL5, CCL4, and CCL3,
which are essential for DC recruitment, in BMNs cultured
with B-Lap-induced antigen medium compared to those cul-
tured in DMSO-induced antigen medium (Figure 4(g)).
However, no significant differences were observed in the
expression of DC maturation and activation markers (CD80
and CD86) in BMNs co-cultured with immature DCs (iDCs) in
the presence or absence of PB-Lap-induced antigen medium
(Supplementary Fig. S3G, H).

Additionally, we analyzed CD8" T cell proliferation by co-
culture of BMNs with naive CD8" T cells isolated from the
spleens of C57BL/6] OT1 mice, with or without p-lap-induced
antigen medium. Flow cytometry analysis of CFSE'" OT1
CD8" T cells, representing the proliferating CD8" T cell popu-
lation, showed a significant increase in neutrophil-CD8" T cell
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Figure 4. Neutrophils kill murine tumor cells, promote DC recruitment and CD8" T cell proliferation in the presence of B-Lap-induced antigen medium. (a—d) 4T1 or
EO771 cells were exposed to cell culture medium, DMSO, or a lethal dose of B-Lap, for 4 h, followed by washing and medium replacement. After 48 h, the supernatant
was collected, yielding cell culture-induced, DMSO-induced, and B-Lap-induced antigen medium, respectively. Bone marrow-derived neutrophils (BMN) were isolated
through gradient density centrifugation method. Subsequently, new 4T1 or EO771 cells were co-cultured with the bone marrow-derived neutrophils in the presence or
absence of respective antigens for 48 h, after which cell viability was assessed: (a) Representative image of 4T1 cells under microscope. Scale bar = 10 um (b) Relative
survival percentage of 4T1 cells in medium versus in different antigen media as determined by DNA assay. (c) Representative microscope image of EO771 cells. Scale bar
=10 pm (d) Relative survival percentage of EQ771 cells determined by DNA assay. (e,f) ROS measurement from BMN culture with DMSO or B-Lap induced antigen
medium for 24 h following DCFH-DA staining and flow cytometry acquisition. (g) RT-qPCR analysis for gene related immune cell recruitment (CCL5, CCL4, CCL3, CCL20)
and neutrophil activation (INOS and TNF-a). (h) MC38-OVA-bearing mice (n = 3/group) were treated with -Lap (15 mg/kg, i.t.) for one dose, and 4 days later, CD11 b*Gr-
19 cells were purified from the tumor drain lymph nodes, and co-cultured with CD8* T cells isolated from the spleen of OT-1 transgenic mice. The activity of cross-
priming of T cells was determined by the level of cell-secreted IFNy via Cytometric Bead Array (CBA) mouse IFNy assay. Naive CD8" T cells, isolated from the spleen of
C57BL/6 OT1 mice and labeled with CFSE, were co-cultured for 3 days with bone marrow-derived neutrophils, which were either exposed to -Lap-induced antigen
medium (prepared by treating MC38-OVA cells with a lethal concentration of B-Lap or control medium: (i) Representative flow cytometry plot of OT1 CD8"* T cell
proliferation. (j) Quantification of OT1 CD8* T proliferation observed in I. Data are presented as mean + SD from two independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 determined by Student’s 2-tailed t-test.



co-culture with B-Lap-induced antigen medium prepared from
MC38-OVA cells treated with a lethal concentration of p-lap,
compared to those without p-Lap induced antigen medium
(Figure 4(i-4); Supplementary Fig. S4A, B). Similar tendency
was also observed for OT1 CD8" T cells co-cultured with
Lipopolysaccharide (LPS, used as the model antigen) with
BMNs (Supplementary Fig. S4C, D). These findings suggest -
Lap treatment promotes the proliferation of cytotoxic CD8"
T cells in the presence of neutrophils and corroborates our
previous findings that B-Lap stimulates antigen-specific T cell
responses in the TME.>

To further investigate the impact of B-Lap-induced tumor-
infiltrating neutrophils on CD8" T cells, we sought to examine
their specific effects. A previous study has highlighted the role
of TAN:Ss, particularly the pro-tumorigenic N2 type, in promot-
ing immunosuppression within the TME and inducing CD8"
T cells apoptosis.*® To specifically elucidate the influence of
TANs on CD8" T cells, we co-cultured CD8" T cells with TAN's
isolated from 4T1 tumors treated with p-Lap (25 mg/kg).
Purity of the isolated TAN population was determined by
flow cytometry (Supplementary Fig. S3B). These neutrophils
were then co-cultured with naive CD8" T cells from spleen
BALB/c mice for three days, with or without p-Lap treatment.
CD8" T cell viability was assessed using Annexin V-FITC-
7AAD staining. The results demonstrated that TANs co-
cultured with CD8" T cells, with or without the lethal dose
(6 uM) of p-Lap treatment, did not induce CD8" T cell apop-
tosis (Supplementary Fig. S4E, F), suggesting that TANs infil-
trating p-Lap-treated tumors are not detrimental to CD8"
T cells and may not belong to pro-tumorigenic N2 type.

3.5. B-Lap treatment promotes tumor associated
neutrophils (TANs) polarized towards anti-tumor (N1)
phenotype

Given that our results suggest p-Lap-induced infiltrating TANs
do not exhibit pro-tumorigenic N2 phenotype, we sought to
determine whether these TANs exhibit antitumor N1-type
characteristics. It has been reported that cytokines like IFN-f
and TGF-p play roles in the polarization of neutrophils from
N1 to N2 phenotype in human and murine tumors.'”'®*
Additionally, CD95 and CD54 have been identified as typical
surface markers for N1-type TANs.>*' We hypothesized that
B-Lap treatment induces N1 phenotypic characteristics in neu-
trophils. To test this, we cultured BMNs in the presence or
absence of B-Lap-induced antigen medium for 24h and
assessed the gene expression of IFN-f, TGF-$, CD95, and
CD54. We also measured the production of IFN-B and TGF-
B cytokines, and the expression of CD95 and CD54 using flow
cytometry. RT-qPCR analysis revealed a significant increase in
the mRNA expression levels of IFN-f, CD95, and CD54, and
a decrease in TGF-f8 expression in BMNs cultured in -Lap-
induced antigen medium (Figure 5(a,b)). Consistent with these
findings, flow cytometry analysis demonstrated that neutro-
phils cultured in B-Lap-induced antigen medium showed sig-
nificantly increased IFN-B expression and decreased TGEF-f
expression, compared to those cultured in DMSO-induced
antigen medium (Figure 5(c,d)). Additionally, there was an
increased in the expression of CD95 and CD54 surface markers
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on neutrophils grown in the B-Lap-induced antigen medium
(Figure 5(e,f)). Furthermore, we examined these N1-type phe-
notypic markers in TANs infiltrated into vehicle and p-Lap-
treated 4T1 tumors. Consistently, TANs from B-Lap-treated
tumors displayed significantly higher expression of IFN-f and
CD95, and decreased expression of TGF-f, compared to TANs
from vehicle-treated tumors (Figure 5(g-5)). It was also noted
that CD54 expression was similar in both vehicle and B-Lap-
treated tumors (Figure 5(j)). These results collectively indicate
that B-Lap treatment promotes the polarization of TANs
toward an antitumor N1 type.

3.6. TLR4/MyD88 signaling deficiency or HWUGB1
blockade abolishes B-Lap-induced infiltration of
neutrophils into the tumor microenvironment (TME)

Based on our novel findings that B-Lap treatment shapes TAN
polarization toward antitumor N1 phenotype by increasing
endogenous IFN-P levels, we were further curious to investi-
gate the molecular mechanism underlying B-Lap-induced neu-
trophil infiltration into the TME. In our previous study, we
demonstrated that type I IFNs and TLR4/MyD88 signaling
were crucial for the antitumor effects of B-Lap.””> Therefore,
we aimed to explore the role of TLR4/MyD88 signaling in
mediating B-Lap-induced neutrophil infiltration in the TME.
To investigate this, we chose specifically MC38 tumors due to
the observation that neutrophil infiltration is more significant
in this model compared to others. We analyzed and compared
the infiltration of TANs into MC38 tumors in C57BL/6 WT
mice as well as MyD88-knockout (MyD88_/ 7) and TLR4-
knockout (TLR4~~) C57BL/6 mice following vehicle and p-
Lap treatment. The results clearly showed TANs infiltration
into the TME of MyD88 '~ and TLR4 ™'~ C57BL/6 mice were
not significant following B-Lap treatment compared to vehicle-
treated ones, while TANs infiltration was significantly
increased in tumors of C57BL/6 WT mice upon B-Lap treat-
ment (Figure 6(a,b)). Furthermore, we examined TANs infil-
tration into tumors of Ragl knockout (Ragl™") mice, which
lack mature B and T lymphocytes as part of the adaptive
immune system. Surprisingly, we observed a significant
increase in TANs in B-Lap-treated tumors of Ragl™’~ mice
(Figure 6(c)). These findings indicate that the infiltration of
TANs into -Lap-treated tumors is independent of the adap-
tive immune system, while the MyD88/TLR4 signaling path-
way plays a crucial role in this process.

Emerging evidence suggests that high-mobility group box 1
(HMGBI) is a central damage-associated molecular pattern
associated protein (DAMP) involved in neutrophil recruitment
to the site of injury.”> Therefore, we hypothesized that B-Lap-
induced infiltration of TANs into the TME is dependent on
HMGBI. To test this hypothesis, we collected culture super-
natants of MC38, and TC-1 cells treated with $-Lap alone or -
Lap co-treated with DIC and performed a Western blot for
HMGBI. As expected, we observed HMGBI1 protein expression
in samples treated with the lethal dose of B-Lap (4 uM), while co-
treatment with DIC abolished the p-Lap-mediated induction of
HMGBI (Figure 6(d)). It has also been reported that the reduced
form of HMGBI is involved in leukocyte recruitment to tissue
injury sites compared to its oxidized isoform.”” Considering this,
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Figure 5. B-Lap treatment induces polarization of tumor associated neutrophils (TANs) towards an anti-tumor (N1) phenotype. 4T1 cells were exposed to DMSO or
a lethal dose of B-Lap, for 4 h, followed by washing and medium replacement. After 48 h, the supernatant was collected, yielding B-Lap-induced antigen medium. High
density neutrophils (HDN) from bone marrow of BALB/c mice were isolated through a gradient density centrifugation method and then cultured in DMSO induced
antigen medium or B-Lap-induced antigen medium for 6 h or 24 h. mRNA expression levels of IFN-, TGF-$3, Fas (CD95) and ICAM1 (CD54) for (a) 6 h and (b) 24 h. (c-f)
Flow cytometry was employed to analyze the expressions of cytokines at a time point of 24 h, including IFN-B (c), TGF-B (d), and surface markers CD95 (e) and CD54 (f),
which are associated with anti-tumor neutrophils (N1). (g-j) BALB/c WT mice (n = 3/group) were inoculated subcutaneously (s.c.) with 6x10° 4T1 cells. Once tumor
volumes reached ~80 mm?>, tumor-bearing mice were subsequently treated with B-Lap (18 mg/kg, i.t.) or 20% HPBCD (Vehicle) every other day for a total of four
treatments. Tumor samples were harvested 24 h after the last administrated dose. The expression of N1 neutrophils-associated markers in TANs was assessed via flow
cytometry: (g) Cytokine IFN-B expression, (h) TGF-3 expression, (i) Surface markers CD95 expression, and (j) Surface marker CD54 expression. Data are presented as mean
+ SD from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 determined by unpaired Student'’s t-test.
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Figure 6. TLR4/MyD88 signaling deficiency or HMGB1 blockade significantly decreases the B-Lap-induced tumor neutrophil infiltration. (a—c) C57BL/6 WT, MyD88™"~,
TLR4™~, or Ragl'/' mice (n = 5/group) were inoculated subcutaneously (s.c.) with 6x10° MC38 cells. Tumor-bearing mice were subsequently treated with -Lap (25 mg/
kg, i.t.) or 20% HPBCD (Vehicle) every other day for a total of four cycles once tumor volumes reached ~80 mm?>. Tumor samples were harvested 24 h after the last
administrated dose, and tumor-infiltrating neutrophils in the tumor microenvironment were assessed via flow cytometry: (a) Neutrophil populations in MyD88™~
background tumors, (b) Percentage of neutrophils in TLR47~ mutant tumors, and (c) Percentage of neutrophils in Rag?™~ mutant tumors. (d) Induction of HMGB1
release in the medium after 4 h of B-Lap treatment in MC38 and TC-1 cells was assessed by western blot analysis. (e) MC38 tumor models were established in C57BL/6
WT or TLR4™~ mice, following which mice were treated as described in (a). After the last administered dose, mice were treated with thioglycollate broth for 4 hours, and
tumor samples were collected. The migration of peritoneal neutrophils was analyzed in MC38 cell culture medium treated with B-Lap (4 uM) or B-Lap+anti-HMGBI1. (f)
MC38 tumor models were established as described in (a), and then mice were treated with -Lap + anti-HMGB1. Anti-HMGB1 neutralized antibody (200 pg, i.p.) was
administrated every 3 days for three times during the treatment. Tumor samples were harvested 24 h after the last administrated dose of B-Lap, and tumor-infiltrating
neutrophils in the tumor microenvironment were assessed using flow cytometry. Data are presented as mean =+ SD from two independent experiments. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, ns: not significant determined by unpaired Student'’s t-test.

we also checked for the redox status of HMGBL released into the
culture supernatant of murine tumor cells treated with -Lap by
employing non-reducing SDS-PAGE and subsequent Western
blot analysis. The results indicate that -Lap treatment induces
the release of reduced HMGB1, which could promote neutrophil
infiltration in B-Lap-treated tumors (Supplementary Fig. S5).
Next, we examined neutrophil migration toward MC38 tumor
cells under ex vivo conditions using Thioglycollate broth-
induced peritoneal neutrophils in a transwell assay.
Interestingly, we found a significant migration of neutrophils

toward P-Lap-treated MC38 cells compared to vehicle (DMSO)-
treated cells. However, co-treatment of 3-Lap with anti-HMGB1
antibody resulted in a significant decrease in neutrophil migra-
tion (Figure 6(e)). Additionally, neutrophils from TLR4™~
showed insignificant migration toward MC38 cells, even in the
presence of B-Lap (Figure 6(e)). Furthermore, we analyzed
TANs infiltration into the TME of MC38 tumors following co-
treatment of P-Lap with anti-HMGBI1 antibody to block
HMGBI. As expected, compared to tumors treated with B-Lap
alone, TANS infiltration was completely inhibited in tumors co-
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administrated with p-Lap and anti-HMGBI antibody, indicating
the involvement of HMGBI in neutrophil recruitment into the
TME of p-Lap-treated tumors (Figure 6(f)). Taken together,
these novel findings suggest that the HMGB1/TLR4/MyD88
signaling cascade plays a key role in p-Lap-induced TANs infil-
tration into the tumor microenvironment.

3.7. Depletion of neutrophils, blockade of HMGB1, or
deficiency in TLR4/MyD88 signaling significantly
compromises the antigen-specific T cell response induced
by B-Lap treatment

It has been demonstrated that B-Lap treatment suppresses
tumor growth by enhancing tumor-specific cytotoxic CD8"
T cell response.35 Furthermore, our above study indicates the
role of tumor-infiltrating neutrophils in the antitumor activity
of B-Lap, as well as the involvement of the HMGB1/TLR4/
MyD88 signaling cascade in neutrophil infiltration into the
TME. Therefore, we sought to investigate whether antibody-
mediated neutrophil or HMGBI1 depletion, as well as TLR4 or
MyD88 knockout, affects the antigen-specific T cell response
induced by B-Lap treatment in terms of the effector function of
activated T cells, as indicated by IFNy production analyzed
through an ELISPOT assay. To test this hypothesis, we initially
inoculated MC38 tumor cells into C57BL/6 WT mice. Once
tumors were established, tumor-bearing mice were treated with
B-Lap (25 mg/kg, i.v.) for alternate days for a total of three
times, with or without anti-Ly6G and anti-HMGB1 antibodies
to deplete TANs and HMGBI protein, respectively. Three days
after the final treatment, lymphocytes from the tumor-draining
lymph nodes (TDLN) were isolated and stimulated with

medium or MC38 cells irradiated with 60 Gy (for tumor anti-
gen induction), followed by an IFNy ELISPOT assay.
Interestingly, the number of IFNy spots was higher in the p-
Lap alone treatment group, indicating an increased presence of
tumor-reactive effector T cells in TDLN (Figure 7(a)).
However, the population of tumor-reactive T cells was signifi-
cantly reduced in TDLN when B-Lap was administered in
combination with anti-Ly6G or anti-HMGBI1 antibodies, as
evidenced by a smaller number of IFNy spots (Figure 7(a)).
Next, we assessed IFNy production by tumor-reactive T cells
from the spleen of MC38-OVA tumor-bearing mice following
the same treatment conditions. T cells isolated from the spleen
were stimulated with medium or OT1 peptide, and IFNy spots
were determined. As expected, B-Lap treatment alone signifi-
cantly enhanced the presence of IFNy-producing tumor-
reactive T cells compared to f-Lap treatment combined with
anti-Ly6G or anti-HMGBI1 antibodies (Figure 7(b)). The
expansion of tumor-reactive T cells indicates that B-Lap treat-
ment induces cross-priming and promotes T cell reactivation
to suppress tumor growth. Similarly, we examined the level of
tumor-reactive T cells both in TDLN and spleen from MC38 or
MC38 OVA tumor-bearing TLR4”~ and MyD88~ C57BL/6
mice treated with vehicle or pB-Lap (25mg/kg, iv.).
Remarkably, T cells isolated from TLR4™~ and MyD88~
C57BL/6 mice exhibited significantly lower numbers of IFNy
spots, indicating a reduced level of tumor-reactive T cells com-
pared to WT mice (Figure 7(c-f)). Collectively, these results
suggest that neutrophil depletion, HMGBI1 blockade, and
TLR4/MyD88 knockout compromises the antigen-specific
T cell response induced by p-Lap treatment.
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Figure 7. HMGB1 blockade, neutrophils depletion, or TLR4/MyD88 deficiency significantly decreases the antigen-specific T cell response. C57BL/6 WT, TLR4™~, or
MyD88'/' mice (n = 5/group) were transplanted with 6 x 10° MC38 (a, ¢, €) or 1 X 10° MC38-OVA (b, d, f) cells and treated with B-Lap (25 mg/kg, i.v.) or 20% HPRCD
(Vehicle) every other day for three times once tumor volumes reached ~80 mm?>. 3 days after the last treatment, lymphocytes from the spleens and tumor-draining
lymph nodes (TDLN) were isolated and stimulated in vitro with medium, MC38 cells irradiated with 60 Gy, or stimulated with 2.5 ug/mL of OT1 peptide for 3 days. The
production of IFNy by these stimulated cells was quantified using an ELISPOT assay. Data are presented as mean + SD from two independent experiments. **p < 0.01,

***p < 0.001 determined by two-way ANOVA.



4. Discussion

Building on our previous studies on the antitumor activity of
the NQO1-targeting prodrug p-Lap, we have found that this
drug can selectively eliminate murine cell lines in an NQO1-
dependent manner by inducing intracellular ROS production
and DNA damage. Prior studies have shown that NQO1 bioac-
tivatable drugs like p-Lap, deoxynyboquinone, and KP372-1
are catalyzed by the NQO1 enzyme in the presence of NAD(P)
H, leading to the generation of substantial amounts of super-
oxide. This superoxide is then converted into membrane-
permeable H,0,, which can cause DNA damage in the form
of single-strand or double-strand breaks (SSBs or DSBs). The
accumulation of these DNA lesions triggers the hyperactiva-
tion of poly-(ADP-ribose) polymerase-1 (PARP1), which is
essential for DNA repair. This process depletes the NAD"/
ATP pool and ultimately culminates in Ca**-dependent pro-
grammed necrosis of NQO1" cancer cells. In contrast, normal
cells with sufficient catalase expression can escape the lethality
induced by NQOI1 bioactivatable drugs.*”**—>">*>>

Recent studies have increasingly shown that anticancer
agents can induce immunogenic cell death (ICD) in the
tumor microenvironment, which in turn can stimulate an anti-
tumor immune response against various types of cancer.
Programmed necrosis is also considered an inducer of ICD,
as the release of damage-associated molecular patterns
(DAMPs) can activate innate and adaptive immune responses,
ultimately converting an immunosuppressive tumor microen-
vironment (TME) into an immunogenic one.’®>” Earlier
research on the antitumor immune response of 3-Lap provided
insights into how this NQO1 bioactivatable prodrug could
trigger innate sensing in the TME and induce adaptive T cell
responses.”” Extending these findings, our new data show the
therapeutic effects of f-Lap on murine tumors originating
from different tissues, including the colon (MC38), lung (TC-
1), and breast (4T1 and EO771). Interestingly, in this present
study, we found that the antitumor activity of p-Lap also
depends on the presence of tumor-infiltrating neutrophils or
tumor-associated neutrophils (TANs). Blocking the infiltration
or depleting these neutrophils clearly promote tumor progres-
sion and abolishes the therapeutic effect of B-Lap. Neutrophils
are usually the first immune cells to arrive at inflammatory
sites and initiate an innate immune response. In certain con-
texts, neutrophils play a significant role in antitumor immune
responses.”> However, the role of neutrophils in antitumor
effects remains controversial, owing to their pro-tumorigenic
roles such as immunosuppression through T cell killing or
promotion of metastasis via neutrophil extracellular trap for-
mation (NETosis).*®”® Concurrently, it has been shown that
tumor-derived soluble factors like cytokines and chemokines
not only recruit neutrophils but also contribute to neutrophil
diversity and plasticity, thereby promoting tumor
progression.”'” Given these considerations, our results indicat-
ing the antitumor activity of infiltrating neutrophils in NQO1*
tumors following B-Lap treatment warrant further scrutiny.

Contributing to our in vivo results, we discovered that
under ex vivo conditions, bone marrow-derived neutrophils
(BMNs) are capable of directly killing tumor cells in the pre-
sence of B-Lap-induced antigen medium, which contains
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various antigenic factors. The direct cytotoxic role of neutro-
phils has been well-documented for decades.'> Our previous
research has identified dendritic cells as the primary antigen-
presenting cells (APCs) driving the p-Lap-induced antitumor
immune response.”> Additionally, there are numerous reports
indicating that anti-tumor N1 neutrophils within the TME
release a range of alarmins, chemokines, and cytokines, which
not only facilitate DC recruitment to the TME but also play
crucial roles in the maturation and activation of DCs, thereby
initiating anti-tumor adaptive immunity.”> Our RT-qPCR
based analysis further supports the involvement of B-Lap-
induced tumor-infiltrated neutrophils in DC recruitment to
the tumor microenvironment through the secretion of various
chemokines. Although some reports suggest that activated
neutrophils might impair T cell activation and proliferation,
akin to the effects of myeloid-derived suppressor cells
(MDSCs),”® the dynamics of neutrophil-T cell interactions
are highly dependent on the activation states of both cell
types.””*® Our study on the interaction between neutrophils
and T cells in co-culture conditions showed that neutrophils do
not kill T cells and instead have a positive effect on T-cell
proliferation when exposed to B-Lap-induced antigen medium.
Moreover, our previous analysis demonstrated that the anti-
tumor effect of B-Lap relies on cytotoxic CD8" T cells.”® Taken
together, these findings suggest that in p-Lap-treated tumors,
both tumor-infiltrating CD8" T cells and neutrophils coexist to
induce an antitumor immune response. It is also plausible
neutrophils could potentially act as atypical antigen-
presenting cells.

It is well established that the transition or polarization of
antitumor N1 neutrophils to pro-tumor N2 neutrophils occurs
in the TME under the influence of specific cytokines, such as
IFN-B and TGEF-p. Increased IFN-B production promotes
polarization toward N1 neutrophils, while TGF- modulates
polarization toward N2 neutrophils.'””'®* Moreover, endogen-
ous activation of Type I IFN (IFN o and f) signaling trans-
forms neutrophils into an antitumor and antimetastatic
phenotype by enhancing neutrophil cytotoxicity and suppres-
sing the formation of the pre-metastatic niche.®’ Ex vivo
experiments revealed that -Lap-induced antigen medium
can induce IFN-B cytokine expression in bone marrow-
derived neutrophils while significantly reducing TGF-f expres-
sion. These neutrophils also exhibited increased expression of
typical surface markers for N1 TANs, namely CD95 and
CD54.°%*! Interestingly, our current study showed that -Lap-
induced tumor-infiltrating neutrophils from the TME exhib-
ited enhanced IFN-B production, indicating antitumor N1
phenotypic characteristics. Furthermore, these infiltrating neu-
trophils displayed decreased TGF-P expression and increased
CD95 expression, supporting their antitumor N1 properties.
There were reports suggesting that fractionated radiotherapy
polarizes newly recruited neutrophils toward the antitumor N1
phenotype in the TME.®*®® Our findings demonstrate that,
similar to fractionated radiotherapy, the NQO1 bioactivatable
drug B-Lap induces tumor-selective killing by polarizing
tumor-infiltrated neutrophils into the antitumor N1 type.

In our previous research, we found that the molecular
mechanism underlying antitumor activity induced by (-Lap
is reliant on the drug triggering immunogenic cell death (ICD)
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and releasing high mobility group box 1 (HMGBI1) into the
tumor microenvironment. This increases tumor immunogeni-
city and activates the innate immune response, leading to the
induction of type I interferon (IFN) through a Toll-like recep-
tor 4 (TLR4)/MyD88-dependent pathway. This, in turn, stimu-
lates antitumor T cell adaptive immunity and suppresses tumor
growth.”® Our current findings are the first to elucidate the
crucial role of the HMGB1/TLR4/MyD88 cascade in the
recruitment of neutrophils to -Lap-treated tumors. Blocking
HMGBI1, TLR4, or MyD88 significantly inhibits neutrophil
infiltration into the TME. Several studies have established
that HMGBI is essential for neutrophil recruitment and that
the HMGB1/TLR4 axis can promote neutrophil extracellular
trap formation (NETosis), thereby facilitating tumor
progression.s“’65 Our results also confirm that HMGBI,
induced by B-Lap treatment, is vital for neutrophil recruitment
to the TME. Unlike other studies linking the HMGB1/TLR4/
MyD88 signaling cascade to the pro-tumor activity of neutro-
phils, our findings suggest that B-Lap treatment can shift
tumor-infiltrating neutrophil subset toward the antitumor N1
type. These neutrophils are critical for the antitumor efficacy of
B-Lap. Moreover, our experiments examining the antigenic
T cell response in B-Lap-induced antitumor immunity high-
light the role of neutrophils in activating T cells for effector
functions. T cells isolated from tumor-bearing mice treated
with B-Lap and anti-Ly6G antibody, which depletes tumor-
infiltrating neutrophils, displayed reduced numbers of tumor-
reactive IFNy-producing T cells. Likewise, blocking HMGBI1,
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TLR4, or MyD88 had a similar impact on T cells. Notably,
specialized subsets of TANs have been found to act as antigen-
presenting cells during the early stages of lung cancer, facilitat-
ing antigen cross-presentation and eliciting responses from
antitumor T cells.>'* In colorectal cancers, infiltrating neutro-
phils have been shown to stimulate CD8" T cell responsiveness
and activate the T-cell receptor (TCR) complex, supporting the
prognostic value of CD8* T-cell infiltration.®® The significance
of CD8" T-cell infiltration is amplified by the simultaneous
infiltration of neutrophils into the tumor microenvironment,
suggesting their combined potential effectively promote anti-
tumor immunity.®® In summary, neutrophils that infiltrate
NQO1" tumors, recruited under the influence of B-Lap-
induced HMGBI production, play a crucial role in the T-cell-
mediated anti-tumor immune response.

Collectively, B-Lap treatment of NQO1" tumors induce
neutrophils infiltration into the TME, and antigenic factors
triggered by B-Lap polarize these neutrophils toward the anti-
tumor N1 type. These neutrophils display direct cytotoxicity
against tumor cells and contribute to innate sensing, while also
coordinating with adaptive immune cells to generate antitu-
mor immunity (Figure 8). It is noteworthy that low-dose and
high-dose radiation have different effects on neutrophil polar-
ization; understanding these differences may inform synergis-
tic therapeutic strategies to enhance radiation therapy.®®
Furthermore, the antitumor subpopulation of neutrophils
synergizes with PD-L1-based immunotherapy in a murine
lung cancer model, modulating the protumor/antitumor
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Figure 8. Schematic representation summarizing how f-Lap induces cell death in murine cancer cells and influences the tumor microenvironment to promote

antitumor N1-type neutrophil effects (Created using BioRender.com).



neutrophil ratio and enhancing the antitumor function of
a specific subset of neutrophils, and promotes T cell
proliferation.”® Understanding the plasticity and diversity of
tumor-infiltrating or tumor-associated neutrophils is beneficial
for assessing therapeutic efficacy.

In conclusion, our current study underscores the impor-
tance of the antitumor effects exerted by p-Lap-induced
tumor-infiltrating neutrophils in enhancing the therapeutic
efficacy of B-Lap. These findings offer promising avenues for
the development of combination therapies involving p-Lap for
NQO1" tumors. Additionally, future research involving tran-
scriptional profiling of these antitumor neutrophils could pro-
vide a more comprehensive understanding of how (-Lap
influences the molecular mechanisms that underlie the anti-
tumor properties of tumor-infiltrating neutrophils.
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Highlights

® B-Lap treatment significantly increases the presence of tumor-
infiltrating neutrophils in the tumor microenvironment.

® In the presence of antigens induced by p-Lap, bone marrow-derived
neutrophils directly kill cancer cells and enhance the proliferation of
CD8" T cells.

® Administration of P-Lap encourages the polarization of tumor-
associated neutrophils (TANs) toward an antitumor (N1) profile and
induces T cell cross-priming.

® Blockade of the HMGB1/TLR4/MyD88 pathway inhibits the infiltra-
tion of neutrophils and the tumor-reactive T-cell response induced by
B-Lap treatment.
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