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Abstract

Dysregulation of apoptosis is associated with the development of human cancer and resistance to
anticancer therapy. We have previously shown in tumor xenografts that DNA alkylating agents
induce sporadic cell necrosis and regression of apoptosis-deficient tumors. Sporadic tumor cell
necrosis is associated with extracellular release of cellular content such as the high mobility group
box 1 (HMGB1) protein and subsequent recruitment of innate immune cells into the tumor tissue.
It remained unclear whether HMGB1 and the activation of innate immunity played a role in tumor
response to chemotherapy. In this study, we show that whereas DNA alkylating therapy leads to a
complete tumor regression in an athymic mouse tumor xenograft model, it fails to do so in tumors
deficient in HMGB1. The HMGB1-deficient tumors have an impaired ability to recruit innate
immune cells including macrophages, neutrophils, and NK cells into the treated tumor tissue.
Cytokine array analysis reveals that whereas DNA alkylating treatment leads to suppression of
protumor cytokines such as IL-4, 1L-10, and IL-13, loss of HMGB1 leads to elevated levels of
these cytokines upon treatment. Suppression of innate immunity and HMGB1 using depleting Abs
leads to a failure in tumor regression. Taken together, these results indicate that HMGB1 plays an
essential role in activation of innate immunity and tumor clearance in response to DNA alkylating
agents.

The ultimate goal of cancer therapy is to selectively kill cancer cells while sparing normal
cells. A major burden to overcome during therapy is the impaired ability of cancer cells to
undergo apoptosis, which contributes to both tumor development and drug resistance.
Despite increasing efforts to design targeted therapeutic approaches toward specific
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molecular signatures of cancer, nonspecific chemotherapy by DNA alkylating damage
remains among the most commonly prescribed in the clinic owing to its effectiveness in a
wide spectrum of cancer types. However, despite its widespread use, the molecular
mechanism for the antitumor activity of DNA alkylating agents remains largely unclear.

Although apoptosis has been intensively described to account for chemotherapy-induced
cancer cell death, other types of cytocidal and cytostatic mechanisms have also gained
attention. These include necrosis, mitotic catastrophe, senescence, and autophagy (1-4).
Among these, necrosis has clinically been reported to occur in numerous cancers after
chemotherapy and radiation therapy and has been used as one of the best prognostic factors
for a positive outcome (5-8). We have demonstrated both in cell culture and in tumor
xenografts that necrosis plays an important role in chemotherapy-induced cancer cell death,
especially in apoptosis-deficient cells (9,10).

An important biological consequence of cell death is the activation of the immune response.
A fundamental difference between apoptosis and necrosis is their influence on the immune
response. Apoptosis is often characterized by an anti-inflammatory response that is essential
during development and for homeostasis in adult organisms to prevent chronic inflammation
and autoimmune diseases. During apoptosis, the cell membrane remains intact. Apoptotic
cells present “find-me” and “eat-me” signals on their surfaces and are quickly engulfed and
cleared by phagocytes or neighboring cells (11,12). In contrast, necrotic cells undergo a
rapid loss of membrane integrity that allows the release of cellular constituents into the
extracellular environment. This results in a proinflammatory response that is essential in
defending against viral and pathogen infection and plays a critical role to warn the host of
insult (13-15).

A number of molecules have been identified that elicit immune signaling during necrosis.
These include S100 family molecules, high mobility group box 1 (HMGB1) protein, purine
metabolites, uric acid, and heat shock proteins. HMGBL is one of the most abundant
proteins in the nucleus whose functions include binding and bending DNA to facilitate
transcription factor binding and the assembly of site-specific DNA binding proteins
including p53, stabilizing nucleosomes, and facilitating DNA repair processes (16,17). In
damaged or dying cells, HMGB1 dissociates from chromatin and is released into the
extracellular environment due to loss of plasma membrane integrity (18). Outside the cell,
HMGB1 acts as a damage-associated molecular pattern molecule to alert the host of damage
by triggering immune responses. It binds with high affinity to receptors such as TLRs
(TLR2 and TLR4) and the receptor for advanced glycation end products (RAGE), which are
expressed on a wide variety of cells including immune cells and endothelial cells (19-22).

HMGB1 plays a complex role in cancer. The observed over-expression of HMGBL in
tumors, particularly in conjunction with its receptor RAGE, has been associated with the
proliferation and metastasis of many tumor types (21,22). Blockade of RAGE-HMGB1
signaling has been shown to inhibit tumor growth and metastasis in both xenograft and
endogenously formed tumors (23). HMGB1 has recently been found to promote autophagy,
a cell survival mechanism, both intrinsically (24) or in a paracrine fashion (25). In contrast,
whereas animals injected with cells killed in vitro become resistant to the formation of
newly inoculated xenograft tumors, those injected with HMGB1 knockdown cells fail to
become tumor resistant (26,27). HMGBL released by dying tumor cells can stimulate Ag
presentation on dendritic cells through its interaction with TLR2 or TLR4, which
subsequently activates an adaptive anticancer immune response (26,28). The ability for
HMGB1 to modulate the immune response may be affected by its redox status, as HMGB1
has been reported to be oxidized in apoptotic cells and changes its binding patterns with cell
surface receptors (29,30). Although it remains to be determined whether conventional
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chemotherapy induces immune-stimulating cell death in vivo, these studies point to an
antitumor role for therapy-induced HMGBL release and the activation of the adaptive
immune system.

In addition to the adaptive immune response, the innate immune response has been realized
to play an important role in cancer biology, although its physiological consequences remain
unclear and controversial (31,32). Chronic inflammation has been shown to promote cancer
cell survival and growth (33). Spontaneous tumor necrosis has been found to correlate with
accelerated tumorigenesis (34). In contrast, activation of the innate immune system has been
shown to contribute to the antitumor activity induced by the restoration of p53 in p53-null
tumors (35). We have previously shown that DNA alkylating therapy can induce tumor
regression in athymic nude mice that lack an adaptive immune response. This tumor
regression is associated with sporadic tumor cell necrosis, HMGBL1 release, and infiltration
of innate immune cells into the treated tumor tissue (9). It remains to be determined whether
HMGBL1 plays a role in the innate immune response and tumor regression during DNA
alkylating therapy. In the current study, we use tumor cells derived from hmgb1 7~ cells to
study the role of HMGBL1 in therapy-induced activation of innate immunity and tumor
response.

Materials and Methods

Cell lines

Plasmids

Immortalized wild-type murine embryonic fibroblasts (MEFs) were generated as previously
described (36). Immortalized hmgb1~/~ MEFs were a kind gift from Dr. Marco Bianchi (San
Raffaele Scientific Institute, Milan, Italy).

Retroviral expression vectors for ELA (LPC-12S) and K-Ras (pBabe—Ras) were gifts of Dr.
Scott Lowe (Cold Spring Harbor, NY). The Bcl-xL construct and GFP-HMGB1 (HMGB1
cloned into the pEGFP-C1 vector) were generated in Dr. Craig Thompson’s laboratory
(University of Pennsylvania). Flag-tagged HMGB1 was cloned into the LPC vector using a
pEF6-Flag-HMGB1 construct as previously described (37). pBabeMN-IRES-GFP (Gary
Nolan, Stanford University) was used for GFP expression. The short hairpin RNA (shRNA)
constructs were obtained from Sigma (TRCN0000018934).

Cell culture and tumor cell preparation

All cell lines were retrovirally transformed with E1A and K-Ras using 293T packaging cells
via a calcium phosphate precipitation method in the presence of 10 pug/ml polybrene
(Sigma). When generating Bcl-xL—expressing tumors, a retroviral Bcl-xL construct was
used together with E1A and K-Ras plasmids. The cells were s.c. injected into the backs of 6-
to 8-wk-old male athymic nude mice (Taconic Farms). When tumors formed, they were
excised from the mice, minced, and digested with trypsin-EDTA (0.05%) and collagenase A
(10 pg/ml in trypsin) for 21 min at 37°C with brief vortexing every 7 min. The tumor cells
were then strained through a 70-um nylon filter to obtain a single-cell suspension. The 293T
cells, MDA-MB-231 cells, and MEFs were maintained in DMEM supplemented with 10%
FBS, 2 mM .-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin at 37°C with 5.5%
CO,.

Immunoblotting

Cells were lysed in RIPA buffer (1% sodium deoxycholine, 0.1% SDS, 1% Triton X-100, 10
mM Tris at pH 8, 0.14 M NacCl) with protease inhibitor mixture (G-Biosciences) plus
EDTA. Sample concentration was determined by bicinchoninic acid protein analysis. To
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determine HMGBL release from treated tumor cells, cell culture supernatant was collected
from cells at indicated treatment points, centrifuged at low speed, and stored at —20°C.
Twenty micrograms protein or 20 pl culture supernatant was resolved by SDS-PAGE,
transferred to a nitrocellulose membrane, blocked for 1 h at room temperature with 5% milk
in PBS containing 0.05% Tween 20, and probed overnight at 4°C with primary Abs diluted
1:1000, unless otherwise noted, in the blocking solution. Blots were washed with PBS
containing 0.05% Tween 20, and membranes were probed with the appropriate secondary
Abs diluted in block solution for 1 h at room temperature. Primary Abs against the following
molecules were used: HMGBL1 (ab18256; Abcam), Flag (F3165; Sigma), Bcl-xL (556361;
BD Pharmingen), B-tubulin (T4026; Sigma), IL-4 (554386, 1:100; BD Pharmingen), IL-10
(551215, 1:100; BD Pharmingen), granzyme B (AF1865, 1:100; R&D Systems), caspase 3
(C76920; Transducation Laboratories), cleaved caspase 3 (9661; Cell Signaling
Technology), and ICAD (sc-9066; Santa Cruz Biotechnology). Densitometric quantification
of the immunoblot bands was performed with ImageJ software (National Institutes of
Health).

Measurement of cell death

Propidium iodide (PI) exclusion was used to measure cell death. After treating cells for the
indicated times, cells were harvested and resuspended in DMEM with PI (1 pg/ml), and cell
viability was determined by flow cytometry using a FACSCalibur (BD Biosciences).
Pictures of untreated and treated cells were taken with a Zeiss Axiovert S100 microscope
using a 20x objective. Images were captured using an Infinity 3 camera (Lumenera
Corporation) and analyzed with Infinity Analyze software.

Xenograft mouse tumor experiments

Male nude mice, age 6-8 wk, were obtained from Taconic Farms. Mice were housed and
monitored at the Division of Laboratory Animal Resources at Stony Brook University. All
experimental procedures and protocols were approved by the institutional animal care and
use committee. Tumors were established by resuspending 1 x 10° tumor cells in 100 pul PBS
and injecting the cells into the mid-flanks of mice using a 26-gauge needle. When palpable
tumors formed (~100 mm?3 in size), mice were placed randomly into treatment groups. Mice
were either left untreated or treated via i.p. injections of 170 mg/kg cyclophosphamide
monohydrate (CP) (C0768; Sigma-Aldrich) in sterile 0.9% sodium chloride every 5 d
starting at day 9 or 10 after tumor inoculation. For each tumor, the tumor length (1) and
width (w) was measured every 4-5 d with an electronic caliper. Tumor volume (v) was
calculated using the formula v = (I x w2)/2 and plotted in cm3. The mice were imaged using
the Maestro small animal imaging system (CRi). The animals bearing untreated tumors were
sacrificed around day 30 post-tumor inoculation or when tumors reached 2 cm? in size, in
accordance with regulation of the IACUC.

Depletion experiments

To deplete circulating HMGB1 in mice, an HMGB1-neutralizing Ab (38,39) was injected
three times a week for the first 2 wk, starting 2 d before the first CP treatment, and two times
a week thereafter at a concentration of 50 pg/mouse/injection. For neutrophil depletion, a
neutrophil-neutralizing Ab (Ly-6G; 14-5931; eBioscience) was injected i.p. at a
concentration of 150 pg/mouse/injection starting with the first CP treatment and continuing
for the next three CP treatments for a total of four anti-neutrophil injections. For NK cell
depletion, 25 pl of an anti-NK Ab (anti-Asialo GM1; 98-1000; Wako) was diluted in 75 pl
saline and injected i.v. with the first CP treatment and continued twice a week for a total of
Six treatments.
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Immunohistochemistry

Immunohistochemistry (IHC) was performed according to standard protocol unless
otherwise noted. Briefly, for paraffin-embedded sections, tissue was fixed in 10% neutral
buffered formalin overnight, dehydrated in gradually increasing concentrations of ethanol,
perfused in paraffin at 60°C overnight, and embedded in paraffin the next day. For
cryosections, the tissue was embedded directly in OCT medium and stored at —80°C. Tissue
was sectioned into 6-um sections, and paraffin tissue was dewaxed and rehydrated in
decreasing concentrations of ethanol solutions. After rehydration of paraffin tissue sections,
Ag retrieval was performed using citrate buffer at pH 6. Frozen sections were warmed to
room temperature for 15 min and then fixed in 4% paraformaldehyde. For both paraffin and
frozen sections, endogenous peroxidase quenching was then performed using 3% H,0,,
tissue was incubated with a 5% animal serum blocking solution, and the tissue was
incubated with primary Ab overnight at 4°C. Abs to the following markers were used on
paraffin-embedded tissue: Flag (F3165, 1:100; Sigma), Mac-2 (1:2000; Cedarlane
Laboratories), neutrophil allotypic marker (MCA771G, 1:50; AbD Serotec), granzyme B
(AF1865, 1:10; R&D Systems), IL-1B (AF401-NA, 2 ug/ml; R&D Systems), and cleaved
caspase 3 (9661, 1:50; Cell Signaling Technology). Perforin (sc-58643, 1:500; Santa Cruz
Biotechnology) was used on frozen sections. Biotinylated secondary Abs were used at a
concentration of 1:1000 for 1 h at room temperature. After a wash series, tissue was
incubated with avidin/biotinylated HRP (ABC Elite kit; Vector Labs) according to the
manufacturer’s instructions. Slides were submerged in diaminobenzidine/H,05 substrate
solution until the desired staining intensity was obtained, and slides were counterstained
with hematoxylin. For quantitation, 5-10 randomly chosen microscope fields were counted.
NK cell marker NKp46 (137601, 1:37; BioLegend) and dendritic cell marker CD11c (n418;
AbD Serotec) were used on paraffin-embedded sections, and IHC analysis was performed
by an automated processor (Discovery XT; Ventanna, Tuscon, AZ) using a protease Ag
retrieval method.

Flow cytometry

Single tumor cell suspensions were prepared as previously mentioned, and RBCs were lysed
using a buffered ammonium chloride (ACK) solution (0.15 M NH,4CI, 1.0 mM KHCO3, 0.1
mM Na,EDTA, pH 7.2-7.4). After adding ACK solution, the tube was briefly vortexed and
centrifuged at 1000 rpm for 5 min. Lysing of RBCs was continued until the cells were
visibly clear of RBCs. The cells were washed two times with PBS. After the last wash, the
microcentrifuge tube was allowed to sit at room temperature for 5 min so that the large
tumor pieces would descend to the bottom of the tube. The supernatant and its constituents
were collected and used for flow cytometry analysis. To confirm neutrophil and NK cell
depletion, blood was collected from mice via eye bleeds, and RBCs were lysed with ACK
solution, washed twice with PBS plus 5% FBS, and subjected to flow cytometry. Flow
cytometry was performed using a FACSCalibur (BD Biosciences). The following Abs were
used: to detect macrophages, PE-conjugated anti-mouse CD11b (Mac-1; 553311; BD
Biosciences) and allophycocyanin-conjugated anti-mouse F4/80 (BM8; 17-4801,
eBioscience); to detect neutrophils, PE-conjugated anti-mouse Gr-1 (553128; BD
Biosciences) and Alexa Fluor 647-conjugated antimouse neutrophil (MCA771A647T; AbD
Serotec); and to detect NK cells, FITC-conjugated anti-mouse NK1.1 (553164; BD
Biosciences) and NKp46 (13760; BioLegend).

Cytokine array

Tumors were extracted from untreated and treated animals and minced into small pieces.
Tissue lysate was made with a glass tissue homogenizer, and protein concentration was
determined by bicinchoninic acid assay. A mouse cytokine array from R&D Systems
(ARY006) was used to assess anti-inflammatory and proinflammatory cytokines in the
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tumor tissue. All procedures were performed following the manufacturer’s instructions. The
array blot was developed using enhanced chemiluminescent detection reagent, and the
density of each cytokine spot was analyzed using ImageJ software. The amount of cytokines
in the treated tumor was normalized to the untreated tumor and graphed.

Statistical analysis

Data were analyzed with Microsoft Excel and are represented as mean + SEM. Statistical
analysis to generate p values was performed using Graph-Pad Prism software with ANOVA.

Live cell imaging for supplemental videos

Results

hmgb1~/~ MEFs were transfected with GFP-HMGB1 and treated with 100 pg/ml
mafosfamide (MAF) in the presence of 0.5 pg/ml Pl and 0.5 pg/ml Hoechst 33342. Live cell
imaging was captured with a Zeiss LSM 510 META NLO Two-Photon Laser Scanning
Confocal Microscope System using the time series function and processed using Zeiss
Confocal microscope imaging software.

HMGB1 plays an essential role in tumor regression in response to chemotherapy in vivo

To determine the role of HMGBL in tumor response to chemotherapy, hmgh1 ™~ MEFs (40)
were transformed with E1A and K-Ras oncoproteins. To ensure a fair comparison of cells
with an isogenic background, Flag-tagged HMGB1 (37) was introduced into the hmgb1~/~
MEFs to restore HMGB1 at comparable levels to those of the wild-type cells (Fig. 1A). Bcl-
xL was expressed in both the Flag-HMGB1 and hmgb1~/~ cells to suppress apoptosis to
mimic apoptosis-deficient human cancers (Fig. 1A). Additionally, the GFP was expressed in
these cells to facilitate live tumor imaging. The cells were injected into athymic nude mice.
After tumors formed, tumors were excised, and tumor cells were recovered and cultured as
stable cell lines. The Flag-HMGB1 and hmgb1~/~ tumor cells grew in culture at similar rates
(Fig. 1B) and had comparable sensitivity to treatment with the DNA alkylating agent MAF
(Fig. 1C, 1D). Upon MAF treatment, the Flag-HMGB.1 tumor cells released HMGBL1 into
the culture media in a dose-dependent manner (Fig. 1E). Additionally, we performed time-
lapse video imaging to capture the release of HMGB1 from the cell during necrosis. GFP-
tagged HMGB1 was introduced into hmgb1~~ MEFs and treated with MAF in the presence
of Pl and a live cell permeant DNA dye, Hoechst 33342. Simultaneous decrease of cellular
GFP-HMGBL and loss of plasma membrane integrity indicated by Pl-positive staining was
observed (Supplemental Video 1). This is consistent with previous reports that DNA
alkylating damage can induce tumor cell necrosis (9,10) and that HMGBL is released from
necrotic cells (37,18,10). Hence, we have established transformed MEFs to study the role of
HMGB1 during chemotherapy.

To study the effect of HMGBL in response to chemotherapy in vivo, Flag-HMGB1 and
hmgb1~/~ tumor cells were injected bilaterally into the left flank and right flank,
respectively, of 20 athymic nude mice. Both cell lines formed tumors that grew at similar
rates (Fig. 2A, 2B). Fourteen of these animals were then compared side-by-side for their
susceptibility to CP, a DNA alkylating agent that is commonly prescribed in the clinic. All
14 tumors with restored HMGB1 showed a virtually complete regression in response to CP
treatment by day 22, as they were no longer detectable by either caliper measurement or
fluorescence imaging (Fig. 2A, 2B). In sharp contrast, although hmgbh1~/~ tumors initially
responded to treatment, all 14 tumors failed to regress fully. Instead, around day 30 these
tumors began to increase in size. Furthermore, at day 35, 3 of the 14 mice were taken off of
CP. Whereas the tumors with Flag-HMGB1 remained undetectable, the hmgb1~/~ tumors
recurred to form large tumors (Fig. 2A, bottom panel, and Fig. 2B, red line).
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To determine whether the dependence of HMGBL for tumor regression exists in other tumor
systems, we used a human breast cancer cell line, MDA-MB-231. Bcl-xL was expressed in
MDAMB-231 cells, and subsequently HMGB1 expression was suppressed by sShRNA
knock-down (Fig. 2C). We compared the response to CP in HMGB1 knock-down cells
versus parental cells using the mouse xenograft model. Whereas CP showed potent
antitumor activity in mice grafted with parental tumor cells, the tumors with HMGB1
knock-down were significantly more resistant to CP treatment (Fig. 2D). It was noted that
HMGB1 knock-down slowed tumor growth in vivo, and the tumor regression in CP-treated
parental tumors was not as complete as that of the MEF tumors. These discrepancies may be
due to the different tumor cell systems and/or due to that HMGB1 may epigenetically
promote cell survival and proliferation in certain cancers (17,41,42). Nevertheless, these
results, together with the MEF fibrosarcoma data (Fig. 2A, 2B), indicate that HMGB1 plays
an essential role in tumor regression induced by DNA alkylating therapy.

HMGB1 released from chemotherapy-induced necrotic tumor cells is a chemoattractant

We have previously shown that CP treatment induces sporadic tumor cell necrosis and
HMGB1 extracellular release in vivo (9). To determine if Flag-HMGB1 changed subcellular
localization in response to CP treatment, tumors were extracted from untreated and CP-
treated mice and subjected to IHC using an Ab against Flag. The hmgh1 7~ tumors showed
no positive staining for HMGBL. In tumors with restored HMGB1, the untreated tumor cells
showed nuclear HMGBL localization and the CP-treated tumors showed extracellular
localization, indicating Flag-HMGBL1 is released into the extracellular environment in
response to CP treatment (Fig. 3A).

A prominent hallmark associated with HMGB1 released from damaged tissue or from
immune cells in response to endotoxin exposure is leukocyte recruitment (41). As HMGB1
was released upon CP treatment, we next determined if leukocytes were recruited to CP-
treated tumors. Similar to previous observations in wild-type tumors with endogenous
HMGBL (9), an increase in macrophage infiltration was observed in CP-treated Flag-
HMGB1 tumors, whereas the increased infiltration of macrophages upon CP treatment was
significantly lower in hmgb1 =~ tumors shown by both IHC using an Ab against Mac-2 (Fig.
3A) and flow cytometry using Abs against CD11b and F4/80 (Fig. 3B). Strikingly, Flag-
HMGB1 but not hmgh1 7~ tumors had a significant infiltration of neutrophils detected by
both IHC using an Ab against an allotypic marker of neutrophils (Fig. 3A) and by flow
cytometry using an Ab against Gr-1 (Fig. 3B), despite a reduced number of neutrophils in
the peripheral blood upon CP treatment as previously reported (Fig. 3C) (43). Similar to
neutrophils, an anti-NK cell Ab (NKp46) revealed that whereas CP treatment induced a
drastic infiltration of NK cells, the levels were markedly reduced in the CP-treated
hmgb1~~ tumors compared with those in the HMGB1 restored tumors shown by both IHC
(Fig. 3A) and flow cytometry (Fig. 3B). No obvious infiltration of dendritic cells was
observed (Fig. 3A).

Granzymes, a molecular marker for activated NK cells, mediate NK cell killing activities via
their delivery into target cells through perforin (44). The presence of granzyme B (GrB) and
perforin was assessed by IHC. Upon CP treatment, there was a significant increase of both
GrB and perforin in the Flag-HMGB1 tumors, whereas both markers were virtually absent
in hmgb1 ™~ tumors (Fig. 3A, 3D). The enhanced GrB and perforin levels were associated
with increased caspase 3 cleavage (Fig. 3D, 3E), which has been shown to be caused by
proteolytic cleavage by GrB, independent of the mitochondrial apoptosis pathway (44,45).
Additionally, full-length ICAD, a proteolytic target of caspase 3 and GrB (46,47), was
significantly lower in the Flag-HMGB1 tumors compared with that in the hmgb1 7~ tumors
upon CP treatment (Fig. 3D). Taken together, these results indicate that HMGB1 released
during chemotherapy can act as a chemo-attractant to activate the innate immune system
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including macrophages, neutrophils, and NK cells and that granzyme-mediated cell killing
may be a mechanism for tumor clearance.

Activation of innate immunity plays an antitumor role in chemotherapy

It has been shown that the activation of innate immunity contributes to tumor regression
mediated by activation of p53 (35). We have previously shown that macrophages are
required for complete tumor regression in response to CP treatment (9). As compromised
infiltration of neutrophils and NK cells was observed in hmgb1 =~ CP-treated tumors (Fig.
3A), we tested whether these innate immune cells also play an antitumor role in
chemotherapy. An antineutrophil Ab (Ly-6G) and an anti-NK cell Ab (anti-Asialo GM1)
were used to deplete neutrophils and NK cells, respectively, in athymic nude mice bearing
apoptosis-deficient E1LA/K-Ras-transformed tumors with endogenous HMGB1. Successful
depletion was achieved, as indicated by lower counts of neutrophils and NK cells in
peripheral blood (Fig. 4A, 4C). For neutrophil depletion, animals bearing tumors were
treated with CP alone or CP in combination with i.p. injections of the neutrophil-depleting
Ab. Whereas tumors in mice receiving CP alone showed complete regression by day 40,
those in mice receiving CP in combination with the neutrophil-depleting Ab became
resistant to the treatment despite an initial regression (Fig. 4B). For NK cell depletion,
tumor-bearing mice were treated with CP alone or CP plus i.v. injections of the NK cell-
depleting Ab. Similar to the neutrophil and macrophage depletion studies, mice with NK cell
depletion could not achieve complete tumor regression, and tumors continued to grow after
an initial delay (Fig. 4D).

HMGB1 suppresses an M2 immune response

Circulating immature monocytes are attracted by tumor-derived chemokines to migrate from
the blood into the tumor tissue and differentiate into macrophages. Once inside the tumor,
differentiation and polarization of the monocytes into activated (M1) or alternatively
activated (M2) cells depend on the cytokines present in the tumor microenvironment (48).
The M2 type cytokines have been shown to facilitate tissue repair and remodeling, and
tumor progression therefore is characteristic of the tumor-associated macrophages, whereas
the M1 type is usually associated with antitumor activity (49,50). Therefore, switching
tumor-associated macrophages from M2 to M1 may have significant therapeutic value.
Because macrophage infiltration was enhanced in both Flag-HMGB1 and hmgb1~/~ tumors
upon CP treatment (Fig. 3A), and hmgb1 =~ tumors failed to activate an antitumor immune
response (Fig. 2), we determined whether HMGB1 could influence M1/M2 polarization.
Indeed, IHC revealed that production of the proinflammatory cytokine IL-1p, an M1
cytokine, was stimulated by CP treatment in Flag-HMGB1 tumors but not in hmgb1 7~
tumors (Fig. 5A, 5B). Notably, our cytokine array analysis revealed that in untreated tumors,
the overall cytokine production is higher in Flag-HMGB1 tumors, consistent with the
general function of HMGBL1 as a transcriptional activator. However, upon CP treatment,
although the production of certain cytokines such as MIP-1o and RANTES was elevated in
both Flag-HMGB1 and hmgb1 7~ tumors (Fig. 5C, 5D), levels of the M2-type immune-
tolerant cytokines such as IL-4, 1L-10, and IL-13 were enhanced in CP-treated hmgb1 7~
tumors but decreased in Flag-HMGB1 tumors (Fig. 5C-F). Correlatively, the level of M-
CSF, a well-established cytokine that drives macrophage M2 differentiation (51), was also
enhanced in CP-treated hmgb1 =~ tumors but decreased in Flag-HMGB1 tumors (Fig. 5C-
E). These results indicate that the released HMGB1 induced by chemotherapy can modulate
an antitumor immune response. This is consistent with previous reports showing that
HMGBL can activate innate immune cells to produce a number of proinflammatory
cytokines but not anti-inflammatory cytokines (52,53). These results indicate that HMGB1
may facilitate tumor regression in response to chemotherapy by suppressing the production
of the protumor M2 cytokines in the tumor tissue.

J Immunol. Author manuscript; available in PMC 2011 March 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 9

HMGB1 is essential for activation of innate immunity and tumor regression

To confirm the importance of HMGB1 during chemotherapyinduced activation of the innate
immune system and subsequent tumor regression, we used an HMGB1-neutralizing Ab
(38,39) in our tumor study. Flag-HMGB1 and hmgb1 ™~ tumor cells were injected
bilaterally into the left and right flank of athymic nude mice, respectively. When tumors
formed, mice were divided into two groups. One group received CP treatment alone, and the
other received both CP and the HMGBZ1-neutralizing Ab. As anticipated, hmgh1 7~ tumors
failed to regress in response to both treatment regimens (Fig. 6A). The Flag-HMGBL1 tumors
initially responded to both treatments. However, the tumors in mice receiving CP in
combination with the HMGB1-neutralizing Ab started to grow around day 35 (Fig. 6A, 6B).
IHC analysis showed that the HMGB1-neutralizing Ab suppressed infiltration of Mac-2*
macrophages and GrB* NK cells in CP-treated Flag-HMGB1 tumors to similar levels as in
hmgb1 7~ tumors (Fig. 6C, 6D). Taken together, these results demonstrate that HMGB1
plays an essential role in activating innate immunity and tumor regression during
chemotherapy.

Discussion

Although chemotherapy has long been known to induce cancer cell death, it is becoming
appreciated that tumor response to chemotherapy is not simply cytotoxic or cytostatic (2).
Both innate and adaptive immune responses can be activated by damaged or dying cells,
pointing to an important question as to whether the immune response also plays a significant
role in therapy. We have previously found that apoptosis is dispensable for tumor regression
in response to DNA alkylating treatment. Alternative cell death pathways including necrosis,
senescence, and autophagy have been implicated in cancer therapy. These cytotoxic/stress
responses have been shown to cause release/secretion of intracellular contents that may
contribute to immune stimulation. HMGB1 has been shown to be one of the molecules that
can be induced to release via necrosis and autophagy (9,27,18,24,54). We find here that
although tumor cells deficient in HMGBL1 do not have survival advantages in response to
DNA alkylating treatment in cell culture, they are resistant to chemotherapy in vivo. This
resistance correlates with impaired innate immunity, indicated by lower levels of
macrophage, neutrophil, and NK cell infiltration into the HMGB1-deficient tumor tissues
upon treatment.

Our findings point to an important role of the innate immune response in therapy-induced
tumor clearance. It has been shown that cells killed by chemotherapeutic agents in vitro can
protect animals against newly inoculated tumors via Ag cross-presentation to activate
cytolytic T cells in an HMGB1-TLR4-dependent manner (26). Here, by using immune-
compromised athymic nude mice, we show that the innate immune response is important in
tumor clearance in response to chemotherapy. This is consistent with a previous report
showing that innate immunity is essential for tumor clearance in a p53 restoration mouse
model (35). As we observed that depleting each of the macrophage, neutrophil, and NK cell
populations led to defective tumor regression, it remains to be determined whether these
innate immune cell populations function in a linear fashion or in concert to mediate the
antitumor activity. Nevertheless, in clinical practice, CP has been shown to affect both the T
cell and B cell compartments and to block Ab production (55,56). Our findings provide an
explanation for why CP, which is often used as an immune suppressant, works efficiently in
cancer treatment by blocking adaptive immunity and allowing innate immunity to
predominate.

The mechanism by which the innate immune system kills cancer cells remains to be
determined. Our leukocyte depletion results show that neutrophils and NK cells play an
antitumor role (Fig. 4), similar to macrophages as shown previously (9,35). Consistent with
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the impaired NK cell recruitment, markedly lower levels of perforin and GrB were detected
in hmgb1 =~ tumors, suggesting that perforin/granzyme-mediated cytotoxicity may
contribute to tumor cell death. This can also explain why tumor cells deficient in
mitochondrial apoptosis are susceptible to alkylating therapy, as perforin and granzymes are
known to mediate cell death independent of the mitochondrial apoptotic pathway (44,45).

Our results also suggest that HMGB1 may contribute to tumor regression by regulating
monocyte polarization. Macrophages have been shown to facilitate both cell death and
tumor growth. Macrophages that mediate these opposing functions have been classified as
M1 (antitumor) and M2 (protumor). Whereas M1 macrophages are characterized by classic
cytotoxic cytokines, the protumor M2 macrophages are classified by elevated production of
cytokines such as IL-4, IL-10, and IL-13. Notably, our cytokine array analysis revealed that
upon CP treatment, the levels of the M2 cytokines IL-4, IL-10, and IL-13 are higher in
hmgb1 7~ tumors but are markedly suppressed in the presence of HMGBL1 (Fig. 5C—F). The
elevated levels of M2 cytokines correlate with the tumor regrowth observed in hmgbh1 7~
tumors (Fig. 2A, 2B). Hence, HMGBL released by dying tumor cells may suppress M2
polarization of macrophages and prevent tumor regrowth and resistance to treatment.
Modalities aimed at inducing tumor cell necrosis may likely result in final eradication of
tumors as a consequence of nonspecific activation of the innate immune system. Although
elevated levels of HMGB1 have been detected in various types of cancers (21, 22), boosting
the innate immune response by inducing necrotic release of HMGB1 may be a promising
approach for adjuvant treatment of cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Restoration of HMGB1 in hmgb1~/~ tumor cells does not affect cell proliferation or
sensitivity to chemotherapy in vitro. Wild-type and hmgb1~~ MEFs were transformed into
apoptosis-deficient tumor cells using E1A, K-Ras, and Bcl-xL. Subsequently, a pool of these
cells was transfected with Flag-tagged HMGB1 to restore HMGB1 in hmgb1~/~ cells. A,
Cell lysates were subjected to immunoblot analysis for HMGB1, Flag, Bcl-xL, and B-
tubulin. B, The Flag-HMGB1 and hmgb1~/~ cells were plated, and cell number was
determined on the indicated days. Data shown are the average of four independent counts +
SEM (SEM is narrower than symbols so cannot be seen). C-E, Cells were treated with the
DNA alkylating agent MAF at the indicated concentrations for 24 h. C, Cells were
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photographed under a phase-contrast filter using a 20x objective, and representative images
are shown. D, Cell death was measured by Pl exclusion and expressed as an average of three
independent experiments £ SEM. E, Cell culture medium was collected from the untreated
and treated cells and assessed for HMGB1 by immunaoblot analysis using an Ab against
Flag. Note that Flag-HMGBL is found in the cell culture medium from Flag-HMGB1 but not
hmgb1~/~ cells.
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FIGURE 2.

CP-induced tumor regression in vivo is dependent on HMGBL1. A and B, Wild-type and
hmgb1~/~ MEFs were transformed into apoptosis-deficient tumor cells using E1A, K-Ras,
and Bcl-xL. Subsequently, a pool of these cells was transfected with Flag-tagged HMGBL1 to
restore HMGB1 in hmgb1~/~ cells. Both Flag-HMGB1 and hmgb1~/~ tumor cells were
infected with GFP and injected bilaterally into the same mouse to allow tumors to form.
When palpable tumors formed, the mice were left untreated or treated with 170 mg/kg CP
every 5 d as indicated by arrows. Thirty days after the initial CP treatment, CP was
discontinued on three mice (red symbols). A, Tumors were monitored by in vivo imaging,
and representative images are shown. B, Tumor volume was determined by caliper
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measurement, and the average tumor volume was plotted with SEM. C, The antiapoptotic
protein Bcl-xL was expressed in MDA-MB-231 human breast cancer cell line. A pool of
these cells was lentivirally infected with an ShRNA vector control or sShRNA against
HMGBL1. Cell lysates were subjected to immunoblot for HMGBL1, Bcl-xL, and B-tubulin. D,
Fourteen athymic nude mice were injected with the MDA-MB-231 cells with ShRNA vector
control or HMGB1 knockdown. When tumors formed, mice were divided into two groups:
untreated and those treated every 5 d with 170 mg/kg CP as indicated by the arrows. Tumor
volume was determined by caliper measurement, and the average tumor volume was plotted
with SEM.
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FIGURE 3.

HMGB1 induces innate immune cell infiltration after chemotherapy. Mice bearing Flag-
HMGB1 or hmgb1~/~ tumors were either left untreated or treated twice with i.p. injections
with 170 mg/kg CP. A, Tumors were excised and embedded in paraffin, sectioned, and
subjected to IHC. Cellular localization of HMGB1 was assessed using a Flag Ab, and
infiltration of macrophages, neutrophils, NK cells, and dendritic cells was assessed using
Abs against Mac-2, an allotypic marker of neutrophils, NKp46, and CD11c, respectively.
Activation of NK cells was examined using Abs against GrB and perforin. Scale bars, 100
pm. B, To quantitate the number of infiltrating macrophages and neutrophils, single-cell
suspensions were prepared from untreated and treated tumor tissues and subjected to flow
cytometry using anti-CD11b and anti-F4/80 Abs for macrophages, an anti-Gr-1 Ab for
neutrophils, and an anti-NKp46 Ab for NK cells. The average from three independent
experiments with two to three tumors in each group is shown. *p < 0.05, **p < 0.005. C, To
determine if CP treatment results in decreased number of peripheral neutrophils, peripheral
blood was collected and subjected to flow cytometry analysis using anti— Gr-1 or the
allotypic anti-neutrophil Abs. Percentage of the positive cells is plotted. Data shown are the
average of two to three mice per group. D, Immunoblot analysis was performed using the
tumor lysates for GrB, caspase 3, cleaved caspase 3, ICAD, and Flag on three independent
Flag-HMGB1 and hmgb1~/~ untreated tumors and two independent Flag-HMGB1 and
hmgb1~/~ CP-treated tumors. E, Densitometry of the caspase 3 and cleaved caspase 3
immunoblot bands was determined by ImageJ software, and the ratio of activated caspase 3
(CC3) to full-length caspase 3 (C3) was plotted. *p < 0.05.
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FIGURE 4.

Depletion of neutrophils or NK cells leads to tumor resistance to chemotherapy. Mice
bearing tumors with endogenous HMGB1 were treated by i.p. injections with 170 mg/kg CP
every 5 d (black arrows) alone, or in combination with (A, B) i.p. injections with 150 pg of
the anti—Gr-1 neutrophil-depleting Ab in combination with the first four CP treatments (red
arrows), or (C, D) i.v. injections with 25 pl of the NK cell-depleting Ab every 3 d (red
arrows). A and C, Peripheral blood was collected and analyzed by flow cytometry using
indicated Abs. Representative histograms for neutrophils (A) or dot plot for NK cells (C) are
shown. Shown on the right are the averages from three animals in each group + SEM. *p <
0.05, **p < 0.005, ***p < 0.0005. B and D, Tumors were measured by caliper, and the
average volume of tumors with SEM was plotted.
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FIGURE 5.

HMGB1 released during chemotherapy treatment mediates a proinflammatory response.
Mice bearing Flag-HMGB1 or hmgb1~/~ tumors were either left untreated or treated with
i.p. injections of 170 mg/kg CP 5 d apart. A, Tumor tissue sections were subjected to IHC
using an anti-IL-1p Ab. Scale bars, 100 um. B, Ten randomly selected microscope fields
were counted for IL-1B* cells, and the average is shown on the right. **p < 0.005. C-F,
Tumors were excised and made into lysates. The levels of cytokines were assessed with a
mouse cytokine array panel in lysates from tumors in mice left untreated or treated one time
or two times with CP. C and D, The (C) cytokine array blots and (D) raw OD readings using
ImageJ are shown for selected cytokines. Numbered rectangles highlight the duplicate spots
of anti-inflammatory cytokines (solid lines) and proinflammatory cytokines (dashed lines)
that are altered by the status of HMGB1 presence, as summarized in the table. E, Results are
shown as OD normalized to values for each cytokine in untreated tumor tissue. The dashed
line represents the untreated tumor value set to one. F, Immunoblotting of IL-4 and IL-10
was used to confirm the cytokine array results in tumor cell lysates. Three independent Flag-
HMGB1 and hmgb1~/~ untreated tumors, three independent hmgb1~/~ CP-treated tumors,
and two Flag-HMGB1 CP-treated tumors were used.
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FIGURE 6.

Depletion of HMGBL1 leads to tumor resistance and failure of innate immunity activation.
A-D, Mice bearing Flag-HMGB1 or hmgb1~/~ tumors were treated with i.p. injection of 170
mg/kg CP every 5 d (black arrows) alone or together with 50 mg of an HMGB1-neutralizing
Ab twice a week (red arrows). A, Tumors were monitored by in vivo imaging, and
representative images of the animals from each group are shown. B, Mice bearing tumors
with endogenous HMGB1 were treated with CP alone or together with anti-HMGB1.
Tumors were measured by caliper, and the average tumor volume was plotted with SEM. C,
CP-treated tumors were excised and embedded in paraffin. Sections were subjected to IHC
using an Ab against Mac-2 to assess the level of macrophage infiltration and an Ab against
GrB to assess the level of activated NK cells. Note that similar to hmgb1~/~ tumors, CP-
treated tumors subjected to HMGB1 depletion (anti-HMGBZ1) had reduced levels of
macrophage and activated NK cell infiltration compared with those of the Flag-HMGB1 CP-
treated tumors. Scale bars, 100 pum. D, Ten randomly selected microscope fields were
counted for GrB™ cells. Data shown are average + SEM. *p < 0.05.
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