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 aBstRact  Several kinase inhibitors that target aberrant signaling pathways in tumor cells 

have been deployed in cancer therapy. However, their impact on the tumor immune 

microenvironment remains poorly understood. The tyrosine kinase inhibitor cabozantinib showed 

striking responses in cancer clinical trial patients across several malignancies. Here, we show that 

cabozantinib rapidly eradicates invasive, poorly differentiated PTEN/p53-defi cient murine prostate 

cancer. This was associated with enhanced release of neutrophil chemotactic factors from tumor cells, 

including CXCL12 and HMGB1, resulting in robust infi ltration of neutrophils into the tumor. Critically, 

cabozantinib-induced tumor clearance in mice was abolished by antibody-mediated granulocyte deple-

tion or HMGB1 neutralization or blockade of neutrophil chemotaxis with the CXCR4 inhibitor plerixafor. 

Collectively, these data demonstrate that cabozantinib triggers a neutrophil-mediated anticancer 

innate immune response, resulting in tumor clearance. 

  SIGNIFICANCE:  This study is the fi rst to demonstrate that a tyrosine kinase inhibitor can activate 

neutrophil-mediated antitumor innate immunity, resulting in invasive cancer clearance.  Cancer Discov; 

7(7); 750–65. ©2017 AACR.        
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  iNtRODUctiON 

 Malignant cells and stromal cells cooperate to create an 
immunosuppressive microenvironment that protects devel-
oping tumors from immune eradication ( 1 ). Paul Ehrlich fi rst 
postulated a pathologically important relationship between 
the immune system and cancer, suggesting that a break-
down in normal antitumor immune surveillance occurs as 
a part of tumor evolution ( 2 ). The growing tumor subverts 
the immune system’s normal wound-healing mechanisms, 
exploiting them for tumor protection, maintenance, and 
progression ( 3 ). Attempts to perturb this collaborative rela-
tionship between the tumor and its immune stroma date 
back approximately 125 years to William Coley, who injected 
bacterial lysates into the tumor bed in an attempt to stimu-
late tumor rejection ( 4 ). There has been a resurgent interest 
in cancer immunotherapy, partly based on the profound and 
durable clinical responses to T lymphocyte checkpoint con-
trol antibodies against CTLA-4 and PD-1/PD-L1. However, 
there are still subsets of patients across all malignancies that 
fail to respond to these therapies. Although there have been 

several approaches developed to activate the adaptive arm 
of the immune system for cancer elimination, strategies to 
activate antitumor innate immunity have remained elusive. 

 Cabozantinib (also known as XL-184) is a promiscuous 
receptor tyrosine kinase (RTK) inhibitor with potent activ-
ity against c-MET, VEGFR2, RET, KIT, AXL, and FLT3, all 
of which have been implicated in tumor growth and sur-
vival ( 5 ). Cabozantinib has been approved by the FDA for 
the treatment of medullary thyroid cancer (MTC), a RET-
driven malignancy ( 6 ). In a phase II randomized discontinu-
ation trial in patients with castrate-resistant prostate cancer 
(CRPC), 72% of patients exhibited regression in soft-tissue 
lesions, whereas 68% of patients had improvement in technec-
tium-99m bone scan response, including complete resolution 
in 12%. This dramatic bone scan response is unprecedented in 
CRPC with bone metastases treated with current standard-of-
care therapies. The trial exhibited a median progression-free 
survival (PFS) of 23.9 versus 5.9 weeks for the cabozantinib- 
and placebo-treated cohorts, respectively, with signifi cant 
reductions in bone turnover markers and bone pain with 
cabozantinib treatment ( 7 ). 
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Despite promising phase II clinical trial results, a recent 
phase III trial of cabozantinib in patients with heavily pre-
treated metastatic CRPC (COMET-1) failed to demonstrate 
a statistically significant increase in overall survival (OS) 
with cabozantinib versus prednisone alone. Consistent with 
the previous phase II results, median radiographic PFS (HR, 
0.48; 95% CI, 0.40–0.57; stratified log-rank P < 0.001) was 5.6 
versus 2.8 months for the cabozantinib versus prednisone 
arms, respectively (8). Moreover, a randomized phase III trial 
(METEOR) of cabozantinib versus everolimus in VEGFR 
inhibitor–resistant renal cell cancer (RCC) showed a 42% 
decrease in disease progression (9, 10). Therefore, a deeper 
understanding of cabozantinib’s antitumor mechanism is 
critical for biomarker-based stratification of patients most 
likely to respond to the drug.

Loss of PTEN and p53 function are frequent genetic events 
in human CRPC (11, 12). Mice with probasin Cre-driven 
 conditional prostate-specific knockout of Pten and Trp53 
(Pb-Cre; Ptenfl/flTrp53fl/fl) develop invasive CRPC (13) as early 
as 9 weeks and locally aggressive tumors by 3 months of age, 
that are invariably lethal to the host by 7 months of age (14). 
Here, we show that cabozantinib eradicated poorly differenti-
ated invasive adenocarcinoma in these mice within 48 hours, 
with concomitant infiltration of neutrophils into the tumor 
bed. Strikingly, neutrophil depletion or chemotaxis blockade 
with either an HMGB1-neutralizing monoclonal antibody or 
the CXCR4 inhibitor plerixafor reversed the tumor clearance 
elicited by cabozantinib. These data provide strong evidence 
that cabozantinib elicits a neutrophil-mediated anticancer 
innate immune response that results in tumor eradication.

ResUlts

Cabozantinib Eradicates Murine Prostate Cancer 
via a c-MET–Independent Immune Mechanism

Cabozantinib was developed as a c-MET/VEGFR2 inhibi-
tor (5). Previous studies have shown Met amplification in 
67% of prostate tumors from Pb-Cre; Ptenfl/flTrp53fl/fl mice 
and in approximately 30% of metastatic PTEN and p53-defi-
cient human prostate cancer specimens (15). As a first step 
toward evaluating whether the antitumor mechanism of 
cabozantinib is c-MET dependent, we tested its effect on 
aggressive prostate cancers that develop in 5- to 6-month-old 
Pb-Cre; Ptenfl/flTrp53fl/fl mice. The mice were treated with vehi-
cle, cabozantinib, or PF-04217903 (c-MET–specific inhibitor) 
after the solid tumor had reached a long-axis diameter of at 
least 5 mm by ultrasound and MRI analysis. Cabozantinib-
treated mice showed an approximately 70% reduction in 
tumor volume (Fig.  1A and B), which was accompanied by 
decreased FDG-PET signal (Supplementary Fig.  S1). Strik-
ingly, histopathology revealed a near-complete clearance of 
the poorly differentiated, invasive prostate carcinoma in 4 
days, which was sustained over 3 weeks of cabozantinib 
treatment (Fig. 1C). In contrast, PF-04217903 failed to inhibit 
tumor growth (Fig.  1A and B) over 3 weeks of treatment, 
despite similar inhibition of intratumoral phospho-MET 
with both cabozantinib and PF-04217903 (Supplementary 
Fig.  S2A). Prostate tumors from PF-04217903–treated mice 
exhibited a persistence of poorly differentiated, invasive pros-
tate carcinoma after 3 weeks of treatment (Fig.  1C, top  

middle). These data demonstrated that c-MET inhibition 
alone was insufficient to explain cabozantinib’s antitumor 
mechanism of action.

Cabozantinib Treatment Results in Rapid 
Neutrophil Infiltration into the Tumor Bed

In light of this profound antitumor response to cabozan-
tinib in 4 days, we performed detailed histopathologic evalu-
ation of prostate tumors from treated mice over the initial 
72-hour time period. This analysis revealed a near-complete 
eradication of poorly differentiated invasive adenocarcinoma 
within 48 to 72 hours of treatment (Fig. 2A, hematoxylin and 
eosin panel). This was accompanied by increased perivascular 
ICAM1 staining and hypersegmented (see the inset in Fig. 2A), 
Ly6G+, myeloperoxidase+ (MPO+) neutrophil infiltration into 
the tumor within 24 to 48 hours of treatment (Fig. 2A). Flow 
cytometry also showed an increase in CD11b+GR1+ tumor-
infiltrating immune cells following 72 hours of cabozantinib 
treatment (Fig. 2B). Further immune surface marker analysis 
demonstrated that these cells were Ly6GhiLy6Clo, consist-
ent with a granulocytic (and not monocytic) predominance 
of tumor-infiltrating immune cells following cabozantinib 
treatment (Supplementary Fig. S2B).

Cabozantinib Induces In Vivo Tumor Cell Death 
via CXCL12–HMGB1–CXCR4–Dependent 
Neutrophil Recruitment

The near-complete tumor clearance elicited by cabozantinib 
was preceded by a significant increase in caspase-3 stain-
ing in vivo (Fig.  3A). If cabozantinib exerts its antitumor 
effects via a cell-autonomous mechanism, then treatment 
of murine PTEN/p53-deficient tumor-derived prostate can-
cer cells in vitro would be expected to result in a similar 
dramatic induction of apoptosis. To determine the physi-
ologically relevant cabozantinib dose for in vitro apoptosis 
experiments, we performed mass spectrometry analysis of 
prostate tumor–extracted metabolites from cabozantinib-
treated mice. This revealed a steady-state intratumoral con-
centration of approximately 10 µmol/L within 72 hours 
after treatment (Supplementary Fig. S3A), which is in a simi-
lar range to the steady-state serum concentration observed 
in cabozantinib-treated patients (16). RTK profiling of the 
human androgen-independent prostate cancer cell line PC3 
revealed that cabozantinib at 10 µmol/L concentration inhib-
its multiple RTKs (Supplementary Fig.  S3B). We therefore 
tested three murine PTEN/p53 deficient prostate tumor cell 
lines, SC1, AC1, and AC3, for apoptosis induction in vitro at 
physiologic concentrations. In contrast to the rapid induc-
tion of caspase-3 staining by cabozantinib in vivo (Fig. 3A), we 
detected only modest apoptosis in vitro at similar time points, 
even at a high concentration of 30 µmol/L (Fig.  3B). These 
results suggest that the direct induction of apoptosis is not 
the dominant cell death mechanism observed in vivo follow-
ing cabozantinib treatment.

To further explore the mechanism of cabozantinib-mediated 
acute tumor clearance in vivo, we performed transcriptional pro-
filing and gene set enrichment analysis of prostate tumors 
recovered from Pb-Cre; Ptenfl/flTrp53fl/fl mice following 48 hours 
of cabozantinib treatment versus control untreated tumors. 
This analysis revealed a statistically significant upregulation 
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Figure 1.  Cabozantinib causes tumor regression and near-complete clearance of invasive poorly differentiated murine prostate cancer. A, Repre-
sentative MRI images showing the relative impact of vehicle (top), cabozantinib (middle), and the c-MET inhibitor PF-04217903 (bottom), on regression 
of established murine PTEN/p53-deficient prostate tumors. Mice were treated with the indicated drugs at the following concentrations: vehicle control, 
cabozantinib (100 mg/kg), and PF-04217903 (50 mg/kg). The yellow borders mark solid tumor boundaries during the 3-week course of treatment. 
B, Volumetric analysis showed significant tumor regression in mice treated with cabozantinib, but not vehicle or PF-04217903 treatment. C, Hematoxylin 
and eosin (H&E) staining of tumors from cabozantinib-treated mice revealed near-complete eradication of poorly differentiated prostate tumors at 4, 
10, 18, and 21 days of treatment, not observed with vehicle- or PF-04217903–treated mice (n = 4 mice per treatment arm/time point).
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Figure 2.  Cabozantinib induces extensive infiltration of neutrophils into the tumor bed and near-complete clearance of invasive poorly differentiated 
murine prostate cancer within 48 to 72 hours of drug treatment. A, H&E, Ly6G, MPO, and ICAM1 staining of established prostate tumors harvested from  
Pb-Cre; Ptenfl/flTrp53fl/fl mice treated with vehicle, 24, 48, and 72 hours of cabozantinib (100 mg/kg) treatment, respectively. Mice were treated with vehi-
cle or cabozantinib for the indicated times, and tumor tissues were stained with either H&E or the indicated antibodies by IHC. These data show an increase 
in Ly6G-positive and MPO-positive neutrophils, and an increase in ICAM1-postive endothelium within 48 hours of cabozantinib treatment. B, Flow cytometry 
analysis of dissociated tumor showed a similar increase in CD11b+GR1+ tumor-infiltrating neutrophils with cabozantinib treatment.
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of immune response transcripts following cabozantinib treat-
ment in vivo (Fig.  4A). Subsequent qPCR-based RNA profil-
ing of cabozantinib-treated tumors revealed a spike in gene 
expression of the chemokine CXCL12 and its receptor CXCR4 
within the tumor microenvironment following 24 hours of 
cabozantinib treatment (Fig.  4B). CXCR4 is implicated in 
lymphocyte (17) and neutrophil chemotaxis (18) from the 
periphery. CXCR4 can engage CXCL12 as a homodimer or a 
2:1 heterocomplex of CXCL12 and HMGB1, the latter serving 
as a danger signal during immunogenic cell death (19, 20).

The tumor microenvironment is a complex admixture of 
transformed tumor cells and nontransformed stromal cells, 

including a diverse population of immune cells (21). Tumor 
cells can secrete a number of chemokines that cross-talk with 
different stromal cells within the microenvironment and alter 
innate and adaptive immune function (21, 22). To determine 
the predominant cell type within the tumor responsible 
for cabozantinib-induced production of CXCL12, we per-
formed RNA in situ hybridization (RISH) for CXCL12 followed 
by PTEN IHC on prostate tumors from mice treated with 
vehicle or 24 hours of cabozantinib. Consistent with our qPCR 
results, we observed an increase in intratumoral CXCL12 stain-
ing by RISH following cabozantinib treatment specifically in  
PTEN-deficient cells within the microenvironment (Fig. 4C; 
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Figure 3.  Cabozantinib causes significant tumor cell elimination in vivo, but modest apoptosis induction in vitro. A, Cabozantinib acutely increased 
caspase-3 staining within 24 to 48 hours of treatment in established murine PTEN/p53-deficient prostate tumors. Mice were treated with cabozantinib 
for the indicated times, and prostate tumor tissues were stained with caspase-3 antibody by IHC. Images show representative sections from n = 3 mice 
per time point. B, PTEN/p53-deficient prostate tumor–derived cell lines treated with cabozantinib showed only modest cell death. SC1, AC1, and AC3 
cells were treated with 30 µmol/L cabozantinib for the indicated times, followed by apoptosis analysis with Annexin V staining (n = 3 experiments).  
*, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Supplementary Fig.  S4A), suggesting that the increase in 
CXCL12 expression was predominantly occurring in the 
tumor cells (Fig. 4C, bottom). These in vivo findings were sup-
ported by analysis of PTEN/p53-deficient tumor-derived SC1 
cells treated with cabozantinib for 24 hours ex vivo, which 
revealed increased CXCL12 release into the supernatant by 
ELISA (Fig. 4D). These data demonstrate that cabozantinib 
treatment drives CXCL12 expression within the cancer cells 
in the tumor microenvironment.

Classically defined apoptosis is immunosuppressive, due 
to translocation of phosphatidylserine to the cell surface 
that interacts with the TIM4 immune inhibitory receptor on 
myeloid cells (23). In contrast, immunogenic cell death (ICD) 
represents an evolved program that triggers a productive 
immune response against the dying cells. During ICD, the 
endoplasmic reticulum chaperone calreticulin is exposed on 
the cell surface and serves as an “eat me” signal to promote 
recognition and phagocytosis by innate immune cells. In 
addition, ATP and HMGB1 are actively secreted and serve 
to attract and activate granulocytes and other infiltrating 
immune cells (23). These three events are collectively consid-
ered hallmarks of ICD (24). To evaluate the possibility that 
cabozantinib evokes an ICD-like response via HMGB1 release 
and heterocomplex formation with CXCL12 to engage the 
CXCR4 receptor (19), we asked whether ex vivo cabozantinib 
treatment of PTEN/p53-deficient tumor-derived SC1 cells 
resulted in the release of HMGB1. ELISA analysis revealed 

an increase in HMGB1 release into the supernatant follow-
ing ex vivo cabozantinib treatment of SC1 cells for 32 hours 
(Fig.  4E), with a similar response to that observed with 
the known ICD inducer doxorubicin (24). Consistent with 
increased extracellular release of HMGB1, we observed a 
decrease in cytosolic levels of HMGB1 in doxorubicin- and 
cabozantinib-treated SC1 cells, indicative of cellular deple-
tion (Fig.  4F). In contrast, PTEN wild-type, TP53-mutant 
human prostate cancer cells VCaP, DU145, and 22Rv1 did 
not exhibit increased HMGB1 release following cabozantinib 
treatment (Supplementary Fig. S4B).

Further characterization of the acute immunologic 
response in PTEN/p53-deficient prostate tumors from mice 
treated with cabozantinib revealed an increase in intratu-
moral CD86 expression by IHC and qRT-PCR (Supplemen-
tary Fig. S5A and S5B) and an increase in CD11b+CD86+ cells 
by flow cytometry (Supplementary Fig. S5C), demonstrating 
maturation and activation of myeloid antigen-presenting 
cells. Taken together, these data demonstrate that cabozan-
tinib triggers release of CXCL12 and HMGB1 from dying 
PTEN/p53-deficient tumor cells, resulting in activation of an 
antitumor immune response.

Neutrophils Are Required for  
Cabozantinib-Induced Tumor Clearance

To determine whether cabozantinib-induced tumor clear-
ance occurs via increased infiltration of T cells and/or natural 
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Figure 4.  Cabozantinib treatment causes significant upregulation of CXCL12 and HMGB1 levels within the tumor microenvironment. A, Pb-Cre;  
Ptenfl/flTrp53fl/fl mice with established prostate tumors were treated with cabozantinib at 100 mg/kg daily for 48 hours followed by tumor RNA extrac-
tion. Gene set enrichment analysis revealed a highly increased expression of immune response related gene sets. B, Mice were treated with cabozantinib 
as above for 24 hours followed by tumor RNA extraction. Quantitative RT-PCR analysis was performed for several immune response genes and showed a 
statistically significant upregulation of CXCL12 and CXCR4 gene expression with cabozantinib treatment (n = 3 mice per time point). C, CXCL12 RISH of 
tumors from mice acutely treated with cabozantinib for 24 hours revealed increased intratumoral CXCL12 expression (top). Combined CXCL12 RISH and 
PTEN IHC from these tumors showing that the PTEN-deficient prostate cancer cells within the tumor microenvironment are producing CXCL12 (bottom) 
following cabozantinib treatment. Representative staining from n = 3 mice per condition. Increased release of CXCL12 (D) and HMGB1 (E) following 
in vitro treatment of murine tumor-derived prostate cancer cells with cabozantinib. SC1 cells were treated with vehicle, cabozantinib (10 µmol/L), or 
doxorubicin (1 µmol/L) for 24 hours. Supernatants were analyzed for CXCL12 and HMGB1 by ELISA. F, SC1 cells were treated with vehicle, cabozantinib 
(10 µmol/L), or doxorubicin (1 µmol/L) for 28 hours and subjected to FACS analysis, demonstrating cabozantinib-induced HMGB1 depletion (n = 3 experi-
ments for D–F).
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killer (NK) cells into the tumor bed, we performed qRT-PCR 
on prostate tumors from mice treated with cabozantinib 
for 24 hours. Interestingly, we observed no increase in gene 
expression of CD3, CD4, CD8 (T-cell markers), or NKG2D 
(NK and activated CD8 T-cell marker) gene expression fol-
lowing cabozantinib treatment (Supplementary Fig. S6A). If 
intratumoral resident NK and T cells play a dominant role 
in the antitumor immune response, then removal of these 
cell types, singly and/or in combination, should attenuate 
the effects of cabozantinib on tumor clearance. To test this 
hypothesis, Pb-Cre; Ptenfl/flTrp53fl/fl mice were pretreated with 
antibodies directed against CD4/CD8 and anti-sialo GM1 to 
deplete conventional T-cell subsets (Supplementary Fig. S6B) 
and NK cells (Supplementary Fig.  S6C), respectively, fol-
lowed by coadministration of cabozantinib. We found that 
neither the CD4/CD8 nor NK-depleting antibodies, singly or 
in combination, attenuated the tumor clearance elicited by 
cabozantinib (Supplementary Fig.  S6D), suggesting that its 
antitumor immunologic mechanism is independent of both 
conventional T and NK cells.

The infiltration of neutrophils into the tumor bed within 
48 hours of cabozantinib treatment suggested that neutro-
phil effector function might play a role in tumor clearance 
(25–29). If the tumor clearance elicited by cabozantinib is 
mediated by infiltrating neutrophils, then this response 
should be abolished by concomitant granulocyte depletion 
or chemotaxis blockade with dexamethasone (30, 31) or the 
CXCR4 inhibitor plerixafor (32, 33) or HMGB1 neutraliza-
tion (34). On the other hand, if cabozantinib’s antitumor 
effects are mediated via intratumoral suppression of tumor-
promoting CD11b+/GR1+ granulocytic myeloid-derived 
suppressor cells (MDSC), then cabozantinib-induced tumor 
clearance should be unaffected by concomitant Ly6G+ granu-
locyte depletion or blockade of granulocyte chemotaxis. To test 
these possibilities, tumor-bearing Pb-Cre; Ptenfl/flTrp53fl/fl mice 
were pretreated with anti–Ly6G-depleting antibody (1A8) or 
the CXCR4 inhibitor plerixafor, followed by concomitant 
1A8 or plerixafor, respectively, and cabozantinib. In addition, 
we also evaluated the impact of HMGB1 neutralization (3E8) 
on the tumor clearance elicited by cabozantinib. Combinato-
rial treatments with 1A8 antibody/cabozantinib treatment, 
plerixafor/cabozantinib, and 3E8/cabozantinib treatment all 
resulted in a complete loss of expression of the granulocytic 
marker Ly6G and neutrophil-specific marker MPO within 
the tumor bed, relative to cabozantinib alone, demonstrat-
ing an absence of tumor-infiltrating neutrophils. Critically, 
the increased caspase-3 staining and near-complete tumor 
eradication observed with cabozantinib alone was abolished 
with 1A8 antibody/cabozantinib, plerixafor/cabozantinib, 
and 3E8/cabozantinib combination treatment (Fig.  5A). 
This demonstrates a necessary role for tumor-infiltrating 
neutrophils in cabozantinib-induced tumor clearance. More-
over, there was a direct correlation between the magnitude 
of neutrophil infiltration (Fig.  5B) and tumor caspase-3 
staining across different treatment groups (Fig.  5C). Long-
term treatment of mice with plerixafor/cabozantinib and 
3E8/cabozantinib treatment interfered with cabozantinib’s 
ability to induce tumor regression (Supplementary Fig. S7A 
and S7B), with histopathologic persistence of tumor at the 
end of 2 weeks of cotreatment (Supplementary Fig.  S7C). 

In addition, this neutrophil-mediated tumor clearance elic-
ited by cabozantinib was also attenuated by dexamethasone 
(Supplementary Fig. S8), which is known to inhibit neutro-
phil chemotaxis (30). Taken together, these data demon-
strate that cabozantinib eradicates murine invasive PTEN/
p53-deficient prostate cancer via activation of an HMGB1- 
and CXCR4-dependent, neutrophil-mediated antitumor 
innate immune response.

If soluble tumor-secreted factors are responsible for  
neutrophil chemotaxis and activation within PTEN/
p53-deficient tumors in vivo, then ex vivo treatment of tumor 
cells with cabozantinib should enhance neutrophil effector 
function. To test this hypothesis, we subjected human neu-
trophils to chemotaxis and activation in transwell migration 
and nitric oxide (NO) release assays, respectively. Consistent 
with our in vivo findings, we found that cabozantinib treat-
ment of PC3 human prostate cancer cells in the lower cham-
bers of trans wells resulted in a >3-fold increase in neutrophil 
migration from the upper chambers (Fig.  6A) and a 20% 
increase in neutrophils with NO staining in cocultured neu-
trophils (Fig. 6B), respectively. In the absence of tumor cells, 
cabozantinib treatment did not enhance neutrophil migra-
tion or increase NO staining, suggesting that the increased 
migration/activation occurs via tumor-secreted factors, and 
not via a direct effect of cabozantinib on neutrophils per se 
(Fig.  6A–C). Furthermore, the enhancement of neutrophil 
chemotaxis elicited by cabozantinib was completely abro-
gated by concomitant HMGB1 depletion (3E8) antibody 
(Fig. 6C). Taken together, these data confirm the critical role 
of cabozantinib-mediated HMGB1 release from tumor cells, 
resulting in enhanced neutrophil chemotaxis and activation. 
This reprogramming of the tumor inflammatory/immune 
chemokine network within the tumor microenvironment 
triggers a robust neutrophil infiltration and invasive cancer 
eradication (Fig. 6D).

DiscUssiON

There is an emerging body of evidence that highlights the 
impact of kinase inhibitors on the tumor immune microen-
vironment. For example, BRAF inhibitors approved for the 
treatment of V600E-mutant metastatic melanoma decrease 
the release of immunosuppressive cytokines, resulting in 
decreased MDSCs and regulatory T cells (Treg). This repro-
gramming of the immune microenvironment results in an 
increase in both MHC class I–mediated antigen presentation 
and T-cell infiltration (35, 36), thus unleashing host-adap-
tive anticancer immunity. Furthermore, recent studies have 
shown that HLA class I downregulation is associated with 
enhanced NK-cell killing of melanoma cells with acquired 
drug resistance to BRAF inhibitors (37). In contrast, the 
MEK inhibitor trametinib alone or in combination with the 
BRAF inhibitor dabrafenib suppressed T-lymphocyte prolif-
eration, cytokine production, and antigen-specific expansion. 
Monocyte-derived dendritic cell cross-presentation was also 
suppressed following combined inhibition of MEK and BRAF 
(38). Moreover, the MEK inhibitor PD0325901 induced the 
downregulation of NK-activating receptors, thus inhibiting 
NK-cell function (39), suggesting that MEK inhibitors may 
have a detrimental effect on anticancer immune activation. 
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Figure 5.  Depletion of neutrophils or blockade of neutrophil chemotaxis/infiltration abolishes cabozantinib-induced tumor clearance. A, Pb-Cre; 
Ptenfl/flTrp53fl/fl mice were treated as indicated (from left to right): untreated control; vehicle pretreatment for 3 days, followed by cabozantinib treat-
ment for an additional 3 days; 1A8 (Ly6G antibody) pretreatment for 3 days, followed by concomitant 1A8/cabozantinib treatment for an additional 
3 days; AMD3100 (CXCR4 inhibitor) pretreatment via osmotic pump for 3 days, followed by concomitant AMD3100/cabozantinib treatment for an addi-
tional 3 days; concomitant 3E8 (HMGB1 neutralization antibody)/cabozantinib treatment for 3 days (see Methods for details). At the end of treatment, 
tumor tissues were stained with H&E, Ly6G, MPO, cleaved caspase-3 (n = 3 mice per treatment group). Ly6G+ (B) and caspase-3+ (C) cells were subjected 
to automated quantification across the entire tumor section on the slide, and reported as cells per unit square area. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rd

is
c
o
v
e
ry

/a
rtic

le
-p

d
f/7

/7
/7

5
0
/1

8
3
3
6
7
1
/7

5
0
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u
s
t 2

0
2
2



Activation of Antitumor Innate Immunity in Prostate Cancer RESEARCH ARTICLE

 JULY  2017 CANCER DISCOVERY | 759 

Figure 6.  Cabozantinib treatment of human PTEN/p53-deficient prostate cancer cells enhances ex vivo HMGB1-dependent neutrophil migration and 
activation. A, PC3 cells were treated with 5 µmol/L cabozantinib for 24 hours, followed by addition of neutrophils in a Transwell migration assay for 4 
hours. The neutrophils were obtained from a single patient donor with each condition being performed in 3 separate migration Transwells (n = 3 technical 
repeats). The data are representative of n = 3 experiments. The statistical analysis was performed using one-way ANOVA with Sidak’s multiple compari-
son method. B, PC3 cells were treated with cabozantinib for 24 hours, and then cocultured with neutrophils for 6 hours, followed by nitric oxide staining 
and flow cytometry. The results were obtained from 4 separate donors (n = 4 biological repeats), with each point (each donor) representing a value that 
was averaged from 2 to 3 technical repeats. The statistical analysis was performed using one-way ANOVA followed by a Tukey post hoc test. C, PC3 cells 
were treated as described in A. For the HMGB1 rescue treatment, anti-HMGB1 clone 3E8 was added to cabozantinib-treated PC3 cells to a final con-
centration of 50 µg/mL and incubated for one hour at 37°C. The neutrophils were obtained from a single donor, with each condition being performed in 3 
separate migration Transwells (n = 3 technical repeats). The statistical analysis was performed as in A. *, P < 0.05; **, P < 0.01; ***, P < 0.001. D, Schematic 
model for cabozantinib’s effects on neutrophil-mediated activation of antitumor innate immunity within the tumor microenvironment, resulting in inva-
sive cancer clearance. The pink cells with blue nuclei represent tumor cells, whereas the yellow enlarged cells with blue nuclei represent tumors undergo-
ing immunogenic cell death following cabozantinib treatment. The white cells represent neutrophils, which are recruited and activated via engagement of 
CXCR4 with CXCL12/HMGB1 released from tumor cells. This neutrophil recruitment/activation results in tumor cell death.
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However, recent in vivo studies in a syngeneic BRAFV600E-
driven melanoma showed that single-agent BRAF inhibitor 
(dabrafenib) increased tumor-associated macrophages and 
Tregs in tumors, which decreased with the addition of the 
MEK inhibitor (trametinib). Because the combination of 
BRAF and MEK inhibitors induced PD-L1 expression, the 
triple combination of dabrafenib, trametinib, and anti–PD-1 
therapy resulted in a robust antitumor response, supporting 
a clinical trial of this combination in patients with BRAFV600E-
mutant metastatic melanoma (40).

Therapeutic induction of apoptosis is likely to result 
in intratumoral immunosuppression and peripheral toler-
ance toward the transformed cells within the tumor, thus 
contributing to the development of resistance (24). The 
majority of kinase inhibitors to date have been exclusively 
evaluated for their ability to induce apoptosis in a cell-
autonomous manner, which may limit their efficacy in the 
clinic. In this study, we observed that approximately 40% of 
the total cellular mass of Pten−/−; Trp53−/− prostate tumors 
is comprised of CD45+ immune cells, the majority of which 
are CD11bhiGR1hi myeloid suppressor cells. This immune 
cell population has been previously shown to promote 
tumor growth via bypass of the senescence response (41). 
Here, we show that cabozantinib, a promiscuous tyrosine 
kinase inhibitor, generated a potent neutrophil-mediated 
antitumor innate immune response that superseded the 
intratumoral myeloid immunosuppressive milieu, resulting 
in rapid tumor eradication in a Pten−/−; Trp53−/−-deficient 
prostate cancer model.

Neutrophils represent the first step in the generation of an 
innate immune response during an active infection and are 
promptly recruited into inflamed tissue via interaction with 
activated endothelial cells and chemokine gradients (18). 
Following recruitment/activation, neutrophils are capable 
of inducing oxidative damage through reactive oxygen spe-
cies production and protease release (27). Neutrophils are 
detected in a variety of solid tumors and play multifaceted 
roles in the tumor microenvironment (28). Neutrophils are 
functionally capable of acquiring either proinflammatory, 
antitumor (N1), or protumorigenic (N2) properties, which 
are regulated by the chemokine context within the tumor 
microenvironment (26). A recent study in the mammary 4T1 
syngeneic model showed that CD11b+/Ly6G+ neutrophils 
enhance metastasis of tumor cells via inhibition of NK cell 
function and promote tumor cell extravasation via secre-
tion of IL1β and matrix metalloproteinases (42). In contrast, 
our data are consistent with the model that neutrophils are 
recruited to the tumor microenvironment via a CXCL12/
HMGB1/CXCR4-dependent mechanism and acquire an anti-
tumor phenotype following cabozantinib treatment. These 
varied immunologic consequences of neutrophil infiltration 
within tumors are likely related to differences in mutational 
background and chemokine milieu within the tumor micro-
environment.

HMGB1 has dual roles as a nuclear protein that regulates 
transcription and nucleosome assembly, and a “danger” 
signal that elicits immune responses when released into 
the extracellular space. In the latter context, HMGB1 can 
engage TLR2, TLR4, and receptor for advanced glycation 
end products (RAGE), in addition to CXCR4, resulting 

in activation of innate immune effector functions. More-
over, Mac-1–dependent neutrophil recruitment to inflam-
matory sites induced by HMGB1 requires the presence 
of RAGE receptors on neutrophils (43). Because HMGB1 
release occurs during immunogenic or necrotic cell death 
but not as a consequence of apoptotic cell death (44), the 
finding that HMGB1 release following cabozantinib treat-
ment is required for subsequent tumor regression supports 
an immune-based anticancer mechanism for cabozantinib 
(Fig.  4E and F). In this context, HMGB1 likely activates 
both CXCR4 and CXCR4-independent mechanisms to elicit 
neutrophil-mediated antitumor innate immunity that is 
responsible for the observed tumor regression. Interestingly, 
we did not observe an increase in HMGB1 release following 
cabozantinib treatment of PTEN wild-type, p53-mutant 
human prostate cancer cells. These data suggest that PTEN 
wild-type prostate cancer cells may be less susceptible to 
immunogenic cell death than PTEN-deficient prostate can-
cer cells. However, due to the limited availability of pros-
tate cancer cell lines, it is not possible to make a definitive 
statement about the effect of mutational background on 
cabozantinib-induced HMGB1 release.

The finding that cabozantinib provokes an innate immune 
response as part of its mechanism of action has profound 
implications for its use in the presence of treatment regi-
mens that may compromise immune function, such as prior 
myeloablative chemotherapy or immune suppressive steroid 
use. Cabozantinib has received FDA approval in two differ-
ent solid malignancies, MTC (6) and RCC (9, 10). Both MTC 
and RCC typically do not respond to chemotherapy, so the 
patients enrolled in these trials were typically chemo-naïve. 
On the other hand, patients in the CRPC phase III trial were 
pretreated with docetaxel chemotherapy, which may poten-
tially explain the failure of the CRPC trial to meet its OS 
endpoint (8). In addition to neutrophil depletion, plerixafor 
treatment and HMGB1 neutralization, concomitant dexa-
methasone treatment also attenuated cabozantinib-medi-
ated tumor clearance in our study (Supplementary Fig. S8). 
This observation is clinically significant because patients 
with advanced prostate cancer are often treated with con-
comitant steroids, which could interfere with antitumor 
immune responses elicited by hormonal and/or cytotoxic 
chemotherapy (45).

There has been considerable enthusiasm about T-cell 
checkpoint blockade–based therapies in patients with 
advanced cancer. In melanoma, RCC, and non–small cell lung 
cancer, adaptive T cell–based immune checkpoint blockade 
strategies (PD-1/PD-L1 inhibitors) have already received FDA 
approval. However, there are still subsets of patients across 
all malignancies that fail to respond to these therapies. In 
specific malignancy types, such as CRPC (46, 47) and pancre-
atic ductal adenocarcinoma (48), very few responses to these 
T-cell checkpoint blockade therapies have been reported, 
highlighting a strong unmet need for investigating combina-
tion therapies to improve clinical responses to CTLA-4 and/
or PD-1/PD-L1 blockade. The combination of cabozantinib 
with approaches that activate adaptive immunity, such as 
T-cell checkpoint blockade or vaccine-based approaches, may 
provide durable benefit in patients with advanced cancer and 
warrant further investigation.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rd

is
c
o
v
e
ry

/a
rtic

le
-p

d
f/7

/7
/7

5
0
/1

8
3
3
6
7
1
/7

5
0
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u
s
t 2

0
2
2



Activation of Antitumor Innate Immunity in Prostate Cancer RESEARCH ARTICLE

 JULY  2017 CANCER DISCOVERY | 761 

MethODs

Mice and In Vivo Drug Treatment

All studies were performed on protocols approved by Beth Israel 

Deaconess Medical Center Institutional Animal Care and Use Com-

mittees. Mouse strains with Probasin Cre-driven conditional prostate-

specific knockout of Pten and Trp53 genes (Pb-Cre; Ptenfl/flTrp53fl/fl)  

have been previously described (14). Following breeding of Pb-Cre; 

Ptenfl/flTrp53fl/fl males with Ptenfl/flTrp53fl/fl females, all geno types were 

confirmed by PCR. The experimental male Pb-Cre; Ptenfl/flTrp53fl/fl mice 

underwent screening ultrasound beginning at 4 months of age, and 

then every 1 to 2 weeks until the development of a solid tumor > 5 

mm in long axis diameter. The development of the solid tumor was 

confirmed by MRI, and then the mice were assigned to different 

treatment arms. The mice were treated with cabozantinib (Active-

Biochem, 100 mg/kg in water) or PF-04217903 (c-MET inhibitor, 

Selleck, 50 mg/kg in methylcellulose) administered by once-daily 

oral gavage. At the end of the treatment period, anterior prostate 

tumor tissue was harvested and fixed in 4% paraformaldehyde 

or zinc-based fixative for histopathologic analysis, snap-frozen in 

liquid nitrogen for RNA profiling or dissociated in 2 mg/mL col-

lagenase IV (Worthington Biochemical Corp.)/2 mg/mL DNAse 

(Sigma) for flow cytometry analysis. For pretreatment studies, intra-

peritoneal injections were administered for the following drugs: 

dexamethasone (Sigma, 5 mg/kg daily in PBS), plerixafor (Sigma,  

1 mg/kg daily injection or ALZET osmotic pump 1007D loaded with 

90 mg/mL), Ly6G-depletion antibody (1A8, BioXcell, 200 µg daily 

diluted in PBS), and HMGB1-neutralizing antibody (3E8, BioLegend, 

2.5 mg/kg every other day) were administered via intraperitoneal 

injection, during the pretreatment phase for 3 days, followed by  

3 days of concomitant treatment with cabozantinib. For T-cell and 

NK-cell depletion studies, anti-CD4 depleting antibody (BioLe-

gend 300 µg) and anti-CD8 antibody (BioLegend 300 µg) were 

administered as a single intaperitoneal injection daily during the 

pretreatment phase of 3 days (day −3 to day −1), followed by a single 

injection on day +2 with concomitant cabozantinib treatment (days 

0–3). For NK-cell depletion, anti-sialo GM1 antibody (100 µg) was 

administered as a single injection 3 days prior to cabozantinib (day 

−3), and a repeat injection on day 0, concomitant with initiation of 

cabozantinib treatment (days 0–3).

Ultrasound Screening of Mice for Development of Solid 
Prostate Tumors

High-resolution ultrasound imaging of mouse prostate was car-

ried out using the Vevo 2100 System (Visual Sonics, Inc.). Briefly, 

mice of 4 to 5 months of age were anesthetized with a 3% isoflu-

rane/oxygen mixture. Abdominal hair was removed by shaving and 

depilatory cream was applied, followed by ample washing with 

sterile water to prevent irritation to the skin. Ultrasound gel was 

applied to the abdominal area of the mice and scanning performed 

with a 32- to 56-MHz Mircoscan transducer (MS-550S, Visual  

Sonics, Inc).

PET/MRI Imaging and Volumetric Analysis of Mouse 
Prostate Tumors

All mice were anesthetized with a mixture of isoflurane and oxygen 

(2.5/2.0%) for 10 minutes prior to injection of 18F-FDG. Approxi mately 

350 µCi (50 µL) of 18F-FDG was injected retro-orbitally. Sixty minutes 

after injection, mice were imaged by PET/CT using a NanoPET/CT 

(Mediso Medical Imaging Systems). Scout images were acquired, and 

the center of the field of view (FOV) for PET imaging was selected 

manually to be in the region of prostate/bladder. All mice were scanned 

for 30 minutes by PET. Following PET acquisition, mice were immedi-

ately transported from the PET scanner to an ASPECT Model M2 1T 

tabletop MRI scanner (ASPECT Magnet Technologies Ltd.). All mice 

were placed in a 35-mm mouse radiofrequency (RF) coil, calibrated to a 

RF frequency of between 43 and 45 MHz, which is used for both trans-

mission and reception. Anesthesia was maintained using isoflurane/

oxygen anesthesia via an external vaporizer maintained at a percentage 

of 2.0% and 1.5%, and respiration was monitored using a small animal 

physiologic monitoring system (BIOPAC Systems, Inc.). Scout/local-

izer images were acquired using a GRE steady-state sequence to acquire 

images in all three orthogonal planes/orientations. For prostate MRI, 

mice were positioned in the center of the magnet with bladder used as 

the anatomical reference for the center point (similar to PET acquisi-

tion). Axial T2-weighted SE images were acquired with the following 

parameters: FOV 40 × 40 mm, 1/0 mm thickness/gap, TR/TE of 

4,600/40 ms, 256 × 256 matrix, 2 NEX, and a dwell time of 30 µs. The 

NRG Console GUI (ASPECT) was utilized for online reconstruction, 

which enables data to be converted into DICOM files and archived 

for export into Vivoquant (inVICRO Inc.) image analysis software. 

PET and MRI DICOM files were loaded into the same window and 

manually adjusted for coregistration. Anatomical landmarks, i.e., blad-

der and heart, were used to register images. Volumetric analysis was 

performed using PACS software, which was developed at Beth Israel 

Deaconess Medical Center (BIDMC).

Hematoxylin and Eosin Staining and IHC

For anti-pMET antibody (pYpYpY1230/1234/1235 Invitrogen 

Cat # 44888G), tissues were fixed in 4% paraformaldehyde (PFA) 

and embedded in paraffin according to standard procedures. For all 

other antibodies utilized in this study, <3-mm-thick prostate tumor 

tissues were fixed in Tris-based zinc fixative (BD Pharmingen) 

for 36 hours at room temperature, dehydrated in a propranolol-

based tissue processor, and embedded in paraffin for sectioning. 

Approximately 5-µm-thick sections were baked for 10 minutes, de-

paraffinized, rehydrated, and post-fixed with cold acetone:formalin 

95:5 (vol/vol) for 3 minutes. The sections were then incubated with 

horse serum (7% in PBS) prior to overnight incubation at 4°C with 

the following antibodies: Ly6G (LifeSpan BioSciences Inc.), myelo-

peroxidase (Thermo Fisher Scientific), ICAM1 (BD Pharmingen), 

CD86 (BioLegend), cleaved caspase-3 (Cell Signaling Technology 

9664), and granzyme B (Abcam). Sections were then treated with 

H2O2 1:100 in PBS for 10 minutes, incubated with the appropriate 

secondary IgG antibodies followed by ABC (avidin–biotin com-

plex) reagent (Vector Laboratories), then detected by ImmPACT 

3,3′-diaminobenzidine tetrahydrochloride (DAB) peroxidase sub-

strate (Vector Laboratories).

For PTEN IHC, deparaffinization and epitope retrieval was per-

formed by EnVision FLEX, pH 9.0 (Link-K8000; Dako North Amer-

ica, Inc.). Immunostaining was performed using a DAKO autostainer 

(Autostainer Link 48; Dako North America, Inc.) following supplied 

protocol, using rabbit anti-PTEN monoclonal antibody (clone D4.3, 

Cell Signaling Technologies) at 1:100 dilution, and the reaction was 

visualized by DAB.

For quantitation of Ly6G and cleaved caspase-3 IHC staining, 

slides were digitized using a ScanScope XT (Leica Biosystems Inc.) 

and annotated using the program Aperio ImageScope (Version 12; 

Leica Biosystems Inc.). Afterward, an optimized nuclear algorithm 

was applied for Ly6G and caspase-3 analyses to identify cells positive 

for each stain across the entire tumor section on the slide.

Flow-Cytometry Analysis

After dissection, tumors were diced with razor blades and then 

digested by incubating at 37°C for 1 hour in RPMI containing 10% 

fetal calf serum, 2 mg/mL Collagenase IV, and 2 mg/mL DNase I. 

Splenocytes were obtained by macerating spleens through 70-µm 

nylon mesh; red blood cells were lysed by hypotonic lysis using 0.2% 

NaCl equilibrated to 0.9% NaCl after 30 seconds incubation at room 

temperature. Single-cell suspensions for both tumor and spleen 
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samples were obtained by straining through a 70-µm mesh filter, 

and cells were washed twice in FACS buffer (PBS containing 0.5% 

bovine serum albumin and 0.01% sodium azide). Cells were stained 

with indicated fluorophore conjugated antibodies (BioLegend) and 

analyzed using a Gallios Flow Cytometer (Beckman Coulter).

For HMGB1 cellular depletion assay, cells were recovered using 

trypsin/EDTA, fixed in 4% PFA in PBS, permeabilized in ice-cold 

methanol and incubated for at least 30 minutes in −20°C. Cells were 

then rehydrated in PBS, washed in FACS buffer, and incubated for 1 

hour in anti-HMGB1 (MBL International Corp.), washed and then 

incubated for 30 minutes with anti-mouse IgG conjugated with 

Alexa488 (Life Technologies) and subjected to flow cytometry analy-

sis using a BD FACS Calibur.

Targeted Mass Spectrometry (LC/MS) for Intratumoral 
Cabozantinib Quantification

Tissue samples were disrupted in 500 µL 80% methanol using the 

TissueLyser II and stainless steel beads at 28 Hz for 90 seconds for 3 

rounds, according to protocol as previously described (49). The tissue 

was pelleted at 14,000 rpm for 5 minutes at 4°C. The supernatant 

was collected, and the volume equivalent to 10 ng was desiccated in 

a Speed Vac. Throughout processing, the samples were chilled in a 

dry ice/ethanol bath. A 10 µL sample was injected and analyzed using 

a 5500 QTRAP hybrid triple quadrupole mass spectrometer (AB/

SCIEX). The 5500 QTRAP hybrid triple quadrupole mass spectrom-

eter (AB/SCIEX) was coupled to a Prominence UFLC HPLC system 

(Shimadzu) via selected reaction monitoring (SRM) for the Q1/Q3 

transition of 500.2/295.2 for cabozantinib. ESI voltage was +4900V 

in positive ion mode using a dwell time of 4 ms and collision energy 

of 45. Approximately 15 data points were obtained for cabozantinib 

per LC/MS-MS experiment. Samples were delivered to the MS via 

hydrophilic interaction chromatography (HILIC) using a 4.6 mm 

i.d. × 10 cm Amide Xbridge column (Waters) at 350 µL/minute and 

cabozantinib eluted at ∼3.45 minutes. Gradients were run starting 

from 85% buffer B (HPLC grade acetonitrile) to 42% B from 0 to  

5 minutes; 42% B to 0% B from 5 to 16 minutes; 0% B was held from 

16 to 24 minutes; 0% B to 85% B from 24 to 25 minutes; 85% B was 

held for 7 minutes to reequilibrate the column. Cabozantinib was 

eluted at approximately 3.50 minutes. Buffer A was comprised of 

20 mmol/L ammonium hydroxide/20 mmol/L ammonium acetate  

(pH = 9.0) in 95:5 water:acetonitrile. Peak areas from the total ion 

current for the cabozantinib metabolite SRM transition were inte-

grated using MultiQuant v2.0 software (AB/SCIEX). For the con-

centration curve data, cabozantinib was prepared at concentrations 

of 1 nmol/L, 250 nmol/L, 500 nmol/L, 1 µmol/L, 10 µmol/L, and  

30 µmol/L in 40% methanol. Five microliters of each sample was 

injected using the parameters described above.

Cell Culture and Apoptosis Assays

PC3, VCAP, 22Rv1, and DU145 prostate cancer cells were pur-

chased from the ATCC in February 2016, where they had been authen-

ticated by short tandem repeat profiling. PC3, VCAP, and DU145 

cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% FBS. 22Rv1 cells were cultured in Roswell 

Park Memorial Institute (RPMI) media supplemented with 10% FBS. 

AC1, AC3, and SC1 cells (all derived from murine PTEN/p53-deficient 

prostate tumors) were obtained from and authenticated by the Kelly 

laboratory in July 2013, at the NCI (50). AC1 cells were cultured in 

PrEGM BulletKit media (Lonza Inc.). AC3 and SC1 cells were cultured 

in PrEGM BulletKit media supplemented with 10% FBS. All cell lines 

were routinely tested for Mycoplasma (MycoAlert; Lonza).

For cell death assays, the cells were treated with 10 or 30 µmol/L 

cabozantinib. Apoptosis was performed using Annexin V:FITC Apop-

tosis Detection Kit I. Apoptosis data were analyzed using BD LSR 

II Flow Cytometer and FlowJo software. For HMGB1 depletion 

and assays, cells were treated with cabozantinib (10 or 30 µmol/L), 

doxorubicin (1 µmol/L), or DMSO control, and analyzed by flow 

cytometry.

RNA Sequencing and Gene Set Enrichment Analysis

RNA sequencing on murine Ptenfl/flTrp53fl/fl whole tumors was 

performed using standard protocols involving RNA integrity check, 

poly-A selection, and TruSeq library preparation. Gene set enrich-

ment analysis was performed using application default parameters 

and MSigDB gene sets. Sequencing was performed on the Illumina 

HiSeq2500 with 5 to 6 samples per lane. Short reads (PE 2 × 75) were 

aligned to the mm9 reference genome using TopHat with default 

parameters. Cufflinks with GC and upper quartile normalization was 

used to calculate gene expression levels for all RefSeq genes (annota-

tion downloaded from UCSC on March 2014). Quality control was 

performed using FastQC and visual analysis using R and IGV. For 

heat map visualization, genes expression levels were normalized to a 

0–1 scale using maximum expression across all samples analyzed and 

represented using a green–black–red color scale.

Real-time Quantitative PCR

For gene expression analysis from murine PTEN/p53-deficient 

whole tumors, RNA was isolated using an RNEasy isolation kit  

(Qiagen) according to the manufacturer’s protocol. Reverse transcrip-

tion was conducted on 1 µg of total RNA using iScript cDNA Synthe-

sis Kit (BioRad). Real-time quantitative PCR (RT-qPCR) analyses was 

performed using QuantiFast SYBR Green PCR Kit (Qiagen). A com-

parative CT (threshold cycle) was used to determine gene expression 

and analyzed against the endogenous genes of murine β-actin. The 

experiments were carried out three times in triplicate (3 to 4 mice per 

group). Specific primers for the following genes were obtained from 

Integrated DNA Technologies: murine CXCL12: 5′ TGCATCAGT 

GACGGTAAACCA 3′, 5′ TTCTTCAGCCGTGCAACAATC 3′; murine 

CXCR4: 5′ GAAGTGGGGTCTGGAGACTAT 3′, 5′ TTGCCGACTAT 

GCCAGTCAAG 3′; murine CD86: 5′ forward – TCA ATG GGA CTG 

CAT ATC TGC C 3′, reverse – 5′ CAG CTC ACT CAG GCT TAT GTT 

TT 3′; murine CD3: 5′ AGCGGGATTCTGGCTAGTCT 3′, 5′ CGCTG 

GTATTGCAGGTCACAA 3′; murine CD4: 5′ TCCTAGCTGTCACT 

CAAGGGA 3′, 5′ TCAGAGAACTTCCAGGTGAAGA 3′; murine CD8: 

5′ CCGTTGACCCGCTTTCTGT 3′, 5′ CGGCGTCCATTTTCTTTG 

GAA 3′; and murine NKG2D: 5′ACTCAGAGATGAGCAAATGCC 3′, 

5′ CAGGTTGACTGGTAGTTAGTGC 3′.

ELISA and Phospho-RTK Proteomic Assays

For ELISA analysis, SC1, VCaP, 22Rv1, and DU145 cells were 

treated with DMSO, cabozantinib (10 µmol/L), or doxorubicin (1 

µmol/L) for 32 hours. ELISA was performed for CXCL12 (R&D 

Systems) and/or HMGB1 (LSBio Inc.) on cell culture supernatant 

as indicated, according to the manufacturer-supplied protocols. 

For phospho-RTK proteomic analysis (R&D Systems), human and 

murine prostate cancer cell lines were treated with DMSO or cabo-

zantinib (10 µmol/L) for indicated times, and then cell lysates were 

analyzed according to the manufacturer supplied protocol.

RNA In Situ Hybridization

Formalin-fixed, paraffin-embedded (FFPE) tissues were cut into 

4-µm-thick serial sections. RISH was performed using mouse CXCL12 

probe (Advanced Cell Diagnostics) and RNAscope detection kit 2.0 

HD Red (Advanced Cell Diagnostics) according to the manufacturer-

supplied protocol.

Combined In Situ Hybridization and IHC

In situ hybridization for CXCL12 was performed using mouse 

CXCL12 probe as described above. After the signal detection step, 
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slides were rinsed in distilled water, stained with anti-PTEN antibody 

at 1:100 using a DAKO autostainer following supplied protocol, and 

the reaction was visualized by DAB.

Human Neutrophil Isolation and Ex Vivo Neutrophil 
Migration Assay

All neutrophils were isolated from 10 mL of whole human blood 

with EDTA as an anticoagulant (Research Blood Components) by 

negative selection using the EasySep human neutrophil isolation kit 

(StemCell Technologies Cat #19666). PC3 cells (ATCC) were cultured 

in RPMI-1640 (Life Technologies) supplemented with 10% FBS (Life 

Technologies) and 10% PenStrep (Life Technologies). PC3 cells were 

then plated on 24-well plates (Greiner Bio One, Cat. #89131-690) 

at a density of 60,000 cells/well. A working volume of 500 µL of 

media was used throughout the experiments. After plating, cells were 

allowed to adhere for 24 hours. Following attachment, PC3 cells 

were treated with 5 µmol/L cabozantinib or DMSO (vehicle control) 

in unsupplemented serum-free RPMI-1640 for 24 hours. Freshly 

isolated human neutrophils (200,000) were then placed in the top 

of the 3-µm polycarbonate Transwell insert (Corning, Cat. # 29442-

110) in 100 µL of unsupplemented serum-free RPMI-1640. Cells were 

incubated at 37°C for 4 hours. Media (100 µL) was then collected 

from the bottom of the Transwell. A 30 µL sample was then analyzed 

using flow cytometry to count the number of migrated neutrophils. 

For blocking experiments, anti-HMGB1 clone 3E8 was added to 

cabozantinib-treated PC3 cells to a final concentration of 50 µg/mL 

and incubated for 1 hours at 37°C.

Nitric Oxide Staining

PC3 cells were cultured as described above, and then plated on 

96-well plates (Greiner Bio One, Cat. # 655180) at a density of 20,000 

cells per well and allowed to adhere for 24 hours following plating. 

Cells were then treated with 5 µmol/L cabozantinib or DMSO (vehi-

cle control) in RPMI-1640 supplemented with 0.5% BSA for 24 hours.

Freshly isolated human neutrophils were then cocultured with 

PC3 cells treated with DMSO (vehicle-treated) in basal RPMI, and 

PC3 cells treated with 5 µmol/L cabozantinib for 6 hours. In parallel, 

neutrophils were also cultured in media alone and media containing 

5 µmol/L cabozantinib for 6 hours to assess the impact of cabozan-

tinib on activation of neutrophils.

Approximately 500,000 neutrophils were cocultured for a 1:25 

PC3:neutrophil ratio. After 6 hours, cell culture supernatant con-

taining neutrophils was collected and centrifuged at 1,800 rpm for 5 

minutes. Cells were resuspended in 20 mmol/L HEPES buffer solu-

tion in PBS and stained with DAF-FM diacetate in DMSO (Molecular 

Probes, Cat. # D-23844) at a final concentration of 5 µmol/L. Cells 

were stained for 15 minutes at 37°C as described previously (51). 

Cells were washed once in 20 mmol/L HEPES in PBS, and analysis 

was performed immediately by flow cytometry.

Statistical Analysis

GraphPad Prism 6 software (GraphPad Software Inc.) was used for 

all statistical analyses. The results are presented as mean ± standard 

deviation. Paired t tests were used to assess the statistical significance 

of the change in gene/chemokine protein levels at baseline and fol-

lowing cabozantinib treatment. Values of P < 0.05 were considered 

statistically significant. For statistical analysis of the Ly6G and cas-

pase-3 IHC data, a one-way analysis of variance (ANOVA) followed 

by a Tukey post hoc test was performed with a P < 0.05 level of sig-

nificance. For neutrophil migration experiments (including HMGB1 

blocking by Anti-HMGB1), a one-way ANOVA test, using Sidak’s 

multiple comparison method, was performed with a P < 0.05 level of 

significance. For analyzing the increase in nitric oxide production, a 

one-way ANOVA test followed by a Tukey post hoc test was performed 

with a P < 0.05 level of significance.
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