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Abstract 22 
Multiple immune cell types can infiltrate tumors to promote progression and metastasis 23 
through different mechanisms, including immune-suppression. It is currently unclear 24 
how distinct genetic alterations in the tumor impact the composition of the immune 25 
landscape. Here, we have characterized the immune cell composition of prostate cancers 26 
driven by the loss of the critical tumor suppressor gene, Pten, either alone, or, in 27 
combination with the loss of Trp53, Zbtb7a or Pml. We found a striking quantitative and 28 
qualitative heterogeneity that is directly dependent on the specific genetic events in the 29 
tumor and ranges from “cold”, non-inflamed tumors to massively infiltrated landscapes, 30 
with important therapeutic implications. Further, we show that these qualitative 31 
differences are observed in transcriptomic analysis of human prostate cancer samples. 32 
These data suggest that patient stratification on the basis of integrated genotypic-33 
immune phenotypic analyses is needed for successful clinical trials and tailored 34 
precision immune therapies.   35 
 36 
 37 
  38 
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Introduction 39 
The tumor microenvironment (TME) plays an important role in tumor progression and response 40 
to therapy1-4, and immune checkpoint-targeting inhibitors are revolutionizing cancer therapy5. 41 
However in prevalent tumor types, such as prostate cancer, significant responses to checkpoint 42 
blockade has been only observed in subsets of patients, suggesting that both patient selection 43 
and combination therapy could be crucial6-8. In this regard, exploiting the role of innate 44 
immunity, which has been shown to play a key pro-tumoral role9,10, has recently attracted 45 
considerable attention. The recruitment and function different types of immune cells in the TME 46 
change significantly during tumor evolution1,3,11, in a process that seems to be strongly context-47 
dependent12,13, while “immune-desert” tumors have been also observed especially in patients 48 
resistant to immunotherapy14. Still, the precise determinants that trigger a specific immune 49 
landscape are not clear and it is currently unknown whether, or how, its evolution is directly 50 
driven by the genetic make-up of cancer, which in turn limits the precision of therapeutic 51 
immune interventions.  52 

Here, we demonstrate that different genetic backgrounds in prostate cancer profoundly 53 
influence the composition of the TME. In particular, we characterized the nature and role of 54 
immune cell components of genetically engineered mouse models (GEMMs) of prostate cancer 55 
driven only by the loss of Pten15, or the compound loss of Pten along with the loss of 56 
Zbtb7a/Pokemon16, p5317, or Pml tumor suppressors (the Pten; Pml prostate specific double null 57 
GEMM is described in Chen et al. in press). Our data  support the notion that the integrated 58 
analysis of the genetic make-up and immune landscape of cancer is essential for the 59 
development of precision immunotherapy. 60 
 61 
 62 
 63 
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Results 64 
The genetic make-up of prostate cancer dictates the composition of immune infiltrates in 65 
the primary tumor. 66 
To address whether the genetic make-up of cancer impacts the component of the TME, we  67 
analyzed GEMMs driven by distinct genetic alterations representative of human prostate 68 
cancer18,19. In addition to the non-lethal Pten-loss driven mouse model (PtenLx/Lx;Probasin-Cre, 69 
prostate specific loss of PTEN; referred to as Ptenpc-/-), we characterized the composition of the 70 
immune cells in tumors from Ptenpc-/-;Pmlpc-/-, Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/- mice, 71 
which all display very aggressive phenotypes. 72 

We first analyzed T cells (CD3+), B cells (CD19+/B220+), macrophages (CD11b+/F480+) 73 
and Gr-1+/CD11b+ myeloid cells (immature myeloid cells, monocytes, neutrophils) in whole 74 
prostate tumor at 3 months of age. At this age, all of the analyzed GEMMs developed high-75 
grade prostatic intraepithelial neoplasia with locally invasive prostatic adenocarcinoma only 76 
observed in Ptenpc-/-;Zbtb7apc-/-, Ptenpc-/-;Trp53pc-/- and Ptenpc-/-;Pmlpc-/- mice (Fig. 1a, b, black 77 
arrows). While we could not detect any changes in cell populations in the spleen between 78 
control and tumor bearing mice, or between different models (Supp. Fig. 1a), the primary tumor 79 
tissue showed profound differences in the immune cell infiltrates in the various GEMMs (Fig. 1c 80 
and Supp. Fig. 1b, c and d). Consistent with a previous report20, Gr-1+/CD11b+ cells were 81 
increased in Ptenpc-/- prostate tumors as compared to control prostates. Moreover, compound 82 
loss of Zbtb7a or p53 further increased the accumulation of Gr-1+/CD11b+ cells, when 83 
compared to Ptenpc-/- mice. By contrast, the infiltration of Gr-1+/CD11b+ cells as well as T cells 84 
was decreased in Ptenpc-/-;Pmlpc-/- tumors compared to the other models (Fig. 1c, d and Supp. 85 
Fig. 1b).  86 

Next, in order to understand how the immune landscape evolves during the progression of 87 
tumoral growth, we analyzed our prostate cancer models at 6 months of age. At this stage, 88 
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Ptenpc-/-;Trp53pc-/- mice displayed larger tumors compared to Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-89 
;Pmlpc-/- mice (Fig. 1e). Remarkably, while we did not detect major changes in cell populations in 90 
the spleen of these tumor-bearing mice (Supp. Fig. 2a), the immune landscapes of the three 91 
models diverged even further in accordance with the profiles observed at 3 months of age (Fig. 92 
1f and Supp. Fig 2b). The Ptenpc-/-;Pmlpc-/- tumors still had a limited immune infiltrate, whereas 93 
the Ptenpc-/-;Zbtb7apc-/- immune landscape was dominated by Gr-1+/CD11b+ cells. The Gr-94 
1+/CD11b+ population was also increased in Ptenpc-/-;Trp53pc-/- mice along with a marked 95 
recruitment of T cells and macrophages. Interestingly, further analysis revealed that the majority 96 
of macrophages had an M2-like phenotype (CD11b+/F4/80+/CD206+) (Supp. Fig 2c) and that 97 
the increase of CD3+ cells reflected the recruitment of CD4+/FoxP3+ T regulatory cells (Treg), 98 
defining a potentially favorable microenvironment for cancer immune-evasion (Supp. Fig. 2d, e, 99 
f). These data indicate that the genetic make-up of prostate cancer determines the composition 100 
of the immune infiltrate in the primary tumor. 101 
 102 
Characterization of Gr-1+/CD11b+ cells in Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/- 103 
prostate tumors. 104 
The population of Gr-1+/CD11b+ cells is heterogeneous and comprises mature neutrophils, 105 
monocytes and immature myeloid cells (iMC). The latter, when able to suppress cytotoxic T 106 
cells, are functionally classified as myeloid derived suppressor cells (MDSCs)21. MDSCs can be 107 
further divided into polymorphonuclear MDSCs (PMN-MDSCs) and monocytic MDSCs (Mo-108 
MDSCs) based on morphological analysis and on the expression of the markers Ly6C and 109 
Ly6G13,21. Thus, we determined the morphology of the tumor infiltrated Gr-1+/CD11b+ cells in 110 
the two models that showed the highest levels of infiltration of myeloid cells at 3 months of age 111 
(Fig. 2a). This analysis verified the partly hypersegmented granulocytic phenotype of the Gr-112 
1+/CD11b+ cells in Ptenpc-/-;Zbtb7apc-/-, distinctive of PMN-MDSCs and neutrophils. In contrast, 113 
the Ptenpc-/-;Trp53pc-/- infiltrated Gr-1+/CD11b+ cell population appeared heterogeneous and 114 
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included both polymorphonuclear and mononuclear cells. Using immunohistochemistry (IHC) of 115 
the Ly6G epitope (Supp. Fig. 3a), we find that Ly6G+ cells reside mainly in the intra-epithelium 116 
of Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/- tumors. Strikingly, compared to IHC of other immune 117 
cell infiltrates (Supp. Fig. 3b) that were primarily located in the stroma, only Ly6G+ cells were 118 
detected in close proximity to tumor cells.  119 
We next examined the expression level of a panel of genes implicated in the pro-tumoral 120 
function of myeloid cells21. The Gr-1+/CD11b+ cells in Ptenpc-/- mice were recently shown to 121 
support prostate tumors by opposing the senescence response and also through classical 122 
immune suppression via Arginase 1 (Arg1) and inducible nitric oxidase (iNOS) expression20,22. 123 
Interestingly, Gr-1+/CD11b+ cells sorted from Ptenpc-/-;Zbtb7apc-/- tumors showed low expression 124 
of Arg1 as well as iNOS, whereas Gr-1+/CD11b+ cells from Ptenpc-/-;Trp53pc-/- tumors showed 125 
high expression of Arg1 and low expression of iNOS when compared to Gr-1+/CD11b+ cells 126 
sorted from Ptenpc-/- tumors (Fig. 2b). Notably, Gr-1+/CD11b+ cells sorted from Ptenpc-/-127 
;Zbtb7apc-/- tumors showed higher expression of  the tumor promoting genes S100a9, S100a8 128 
and Il1b13,16,22-25 when compared to Gr-1+/CD11b+ cells from Ptenpc-/- and Ptenpc-/-;Trp53pc-/- 129 
tumors (Fig. 2c and Supp. Fig. 4a). Ptenpc-/-;Zbtb7apc-/- intra-tumoral Gr-1+/CD11b+ cells 130 
displayed a specific upregulation of these genes when compared to Gr-1+/CD11b+ cells from 131 
the peripheral blood (Supp. Fig. 4b) or to CD49f+ tumor cells (Supp. Fig. 4c). 132 

We next assessed the expression levels of Il1026 and Cd409,27, which are both associated 133 
with Treg cell function. Both genes were upregulated in Gr-1+/CD11b+ cells sorted from Ptenpc-/-134 
; Trp53pc-/- tumors, when compared to those sorted from Ptenpc-/-; Zbtb7apc-/- and Ptenpc-/- tumors 135 
(Fig. 2d), suggesting genotype-specific modes of tumor promotion mediated by myeloid cells. 136 

To further characterize the phenotype of these Gr-1+/CD11b+ cells we studied the 137 
expression of the Ly6G and Ly6C epitopes21 (Fig. 2e and Supp. Fig. 4d). Flow cytometry 138 
analysis of primary tumors at 3 months of age revealed that CD11b+ cells in Ptenpc-/-;Zbtb7apc-/- 139 
and Ptenpc-/-;Trp53pc-/- tumors were significantly different (Fig. 2e,f). While Ptenpc-/-;Zbtb7apc-/- 140 
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tumors contained primarily CD11b+/Ly6G+/Ly6Cint cells with immune phenotypic features of 141 
PMN-MDCSs/neutrophils21,28, Ptenpc-/-;Trp53pc-/- tumors mainly recruit CD11b+/Ly6G-/Ly6Chi 142 
cells with immune phenotypic features of Mo-MDSCs/monocytes21. At 6 months of age, the 143 
myeloid infiltrate of primary tumors in Ptenpc-/-;Zbtb7apc-/- mice was still dominated by 144 
polymorphonuclear cells (Fig. 2g). By comparison, Ptenpc-/-;Trp53pc-/- CD11b+ cells showed an 145 
increase in CD11b+/Ly6G+/Ly6Cint cells accompanied by a slight decrease in the monocytic 146 
population, potentially secondary to differentiation of these cells into macrophages29-31, which 147 
were markedly increased at this time point (Fig. 1f and 2f). In order to gain additional insights 148 
into the role of the monocytic and PMN populations detected in the Ptenpc-/-;Trp53pc-/- tumors at 3 149 
months of age, we repeated the aforementioned gene expression analysis in CD11b+/Ly6G-150 
/Ly6Chi and CD11b+/Ly6G+/Ly6Cint  sorted cells (Fig. 2h). The Ly6G+/Ly6Cint cells showed high 151 
expression of S100a8/a9 and Il1b, similar to the Gr-1+/CD11b+ cells collected from Ptenpc-/-152 
;Zbtb7apc-/- tumors, while the Ly6G-/Ly6Chi population emerged as the primary contributor to the 153 
elevated levels of the immune suppressive genes Arg1, Il10 and Cd40. 154 
 155 
Genotype specific chemokine expression pattern are directly influenced by gene loss in 156 
Ptenpc-/-;Zbtb7apc-/- compared to Ptenpc-/-;Trp53pc-/-  tumors. 157 
To examine the mechanism of recruitment of Gr1+/CD11b+ cells, we initially analyzed our 158 
available microarray data set for expression of cytokines in Ptenpc-/-;Zbtb7apc-/- compared to 159 
Ptenpc-/- tumors16. Various cytokines were differentially regulated between the two models and 160 
loss of Zbtb7a in a Pten deficient setting leads to the upregulation of a very specific 161 
inflammatory program (Supp. Fig. 5a). In particular, Cxcl5, a member of the CXC-type 162 
chemokines and known attractant of granulocytic cells via Cxcr232-34, was one of the highest 163 
differentially regulated genes between Ptenpc-/- and Ptenpc-/-;Zbtb7apc-/- tumors (Supp. Fig. 5b). 164 
Expression analysis of selected chemokines from the CXC (Fig. 3a left) and the CC families 165 
(Fig. 3a right) in Ptenpc-/-, Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/- derived prostate tumors 166 
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validated that Cxcl5 was indeed specifically upregulated in Ptenpc-/-;Zbtb7apc-/- tumors (Supp. 167 
Fig. 5c). Likewise, protein level of Cxcl5 was only increased in Ptenpc-/-;Zbtb7apc-/- tumors (Fig. 168 
3b).  169 

As established by our own group and also by others, Zbtb7a is known to act as a 170 
transcriptional repressor16,35,36. Therefore, we hypothesized that Zbtb7a may transcriptionally 171 
suppress Cxcl5. Chromatin immunoprecipitation (ChIP) analysis of CXCL5 in RWPE-1 human 172 
immortalized prostate epithelial cells (Fig. 3c) confirmed that ZBTB7a is present on the CXCL5 173 
locus and, consistent with this, overexpression of ZBTB7a led to downregulation of CXCL5 174 
expression (Fig. 3d). Zbtb7a functions as a tumor suppressor in prostate cancer through the 175 
inhibition of Sox9 transcriptional activity that is elevated in Pten deficiency16. Accordingly, similar 176 
to the regulation of other Sox9 target genes, Cxcl5 was not upregulated in Pten sufficient 177 
Zbtb7apc-/- prostates that lack high expression of Sox9 (Supp. Fig. 5d). Furthermore, knockdown 178 
of SOX9 by siRNA in RWPE1 cells suppressed the expression of CXCL5 whereas knockdown 179 
of ZBTB7a induced it (Fig. 3e). Lastly, we confirmed by ChIP that SOX9 is bound to the 180 
promoter of CXCL5 (Fig. 3f). Thus, we conclude that Zbtb7a can repress Cxcl5 gene expression 181 
through Sox9 inhibition and its loss in a Pten deficient setting leads to the overexpression of the 182 
Cxcl5 chemokine through increased Sox9 activity. 183 

Our chemokine analysis further revealed a different pattern of inflammatory mediators in 184 
Ptenpc-/-;Trp53pc-/- tumors compared to Ptenpc-/-;Zbtb7apc-/- tumors (Fig. 3a). Specifically, we found 185 
that Cxcl17, which was reported as an attractant for monocytic cells37, was upregulated in 186 
Ptenpc-/-; Trp53pc-/- tumors as compared to the other models. Thus, similar to the regulation of 187 
CXCL5 by ZBTB7a, we next investigated whether p53 could transcriptionally suppress CXCL17. 188 
Intriguingly, knockdown of p53 expression by siRNA treatment in RWPE1 cells induced 189 
expression of CXCL17 (Fig. 3g) and ChIP analysis confirmed the ability of p53 to bind the 190 
promoter of CXCL17 (Fig. 3h). In summary, these data suggest that p53 differentially regulates 191 
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expression of CXCL17 in prostate epithelial cells, and the loss of p53 leads to the specific 192 
upregulation of CXCL17 in Ptenpc-/-; Trp53pc-/-. 193 
 194 
Differential mechanisms of Gr-1+/CD11b+ cell recruitment in Ptenpc-/-;Zbtb7apc-/- compared 195 
to Ptenpc-/-;Trp53pc-/-  tumors.  196 
Immature myeloid cells that reside in the bone marrow can be induced to acquire phenotypic 197 
features of MDSC upon addition of GM-CSF and interleukin-6 (IL6) to the culture medium38. To 198 
analyze the potential role of CXCL5 and CXCL17 in shaping the TME, we first cultured mouse  199 
bone marrow (BM) cells and Gr1+ cells isolated from the BM with IL6 and GM-CSF alone or in 200 
the presence of either CXCL5 or CXCL17. After 4 days of culture we did not observe any 201 
significant difference in the expression of the Ly6C and Ly6G markers or in the expression 202 
profile of the genes tested (Fig. 4a and Supp. Fig. 6a,b), suggesting that these two chemokines 203 
are not major determinants of immature myeloid cell phenotype. Nevertheless, in accordance 204 
with previous studies34,37, we were able to validate the function of CXCL5 and CXCL17 as 205 
chemoattractants for PMN and monocytic cells, respectively. We performed a transwell 206 
migration assay by using recombinant proteins and either Gr1+ cells (which are mostly 207 
Ly6G+/Ly6Cint PMN cells) or monocytes isolated from the bone marrow of healthy mice (Supp. 208 
Fig. 6c). CXCL5 strongly induced the migration of Gr1+ cells but not of monocytic Ly6G-/Ly6Chi 209 
cells (Fig. 4b), whereas CXCL17 showed a concentration-dependent effect only on monocytes 210 
(Fig. 4c)37. 211 

Since there is currently no reliable anti-CXCL17 antibody available for in vivo neutralization 212 
of mouse CXCL17, we sought to assess the role of Cxcl17 in Ptenpc-/-;Trp53pc-/- tumors by 213 
establishing organoid cultures. We isolated prostate cells from Ptenpc-/-;Trp53pc-/-, Ptenpc-/-214 
;Zbtb7apc-/- and wild type mice and propagated them in vitro. Western blot analysis confirmed 215 
that the genetically targeted tumor suppressor genes were almost completely absent (Fig. 4d). 216 
Furthermore, IHC showed Ptenpc-/-;Trp53pc-/-, Ptenpc-/-;Zbtb7apc-/- organoids with a histological 217 
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pattern similar to the mouse model of origin as well as elevated levels of both pAKT and Ki67 218 
(Fig. 4e). Importantly, Cxcl17 expression was higher in the Ptenpc-/-;Trp53pc-/- organoids, when 219 
compared to Ptenpc-/-;Zbtb7apc-/- and wild type (Fig. 4f). 220 

Next, we performed a transwell migration assay using organoid conditioned medium (CM) 221 
and monocytes isolated from the bone marrow of 3 months old mice (Fig. 4g and Supp. Fig. 6c). 222 
In line with what we observed in prostate cancer mouse models, the migration of monocytic 223 
cells was greater using CM from Ptenpc-/-;Trp53pc-/- organoids when compared to CM from 224 
Ptenpc-/-;Zbtb7apc-/- and wild type organoids (Fig. 4h). Notably, Cxcl17 stable knockdown in 225 
Ptenpc-/-;Trp53pc-/- organoids (Fig. 4i) reduced the migration of monocytes to a degree that was 226 
similar to what we observed for Ptenpc-/-;Zbtb7apc-/- organoid CM (Fig. 4j and h), but had no effect 227 
on the migration of Gr1+ cells isolated from the BM (Fig. 4k).Collectively, our results support the 228 
idea that CXCL5 favors the infiltration of PMN myeloid cells in Ptenpc-/-;Zbtb7apc-/- tumors, while 229 
CXCL17 can be a chemoattractant for Mo-MDSCs in the Ptenpc-/-;Trp53pc-/- model. 230 
 231 
Selective blockade of Gr-1+/CD11b+ cells in Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/- 232 
impact tumorigenesis.  233 
The identification of Gr-1+/CD11b+ cells as MDSCs is based on the functional evaluation of pro-234 
tumoral, immune-mediated mechanisms. Based on our gene expression analysis, and on the 235 
presence of Treg cells in Ptenpc-/-;Trp53pc-/- tumors (Fig. 5a), we performed ex vivo co-culture of 236 
CD4+ T cells with Gr1+/CD11b+ cells sorted from either Ptenpc-/-;Trp53pc-/- or Ptenpc-/-;Zbtb7apc-/- 237 
tumors. Notably, only Gr1+/CD11b+ cells sorted from Ptenpc-/-;Trp53pc-/- mice were able to 238 
induce the expansion of Treg cells (Fig. 5b). Therefore, in accordance with the recently 239 
published recommendation for MDSC nomenclature21, we conclude that at 3 months of age the 240 
Ptenpc-/-; Trp53pc-/- TME is characterized by the presence of Mo-MDSCs whereas Ptenpc-/-241 
;Zbtb7apc-/- tumors are infiltrated by PMN-MDSC-like cells (PMN-MDSC-LC).  242 
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In order to validate our results in vivo, we initially tested the pro-tumoral activity of Gr-243 
1+/CD11b+ cells by neutralizing CXCL5 in 3-4 months old Ptenpc-/-;Zbtb7apc-/- mice, using an 244 
anti-mouse CXCL5 antibody. After 4 weeks of treatment we observed a reduction in tumor 245 
growth associated with a decrease of the intra-tumoral Gr-1+/CD11b+ cells (Fig. 5c and Supp. 246 
Table 1). The depletion of the myeloid infiltrate did not affect the number of Treg cells and  did 247 
not result in an increase in CD8+ T cells (Fig. 5d), supporting our hypothesis that PMN cells that 248 
infiltrate Ptenpc-/-;Zbtb7apc-/- are not immune suppressive and can therefore be classified as 249 
PMN-MDSC-LC. Additionally, similar results on tumor growth were obtained by the treatment of 250 
the Ptenpc-/-;Zbtb7apc-/- mice with an anti-Ly6G depletion antibody39 specific for PMN myeloid 251 
cells (Supp. Fig. 7a).  252 

Next, to assess the role of Gr-1+/CD11b+ cells in the Ptenpc-/-;Trp53pc-/- model, we used an 253 
anti-Gr1 monoclonal antibody for the depletion of both Ly6G+ and Ly6C+ cells40. After 3 weeks 254 
of treatment, 3-4 months old mice showed a decrease in tumor growth and confirmed the 255 
depletion of intra-tumoral Gr-1+/CD11b+ cells (Fig. 5e and Supp. Table 1). Anti-Gr1 treated 256 
Ptenpc-/-;Trp53pc-/- mice displayed a decrease in Treg cells associated with an increase in CD8+ 257 
T cells (Fig. 5f). This analysis validates the Ptenpc-/-;Trp53pc-/- myeloid infiltrate as Mo-MDSCs.  258 

Finally, we aimed to determine tumor growth rates upon CXCR2 antagonist SB225002 259 
(CXCR2i) treatment, which is known to inhibit Gr-1+/CD11b+ cell attraction41,42. CXCR2 260 
inhibition led to a decrease of Gr-1+/CD11b+ cells in all the models tested (Fig. 5g) and 261 
significantly suppressed the tumor growth of both Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/- but 262 
not the growth of the Ptenpc-/-;Pmlpc-/- tumors (Fig. 5h and Supp. Table 1). Subsequent 263 
histological analysis in Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/- demonstrated that, while vehicle 264 
treated tumors displayed large tumor areas containing PIN lesions and complex glandular 265 
structures, the CXCR2 inhibitor treated mice displayed prostate glands with diminished tumor 266 
involvement and large tumor cysts (Supp. Fig. 7b). Moreover, Ptenpc-/-; Trp53pc-/- prostate tumors 267 
showed fewer Treg cells after treatment with SB225002 (Supp. Fig. 7c). Altogether, these data 268 
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confirm that Gr-1+/CD11b+ cells in Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/-, but not in the 269 
Ptenpc-/-;Pmlpc-/- tumors, exert a critical role in tumor progression and maintenance. 270 
 271 
Gr-1+/CD11b+ cells in Ptenpc-/-;Zbtb7apc-/- promote tumor progression by impacting the 272 
NFkB signaling pathway. 273 
Similar to Ptenpc-/-;Zbtb7apc-/- tumors, intratumoral PMN cells have recently been observed in a 274 
different mouse model of prostate cancer, the Ptenpc-/-;Smad4pc-/-34. However, in that specific 275 
case, as well as in other tumor types13, the PMN infiltrate displayed immunosuppressive activity. 276 
Therefore, we further investigated the mechanism by which PMN-MDSC-LCs promote Ptenpc-/-277 
;Zbtb7apc-/- tumor growth. S100A9 was previously implicated in tumor progression through the 278 
upregulation of several pro-tumorigenic signaling pathways, including NFkB signaling through 279 
the activation of the RAGE/TLR4 receptors43. Similarly, IL1b is known as a regulator of 280 
inflammatory responses and as a pro-tumorigenic cytokine. It also activates NFkB signaling 281 
through its type 1 receptor44. In line with these published results, gene set enrichment analysis 282 
of microarray data obtained from Ptenpc-/- and Ptenpc-/-;Zbtb7apc-/- tumors shows an enrichment 283 
for NFkB target genes, specifically in Ptenpc-/-;Zbtb7apc-/- tumors (Supp. Fig. 8a), which we 284 
validated by western blot analysis showing increased pIRAK4 and decreased IkBa expression in 285 
Ptenpc-/-;Zbtb7apc-/- tumors (Supp. Fig. 8b). Conversely, western blot analysis of Ptenpc-/-;Zbtb7apc-286 
/- tumors treated with the CXCR2i showed  increased IkBa protein levels (Supp. Fig. 8c) as well 287 
as reduced expression of CXCL5, a known NFkB target gene (Supp. Fig. 8d). This result 288 
indicates a negative regulation of NFkB signaling after inhibition of Gr-1+/CD11b+ cell 289 
recruitment, and thereby links tumor promotive NFkB activation with Gr-1+/CD11b+ cell activity 290 
specifically in Ptenpc-/-;Zbtb7apc-/- tumors. 291 
 292 
 293 
Validation of the association between tumor genotypes and differential immune-294 
infiltrates in human samples. 295 
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Gene expression signatures have been shown to be an effective method to characterize the 296 
TME and can have a profound prognostic potential45. We took advantage of this approach to 297 
validate, in human samples, the association between CXCL5/17 and tumor-associated immune 298 
cells. To this end, we interrogated the 498 samples of The Cancer Genome Atlas (TGCA) 299 
provisional prostate adenocarcinoma dataset using a gene signature for PMN cells (PMN-300 
Signature) and a gene signature for monocytic MDSCs and M2-like macrophages (Mo-301 
Signature) (Methods and Supp. Table 2)34,46. The PMN signature clustered the TGCA samples 302 
into three groups: PMN-high, PMN-mid and PMN-low. In line with our findings in mouse model 303 
systems, CXCL5 expression was higher in the samples that showed high PMN-infiltrate 304 
signature (Fig. 6a). Similarly, the Mo-signature categorized the same dataset into the three 305 
groups Mo-high, Mo-mid and Mo-low (Fig. 6b). CXCL17 showed higher expression levels in the 306 
Mo-high group, consistent with our findings in mice 307 

The concomitant deregulation of the tumor suppressor genes PTEN and TP53 is a common 308 
characteristic of advanced human prostate cancer47 and we have recently shown that in patients 309 
with altered PTEN, low levels of Zbtb7a are associated with aggressive castration-resistant 310 
prostate cancer18. We therefore explored the possible link between these genetic make-ups and 311 
the expression of CXCL5 and CXCL17. To this end, we first examined a publicly available 312 
dataset of metastatic prostate cancer47. The cohort with PTEN altered (deleted or mutated) 313 
and ZBTB7A low expression status showed higher expression of CXCL5 (Fig. 6c), but not that 314 
of CXCL17. To investigate the human relevance of CXCL17 expression in prostate cancer, we 315 
focused our analysis on patient cohorts with different PTEN and p53 status. The cohort of PTEN 316 
alt; p53 alt (PTEN and TP53 deficiency based on homozygous deletion or mutations) patients 317 
showed the highest expression of CXCL17, whereas CXCL5 expression did not differ 318 
significantly among the different groups, consistent with our findings in mice  (Fig. 6d). 319 

Next, we focused our analysis on prostate cancer genetics vis a vis different immune 320 
landscapes. We used the aforementioned PMN-signature and a previously published T cell 321 
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signature48 (Supp. Table 2) to categorize the metastatic prostate cancer samples of the 322 
Robinson dataset. The sequencing profiles were grouped into the high-, mid- and low-infiltrate 323 
clusters (Fig. 6e) and we analyzed how patients with genetics similar to the mouse models 324 
investigated in our study were distributed among the different groups. Remarkably, only 1 out of 325 
9 patients with altered PTEN and Zbtb7a showed low PMN infiltrate and only 2 out of 18 PML 326 
deleted patients clustered into the PMN high type. Moreover, only 1 out of 18 samples PML 327 
deleted displayed high expression of the T cell-signature (Fig. 6f). Additionally, we analyzed 328 
PML expression levels in the different clusters. Significantly lower levels of PML expression 329 
were observed in the samples with less PMN and T-cell infiltrate (Fig.6g). Notably, the �-catenin 330 
and the MAPK signaling pathways have been directly linked to the “cold” TME phenotype48-51, 331 
similar to what we observe in Ptenpc-/-;Pmlpc-/- GEMMs. Ptenpc-/-;Pmlpc-/- prostate cancers at 3 332 
months of age showed upregulation of both �-catenin and phospho-ERK (Supp. Fig 9a). In 333 
summary, our findings from GEMMs and human cancer samples highlight the relevance of an 334 
integrated genotype-immuno-phenotype approach towards patient stratification.  335 
 336 
 337 
 338 
 339 
 340 
 341 
 342 
 343 
 344 
 345 
 346 
 347 
 348 
 349 
 350 
 351 
 352 
 353 
 354 
 355 
 356 
 357 
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Discussion 358 
Diverse immune cell types can infiltrate and interact with solid and liquid tumors and can impact 359 
therapeutic approaches11-13. We hypothesized that distinct genomic alterations may shape the 360 
TME directly and differentially, through distinct mechanisms, based on distinct chemokine pools 361 
resulting from aberrant transcriptional and signaling programs.  362 

We here demonstrate through a comparative analysis of models and mechanisms that the 363 
diverse genetics of prostate cancer can directly determine the differential infiltration and 364 
composition of immune cells in the TME (Fig. 6h and Supp. Fig. 9b). It has been shown that 365 
major tumor drivers (e.g. the RET/PTC rearrangement52 or the loss of the SMAD tumor 366 
suppressor34) can activate proinflammatory and immune suppressive programs, and our 367 
comparative analysis now demonstrate that gene-specific intrinsic pathways are at the core of 368 
diverse pro-tumoral immune cell recruitment and infiltration. 369 

Specifically, we show that Zbtb7a transcriptionally represses the granulocyte attractant 370 
CXCL532,34, which is upregulated in Ptenpc-/-;Zbtb7apc-/- tumors, leading to an increased 371 
recruitment of PMN cells. In contrast, loss of p53 leads to upregulated expression of the known 372 
Gr-1+/CD11b cell attractant CXCL1753. In line with these findings, human prostate cancer 373 
specimens that express low levels of ZBTB7A and have altered PTEN show a significantly 374 
higher expression of CXCL5. Similarly, human prostate cancer specimens deficient for p53 and 375 
PTEN show a significantly higher expression of CXCL17. 376 

We further show that tumor associated Gr-1+/CD11b+ cells exhibit a tumor-promoting 377 
phenotype in both Ptenpc-/-;Zbtb7apc-/- as well as Ptenpc-/-;p53pc-/-, albeit by distinct mechanisms. 378 
In Ptenpc-/-;Zbtb7apc-/- tumors, infiltrating Gr-1+/CD11b+ cells exhibit a PMN-MDSC-LC 379 
phenotype21 and can promote tumor progression directly by impacting the NFkB signaling 380 
pathway through the secretion of S100a9 and Il1b. In contrast, S100a9 expression and 381 
subsequent NFkB signaling activation is not upregulated in Ptenpc-/-;p53pc-/- tumors, which 382 
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primarily recruit Mo-MDSCs at an early stage. Accordingly, the tumor promoting impact of Gr-383 
1+/CD11b+ cells in the Ptenpc-/-;p53pc-/- model is associated with Treg-mediated anti-tumor 384 
immune suppression (Fig. 6h and Supp. Fig. 9b). Notably, at a later stage, Ptenpc-/-;p53pc-/- 385 
tumors are primarily infiltrated by PMN-cells and macrophages which may derive from Mo-386 
MDSCs13. 387 

In addition to the “tumor-promoting” immune landscape of the Ptenpc-/-;Zbtb7apc-/- model and 388 
the “immuno-suppresive” phenotype of the Ptenpc-/-;p53pc-/- tumors, we describe here a third 389 
scenario: “the immune-desert” phenotype of Ptenpc-/-;Pmlpc-/- prostate cancer, which mimics the 390 
“cold” phenotype observed in patients known to be resistant to anti-PD-L1/PD-1 therapy14. This 391 
model showed very limited intra-tumoral immune infiltration when compared to the other 392 
models, and did not respond to CXCR2i treatment. In keeping with these findings, and as a 393 
potential explanation for this phenotype, we recently associated the loss of Pml with decreased 394 
cytokine production54, and we show upregulation of β-catenin and activation of the MAPK 395 
pathway, both implicated in suppressing anti-tumor immunity48-51. 396 

It is important to note that the genetic background of the mice can influence both 397 
tumorigenesis and immune response. A SNP analysis of the experimental models (see 398 
Supplementary Table 3), utilization of large experimental groups, mechanistic interrogation of 399 
the differential recruitment modalities, as well as validation in human cell lines and patient 400 
samples are therefore all required elements to assess differences and which we feel lend 401 
robustness to our analysis.  402 

Our data regarding the qualitative difference of Gr-1+/CD11b+ cells attracted to prostate 403 
cancer may be especially relevant for tailoring immune therapies and for stratification of a 404 
responsive patient population. For example, while the combination of immune checkpoint 405 
inhibitors with MDSC-depleting strategies may be effective in patients with altered PTEN/TP53 406 
and PTEN/SMAD4, it may not work as well in patients with altered PTEN/ZBTB7a or 407 
PTEN/PML. Likewise, the S100A9 inhibitor Tasquinimod that recently failed in a phase III 408 
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clinical trial in prostate cancer55,56, may interfere with only a certain subpopulation of tumors 409 
recruiting S100A9 secreting Gr-1+/CD11b+ cells. In addition, CXCR2 antagonists are currently 410 
under investigation in clinical trials, and may be ineffective in tumors that do not recruit Gr-411 
1+/CD11b+ cells.  412 
These profound differences in immune landscapes among various cancer genotypes further 413 
highlight the need to thoroughly investigate and integrate these findings in the context of 414 
exploratory cancer treatments in preclinical settings. As an example, in a recent publication 415 
Patnaik et al. show the efficacy of the tyrosine kinase inhibitor Cabozantinib in a Ptenpc-/-;p53pc-/- 416 
mouse model, where a marked post-treatment recruitment of PMN cells was found critical for 417 
the anticancer response57. On the other hand, in a mouse model combining genetic loss of 418 
Pten, p53 and Smad4, Cabozantinib treatment reduced the number of intra-tumoral PMN cells 419 
and this, in turn, greatly enhanced the anti-tumor efficacy of immune checkpoint blockade58. 420 
Thus, our comparative in vivo analysis provides experimental evidence to the notion that the 421 
genetics of cancer play a direct and critical role in shaping the cancer immune-phenotype and 422 
the outcome of combinatorial immunotherapy, strongly supporting the need for integrated 423 
genotypic-immune phenotypic analyses. 424 
  425 
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Figure Legends 597 
Figure 1. The genetic make-up of prostate cancer dictates the composition of immune 598 
infiltrates in the primary tumor. (a) Weight in grams of the prostates (anterior lobe) of controls 599 
(n=6), Ptenpc-/- (n=4), Ptenpc-/-;Zbtb7apc-/- (n=6), Ptenpc-/-;Trp53pc-/- (n=8), and Ptenpc-/-;Pmlpc-/- 600 
(n=3), mice at 3 months of age. (b) Representative hematoxylin and eosin staining in the 601 
prostate tissues (anterior lobe) of controls, Ptenpc-/-, Ptenpc-/-;Zbtb7apc-/-, Ptenpc-/-;Trp53pc-/- and 602 
Ptenpc-/-;Pmlpc-/- mice at 3 months of age (n=3 animals for each genotype with similar results). 603 
Black arrows show invasive sites. Scale bars, 0.1 mm. (c) Pie charts show percentage of T cells 604 
(CD45+/CD3+), B cells (CD45+/CD19+/B220+), Macrophages (CD45+/CD11b+/F4/80+) and 605 
CD45+/Gr-1+/CD11b+ cells in the prostate tissues of control mice and respective prostate 606 
tumor models at 3 months of age. ‘Other cells’ contains prostate epithelial cells and the other 607 
stromal cells. The number of mice used is indicated in Supp. Fig.1. (d) Summarized result of the 608 
CD45+/Gr-1+/CD11b+ immune cell population from (c). Number of mice used: control (n=4), 609 
Ptenpc-/- (n=3), Ptenpc-/-;Zbtb7apc-/- (n=6), Ptenpc-/-;Trp53pc-/- (n=7), and Ptenpc-/-;Pmlpc-/- (n=4). (e) 610 
Weight in grams of the whole prostates of Ptenpc-/-;Zbtb7apc-/- (n=6), Ptenpc-/-;Trp53pc-/- (n=10), 611 
and Ptenpc-/-;Pmlpc-/- (n=3), mice at 6 months of age. (f) Pie charts as in (c) showing results 612 
collected from 6 months old mice. The number of mice used is indicated in Supp. Fig.2. All data 613 
in (a), (d) and (e) are represented as mean ± SEM. Values of p<0.05 were considered 614 
statistically significant. *P<0.05; **P<0.01; ***P<0.001 by two-tailed unpaired Student’s t-test. 615 
 616 
Figure 2. Characterization of Gr-1+/CD11b+ cells in Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-617 
;Trp53pc-/- prostate tumors. (a) May-Grunwald Giemsa staining of Gr-1+/CD11b+ cells sorted 618 
from Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/- prostate tumors (anterior prostate lobes, at 3 619 
months of age). Experiment independently repeated two times with similar results. (b) 620 
Expression analysis of sorted intratumoral Gr-1+/CD11b+ cells from Ptenpc-/- (n=3), Ptenpc-/-621 



  Bezzi et al. 

 23

;Zbtb7apc-/- (n=3) or Ptenpc-/-;Trp53pc-/- (n=3) mice shows differential expressions of Arginase 1 622 
and inducible nitric oxidase (iNOS). (c) Expression analysis of sorted intratumoral Gr-623 
1+/CD11b+ cells from Ptenpc-/- (n=2), Ptenpc-/-;Zbtb7apc-/- (n=3) or Ptenpc-/-;Trp53pc-/- (n=3) mice of 624 
S100a9 and Il1�, and of (d) Il10 and Cd40. (e) Characterization of the Gr-1 epitopes, Ly-6G 625 
and Ly-6C, in CD11b+ cells by flow cytometry and May-Grunwald Giemsa in Ptenpc-/-;Zbtb7apc-/- 626 
and Ptenpc-/-;Trp53pc-/- tumors at 3 months of age. Experiment independently repeated two times 627 
with similar results. (f) Quantification of the intratumoral Ly6G+/Ly6C+ and Ly6G-/Ly6C+ cell 628 
populations at 3 months of age in Ptenpc-/-;Zbtb7apc-/- (n=5) and Ptenpc-/-;Trp53pc-/- mice (n=5). (g) 629 
Intratumoral Ly6G+/Ly6C+ and Ly6G-/Ly6C+ analysis in Ptenpc-/-;Zbtb7apc-/- (n=6) and Ptenpc-/-630 
;Trp53pc-/- (n=6) mice at 6 months of age. (h) Expression analysis by qRT-PCR of sorted 631 
intratumoral Ly6G+/Ly6C+ and Ly6G-/Ly6C+ cells from Ptenpc-/-;Trp53pc-/- mice (n=3). All data in 632 
(b), (c), (d), (f), (g) and (h) are represented as mean ± SEM. Values of p<0.05 were considered 633 
statistically significant. *P<0.05; **P<0.01; ***P<0.001 by two-tailed unpaired Student’s t-test. 634 
 635 
Figure 3. Differential mechanisms of Gr-1+/CD11b+ cell recruitment in Ptenpc-/-;Zbtb7apc-/- 636 
and Ptenpc-/-;Trp53pc-/-  tumors. (a) Expression analysis of chemokines in the prostate tumor 637 
tissues (anterior lobes) of Ptenpc-/-(n=3), Ptenpc-/-;Zbtb7apc-/-(n=4) and Ptenpc-/-;Trp53pc-/-(n=3) 638 
mice at 3 months of age by qRT-PCR. Data are represented as mean ± SEM. Values of p<0.05 639 
were considered statistically significant. *P<0.05; **P<0.01; ***P<0.001 by two-tailed unpaired 640 
Student’s t-test. (b) CXCL5 protein expression level in prostate tumors of Ptenpc-/- (n=3) Ptenpc-/-641 
;Zbtb7apc-/- (n=3) and Ptenpc-/-;Trp53pc-/- (n=3) mice at 3 months of age. Full scans of the blots are 642 
in Supp. Figure 10a and b. (c) ChIP analysis in RWPE-1 human prostate epithelial cells shows 643 
enrichment of CXCL5 locus in Zbtb7a immunoprecipitates, Mia and H19 serve as positive 644 
controls. (d) Zbtb7a overexpression in RWPE-1 cells leads to a decrease of CXCL5 mRNA 645 
levels. (e) Sox9 knockdown leads to a decrease of CXCL5 mRNA levels and Zbtb7a knockdown 646 
leads to an increase of CXCL5 mRNA levels in RWPE-1 cells. (f) ChIP analysis in RWPE-1 647 
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cells shows enrichment of CXCL5 locus in Sox9 immunoprecipitates. (g) p53 knockdown in 648 
RWPE-1 cells leads to an increase of CXCL17 mRNA levels. p21 serves as a positive control. 649 
(h) ChIP analysis in RWPE-1 cells shows enrichment of CXCL17 locus in p53 650 
immunoprecipitates, p21 serves as positive controls. All data in (c), (d), (e), (f), (g) and (h) are 651 
represented as mean of 3 cell culture experiments ± SEM. Values of p<0.05 were considered 652 
statistically significant. *P<0.05; **P<0.01; ***P<0.001 by two-tailed unpaired Student’s t-test. 653 
 654 
Figure 4. CXCL5 and CXCL17 are chemoattractant for PMN cells and monocytes 655 
respectively. (a) Ly6G+/Ly6C+ and Ly6G-/Ly6C+ flow analysis (n=3) of Gr1+ cells culture for 4 656 
days in GM-CSF, IL-6 supplemented medium plus either recombinant CXCL5 or recombinant 657 
CXCL17. (b) Transwell migration assay of Gr1+ cells and (c) monocytes isolated form the bone 658 
marrow of healthy mice shows differential migration toward medium supplemented with 659 
increasing concentration of either recombinant CXCL5 or CXCL17 (n=3). (d) Western blot 660 
analysis confirms the specific deletion of the tumor suppressor genes Zbtb7a, PTEN and Trp53 661 
in organoids isolated from our prostate cancer mouse models. Full scans of the blots are in 662 
Supp. Figure 10e-h. (e) H&E and IHC showing similar phopho-AKT and Ki67 staining in 663 
organoid generated from the prostates of 3 months old Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/-  664 
mice. (f) CXCL17 qRT-PCR expression analysis in organoids generated from the prostates of 665 
wild type, Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/-  mice (n=3). (g) Schematic representation of 666 
the experimental strategy used to perform transwell migration assays using organoid 667 
conditioned medium. (h) Transwell migration assay of monocytes isolated from healthy mice 668 
shows increased migration toward conditioned medium from Ptenpc-/-;Trp53pc-/-  organoids (n=3). 669 
(i) CXCL17 qRT-PCR expression analysis in Ptenpc-/-;Trp53pc-/-  organoids shows the efficacy of 670 
the CXCL17 shRNA-mediated knockdown (n=3). (j) Reduced migration of monocytes (n=4), but 671 
not of Gr1+ cells (n=3) (k) in a transwell migration assay performed using conditioned medium 672 
from Ptenpc-/-;Trp53pc-/- organoids expressing either scramble shRNA or  a CXCL17 shRNA. All 673 



  Bezzi et al. 

 25

data are represented as mean of cell culture replicates ± SEM. Values of p<0.05 were 674 
considered statistically significant. *P<0.05; **P<0.01; ***P<0.001 by two-tailed unpaired 675 
Student’s t-test. 676 
 677 
Figure 5. Gr-1+/CD11b+ cells in Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/- prostate tumors 678 
promote tumor growth. (a) Flow cytometry analysis of CD4+/Foxp3+ cells in the prostate 679 
tumors of Ptenpc-/-; Zbtb7apc-/- (n=3) and Ptenpc-/-;Trp53pc-/- (n=3) mice at 3 months of age. (b) 680 
Purified CD4+ T cells were co-cultured with Gr-1+/CD11b+ cells from Ptenpc-/-;Zbtb7apc-/- (n=3) 681 
and Ptenpc-/-;Trp53pc-/- (n=3) tumors for 3 days followed by flow cytometry to assess the presence 682 
of CD4+/Foxp3+ Treg cells. (c) Left panel: measurement of tumor growth by MRI in Ptenpc-/-683 
;Zbtb7a pc-/- mice treated with control IgG (n=7 mice) or anti-CXCL5 antibody (n=9 mice). Middle 684 
panel: relative tumor growth of the mice showed in the left panel. Right panel: flow cytometry 685 
analysis of intratumoral Gr-1+/CD11b+ in Ptenpc-/-; Zbtb7apc-/- prostate tumors after treatment 686 
with either control IgG (n=9) or anti-CXCL5 antibody (n=8). (d) Flow cytometry analysis of 687 
CD45+/CD8+ T cells (left) (n=5) and CD45+/CD4+/FoxP3+ Treg cells (n=5) in Ptenpc-/-; Zbtb7apc-688 
/- prostate tumors after treatment with the anti-CXCL5. (e) Left panel: measurement of tumor 689 
growth by MRI in Ptenpc-/-;Trp53 pc-/- mice treated with control IgG (n=4) or anti-Gr1 antibody 690 
(n=4). Middle panel: relative tumor growth of the mice showed in the left panel. Right panel: 691 
flow cytometry analysis of intratumoral Gr-1+/CD11b+ in Ptenpc-/-; Trp53pc-/- prostate tumors after 692 
treatment with either control IgG (n=4) or anti-Gr1 (n=5) antibody. (f) Flow cytometry analysis of 693 
CD45+/CD8+ T cells (n=7) (left) and CD45+/CD4+/FoxP3+ Treg cells (n=5) in Ptenpc-/-; Trp53pc-/- 694 
prostate tumors after treatment with the anti-Gr1 antibody. (g) Flow cytometry analysis of Ptenpc-695 
/-; Zbtb7apc-/- (n=6),  Ptenpc-/-;Trp53pc-/- (n=8), and Ptenpc-/-;Pmlpc-/-  (n=4) prostate tumors after 696 
treatment with the CXCR2 antagonist SB225002 (CXCR2i). (h) Left panel: Tumor growth 697 
curves in vehicle (Ptenpc-/-; Zbtb7apc-/- (n=4),  Ptenpc-/-;Trp53pc-/- (n=4), and Ptenpc-/-;Pmlpc-/-  (n=3)) 698 
or CXCR2i (Ptenpc-/-; Zbtb7apc-/- (n=6),  Ptenpc-/-;Trp53pc-/- (n=7), and Ptenpc-/-;Pmlpc-/-  (n=3)) 699 
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treated mice. Middle panel: relative tumor growth of the mice showed in the left panel. Right 700 
panel: representative MRIs of prostate cancers in vehicle or CXCR2i treated mice of Ptenpc-/-701 
;Zbtb7apc-/- at the indicated time point. Tumor volumes (area outlined by dotted red circle) were 702 
quantified by using the PACS Imaging software. An asterisk represents the location of the 703 
bladder. All data are represented as mean ± SEM. Values of p<0.05 were considered 704 
statistically significant. *P<0.05; **P<0.01; ***P<0.001 by two-tailed unpaired Student’s t-test. 705 
 706 
Figure 6. Clinical relevance of the genotype-chemokines-immuno phenotype axis of 707 
prostate tumor models. (a) Left panel: Heat map of the TGCA provisional prostate 708 
adenocarcinoma dataset clustered into PMN-high (n=118), PMN-middle (n=206) and PMN-low 709 
(n=174) groups using a gene signature for PMN-MDSCs. Right panel: CXCL5 is significantly 710 
more expressed in the group of samples that showed higher expression of the PMN-signature. 711 
(b) Left panel: Heat map of the TGCA provisional prostate adenocarcinoma dataset clustered 712 
into Mo-high (n=171), Mo-middle (n=260) and Mo-low (n=67) groups using a gene signature for 713 
monocytic MDSCs/M2 macrophages. Right panel: CXCL17 is significantly more expressed in 714 
the group of samples that showed higher expression of the Mo-signature. (c) Expression level of 715 
CXCL5 and CXCL17 in samples of the Robinson dataset (metastatic prostate cancer) grouped 716 
by the status of PTEN (not altered/altered) and the expression level of Zbtb7a (low/high). The 717 
number of samples in each group is indicated in the figure. (d) Expression level of CXCL17 and 718 
CXCL5 in samples of the Robinson dataset grouped by the status of PTEN and p53 (not 719 
altered/altered). The number of samples in each group is indicated in the figure. (e) Clustering 720 
of the Robinson into the 3 groups PMN-high (n=34), PMN-mid (n=46) and PMN-low (n=37) 721 
(upper panel), and into the 3 groups T cell-high (n=14), T cell-mid (n=33) and T cell-low (n=70) 722 
(lower panel). (f) Distribution of patients with the indicated status of PTEN, p53, Zbtb7a and 723 
PML in the different clusters generated by the PMN- and the T cell-signature in (e). (g) PML 724 
expression level is significantly lower in the patients categorized in the PMN-low group and in 725 
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the T cell-low group when compared to the respective high-signature group. All data in (a), (b), 726 
(c), (d) and (g) are represented as box plots, interquartile range (IQR), and center line is the 727 
median (50% quantile). Whiskers define a range maximum to minimum excluding outliers (1.5 728 
IQR outside considered as outliers). Values of p<0.05 were considered statistically significant. 729 
*P<0.05; **P<0.01; ***P<0.001 by two-tailed unpaired Student’s t-test. (h) Immune phenotype 730 
model for tumor progression by Gr-1+/CD11b+ cells in Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-;Trp53pc-/- 731 
mice.  732 
 733 
 734 
 735 
 736 
 737 
 738 
 739 
 740 
 741 
 742 
 743 
 744 
 745 
 746 
 747 
 748 
 749 
 750 
 751 
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ONLINE METHODS 752 
Mice 753 
Control, PtenLx/Lx;Probasin-Cre (referred to as Ptenpc-/-)15, PtenLx/Lx;PmlLx/Lx Probasin-Cre 754 
(referred to as Ptenpc-/-;Pmlpc-/- manuscript in press), PtenLx/Lx;Zbtb7aLx/Lx Probasin-Cre (referred 755 
to as Ptenpc-/-;Zbtb7apc-/-)34 and PtenLx/Lx;Trp53Lx/Lx Probasin-Cre (referred to as Ptenpc-/-;Trp53pc-/-756 
)17 mice were maintained in the animal facilities of Beth Israel Deaconess Medical Center 757 
(BIDMC)/Harvard Medical School in accordance with institutional rules and ethical guidelines for 758 
experimental animal care. All animal experiments were approved by the BIDMC IACUC protocol 759 
066-2011 and 082-2014. The genetic background of the mice is described in the Supplementary 760 
Table 3. 761 
 762 
In vivo drug and antibody treatments and MRI measurement 763 
Mice were allocated at random to experimental groups. For flow analysis, all mice treated were 764 
3 months of age. For treatment with the CXCR2 antagonist, SB225002 (Cayman Chemical 765 
#13336) was dissolved in DMSO (10 mg/ml) and diluted in vehicle (0.9% NaCl, 0.3% Tween 80) 766 
for in vivo administration. For MRI analysis, mice (3 to 5 months of age, Supp. Table 1) were 767 
treated daily for the indicated number of weeks by intraperitoneal injection (5 mg/kg). For 768 
depletion of Gr-1+/CD11b+ cells, Ly6G-depletion antibody (1A8, BioXcell) and control Rat 769 
IgG2a antibody (BioXcell) were diluted in phosphate-buffered saline (PBS) for in vivo 770 
administration. Mice (4 months of age) were treated every other day for 10 days by 771 
intraperitoneal injection (200-300 μg/mouse). InVivoMAb anti-mouse Ly6G/Ly6C (Gr-1) 772 
antibody, clone RB6-8C5 (BE0075, BioXcell), and control Rat IgG2b antibody (BE0090, 773 
BioXcell) were diluted in PBS and Ptenpc-/-;Trp53pc-/-. Mice were treated every other day for 21 774 
days by intraperitoneal injection (200 μg/mouse). For neutralization of CXCL5, anti-Mouse 775 
CXCL5 antibody (Leinco Technologies) and control Rat IgG2a antibody (BioXcell) were diluted 776 
in PBS and injected every other day for 4 weeks by intraperitoneal injection (20 μg/mouse). 777 
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Tumor volume quantification was performed blinded to genotype and group allocation, by using 778 
VivoQuant and the PACS imaging software. All mouse prostate MRI imaging analysis were 779 
performed at Small Animal Imaging Core at BIDMC and acquired on an ASPECT Model M2 1T 780 
tabletop scanner. 781 
 782 
Western Blot analysis and Immunohistochemistry 783 
For western blotting, cell lysates were prepared by homogenizing tumor tissue with NP40 Buffer 784 
(Boston Bioproducts) supplemented with protease (Roche) and HALT phosphatase inhibitor 785 
cocktails (Thermo Scientific) and subsequently subjected to SDS-Gel separation (Invitrogen) 786 
and western blotting. The antibodies used for western blotting are listed in the “Life Sciences 787 
Reporting Summary”. Western blots were quantified using Image J software.  788 
For immunohistochemistry, tissues and organoids were fixed in 4% paraformaldehyde and 789 
embedded in paraffin in accordance with standard procedures. Embedding and hematoxylin and 790 
eosin staining of sections were performed by the Histology Core at BIDMC and analyzed by a 791 
pathologist. The antibodies used for immunohistochemistry are listed in the “Life Sciences 792 
Reporting Summary”. 793 
 794 
Cell lines and siRNA transfection 795 
RWPE1 immortalized prostate epithelial cells were obtained from ATCC and tested for 796 
mycoplasma with the MycoAlert Mycoplasma Detection Kit (Lonza). RWPE1 cells were 797 
maintained in Keratinocyte Serum Free Medium supplemented with bovine pituitary extract 798 
(0.05 mg/ml) and human recombinant epidermal growth factor (5 ng/ml). 799 
SiRNA targeting Zbtb7a, Sox9 and p53 (SIGMA; final 20 nmol/L) and non-target siRNA control 800 
(Thermo Fisher Scientific; final 20 nmol/L) were transfected into RWPE1 cells using 801 
Lipofectamine RNAiMAX (Invitrogen). After 48 hours, cells were subjected to mRNA expression 802 
analysis. Transient overexpression of Zbtb7a was done as previously described25. 803 
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 804 
Chromatin Immunoprecipitation 805 
Chromatin Immunoprecipitation (ChIP) was done using the Enzymatic Chromatin 806 
Immunoprecipitation Kit (Cell Signaling Technology # 9003) following manufacturer’s 807 
recommendation. The antibodies used for the immunoprecipitation are listed in the “Life 808 
Sciences Reporting Summary”. Analysis of immunoprecipitated DNA was done on the Step One 809 
Plus Real Time PCR System from Applied Biosystem using SYBR Green method. Fold 810 
Enrichment of ChIP experiments are shown. Primers for the detection of Mia and H19 loci are 811 
described previously16. Other genes were detected by:  812 
CXCL5; forward Primer: ACAACGTCCCTCTCGGTAGA and reverse Primer: 813 
GGGCAGTGTGGAAAGAAGAG,  814 
CXCL17; forward primer: CCAAGTTATCAGTCACCTTC and reverse primer: 815 
CATAACAGGTGAGGTGACGCTG,  816 
p21; forward primer: GCTCCCTCATGGGCAAACTCACT and reverse primer: 817 
TGGCTGGTCTACCTGGCTCCTCT. 818 
 819 
Organoid culture. 820 
For the generation of mouse prostate cancer organoids, prostate cells were isolated and 821 
cultured as described by Drost and Karthaus et al.59. Briefly, the prostates of 3 months old mice 822 
were dissected and digested in a collagenase type II solution. Single cells were resuspeded in 823 
Matrigel and cultured as drops in complete prostate organoid medium (advanced DMEM/F12, 824 
GlutaMAX, penicillin-streptomycin, (DiHydro)testosterone, B27, N-acetylcystein, EGF, R-825 
Spondin, Noggin, A83-01, Y27632).  826 
 827 
Gr1+ cells and monocytes isolation, culture and migration assay. 828 
Gr1+ cells and monocytes were isolated from the bone marrow (tibias and femurs) of C57BL/6 829 
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wild type, 3 months old mice using the MACS Myltenyi Biotec Cell Isolation system according to 830 
the manufacturer’s instruction. For monocytes isolation the Monocyte Isolation Kit (BM) (Miltenyi 831 
130-100-629) was used, whereas Gr1 positive cells were isolated using the antibody Anti-Gr-1-832 
Biotin, clone RB6-8C5 (Miltenyi 130-101-894). Red blood cells were lysed with the ACK lysis 833 
buffer (ThermoFisher Scientific A1049201). Total bone marrow cells and Gr1+ cells were 834 
cultured for 4 days as described by Marigo et al.38. Briefly, 40 ng/ml GM-CSF (PeproTech #315-835 
03) and 40 ng/ml IL-6 (PeproTech #216-16) were added to the control medium RPMI 1640 836 
(ThermoFisher Scientific 11875-093) supplemented with penicillin-streptomycin, 10% FBS,10 837 
mM HEPES, 20 μM 2-Mercaptoethanol. Either recombinant mouse CXCL5 (BioLegend 838 
#573302) or recombinant mouse CXCL17 (BioLegend #585402) was added at the beginning of 839 
the experiment (200nM). For the migration assay 2,5x105 MACS sorted cells were resuspended 840 
in 100μL of either RPMI 1640 control medium or organoid complete medium and placed on the 841 
upper well of the transwell system  (5μm, Corning #160241). The migration assay with 842 
recombinant proteins was performed by adding to the bottom well 600μL of RMPI1640 control 843 
medium supplemented with the indicated amount of either CXCL5 or CXCL17. The migration 844 
assay with organoid conditioned medium was performed by adding to the bottom well 600μL of 845 
medium collected over 5 days of culture of prostate organoids with the indicated genotype. The 846 
migration of cells was quantified by flow cytometry, 15 seconds acquisition time, using BD LSR 847 
II flow cytometer. 848 
 849 
Cytospin 850 
To perform Cytospins 2x105 sorted granulocytes were resuspended in PBS containing 2% fetal 851 
bovine serum (FBS) (2% FBS/PBS) and spun onto slides with 250 rpm for 3 min in a slide 852 
centrifuge. Slides were subsequently fixed in methanol and stained with May 853 
Grunwald/GIEMSA. 854 
 855 
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Flow Cytometry 856 
For Flow Cytometry spleen and lymph node single cell suspensions were prepared by mashing 857 
the tissue in 2% FBS/PBS. Tumor and control prostate tissue (from anterior lobes) single cell 858 
suspension was prepared by mincing the tumor and digestion with Collagenase Type I (Life 859 
Technologies # 17018029) in 10% DMEM (GIBCO) for 1hr at 37 °C. Cell suspensions were 860 
passed through 100 μM cell strainers to obtain single cell suspensions. Blood samples and 861 
single cell suspensions were re- suspended in 1-2 ml of ACK red cell lysis buffer (GIBCO) and 862 
lysed on ice for 1 minute. Cell suspensions were then washed in 2% FBS/PBS, centrifuged and 863 
re-suspended in 0.5-1 ml of 2% FBS/PBS. For flow cytometry, 100 μl of cell suspension was 864 
stained in a 96-well U-bottom plate. The antibodies used for flow cytometry are listed in the “Life 865 
Sciences Reporting Summary”. All antibodies were used 1:100. To assess cell viability, cells 866 
were incubated with either DAPI or TO-PRO3 prior to FACS analysis. Foxp3 staining was done 867 
using FOXP3 Fix/Perm Buffer Set (BioLegend) and cells were stained by Foxp3-FITC antibody 868 
(eBioscience # 11-5773). All staining mixtures were analyzed on a BD LSR II flow cytometer 869 
(Becton Dickinson). Resulting profiles were further processed and analyzed using the FlowJo 870 
8.7 software. 871 
 872 
Cell sorting 873 
For cell sorting of the intratumoral Ly6C+/Ly6G- and Ly6C+/Ly6G+ cell populations, and for Gr-874 
1+/CD11b+ cell population, CD45-/CD49f+ cell population, CD4+ cell population, tumor tissue, 875 
blood and spleen was prepared as described above. After red blood cell lysis in 1-2 ml of ACK 876 
lysis buffer, cells were immunostained, washed and sorted on a BDTM FACSAria II SORP cell 877 
sorter (Becton Dickinson). The antibodies used for cell sorting are listed in the “Life Sciences 878 
Reporting Summary”. 879 
 880 
In vitro Treg cells induction assay 881 
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CD4+ T cells were sorted from spleen of tumor free control mice as described above. Purified 882 
CD4+ T cells were co-cultured with Gr1+/CD11b+ cells from Ptenpc-/-;Zbtb7apc-/- and Ptenpc-/-883 
;Trp53pc-/- tumors at 3 month of age at a ratio of 4:1 (T cells / Gr-1+/CD11b+ cells) in the 884 
presence of recombinant murine interleukin 2 (10 ng/ml, R&D Systems). After 4 days culture, 885 
cells were harvested and subjected to flow cytometry analysis as described above. 886 
 887 
RT-PCR and microarray analysis 888 
Microarray analysis and gene set enrichment analysis on mouse tumor tissue were conducted 889 
and analyzed as previously described16. For mRNA expression levels, tissue from indicated 890 
mice were homogenized in TRIZOL (Life Technologies #15596026) and RNA was extracted 891 
according to manufacturer’s recommendation. RNA was further purified with the Pure Link RNA 892 
Mini Kit (Life Technologies #12183025) following the manufacturer’s recommendation. For 893 
mRNA expression analysis of human cell lines or separated Gr-1 positive cells, RNA was 894 
isolated using Pure Link RNA Mini Kit following manufacturer’s recommendations. RNA was 895 
reverse transcribed into cDNA by the High Capacity cDNA Reverse Transcription Kit (Life 896 
Technologies #4368814). Expression levels were measured via relative quantification on the 897 
Step One Plus Real Time PCR System from Applied Biosystem using SYBR Green method. 898 
Data are shown as fold change or expression values as indicated. Primer sequences are 899 
included in the Supplementary Table 4 and 5. 900 
 901 
Gene Expression Profiling 902 
The Cancer Genome Atlas Prostate Adenocarcinoma (TCGA-PRAD) data and Robinson 903 
metastatic prostate cancer data were downloaded from the cbioportal web site 904 
(http://www.cbioportal.org/)60,61. Normalized gene expression data were logarithm-transformed 905 
using base 2. Box plot and hierarchical clustering analyses were conducted with R 906 
programming. Samples with ZBTB7A expression below quantile 0.205 were counted low, above 907 



  Bezzi et al. 

 34

quantile 0.795 counted as high. Samples with homozygous deletion of PTEN, TP53, or PML 908 
were counted as altered, “alt”. Standard t tests or Wilcoxon signed-rank tests were conducted to 909 
calculate the significance of number of samples falling into different categories in the boxplot. Z 910 
score test for two population proportions was conducted for fig 6f between the ratios, e.g. PMN-911 
high ratio in PML-alt group versus that ratio in Pten-alt&Zbtb7a-low group.  912 
We created signature gene set based on literature review. The genes used to generate the 913 
gene signatures used for our bioinformatics analysis are enlisted in Supplementary Table 2. The 914 
PMN signature and the Mo-MDSC signature have been generated by refining the MDSC gene 915 
signature used by Wang et al.34. The Wang et al. MDSC gene signature includes genes that can 916 
be expressed by either PMN-MDSCs or Mo-MDSCs, and genes expressed by Treg cells. Thus, 917 
on the basis of our own data, we removed from this list genes that we observed expressed by 918 
Mo-MDSCs in Ptenpc-/-;Trp53pc-/- tumors (i.e. Arg1, Il10, CD40), and genes expresses by Treg 919 
cells (i.e. FoxP3) to generate a Mo-MDSCs gene signature. The remaining genes in the Wang 920 
et al. MDSC gene signature were used to generate the PMN-MDSCs gene signature. Additional 921 
genes were added to the Mo-MDSCs gene signature by including Mo-MDSC and M2-like TAM 922 
human genes highlighted in the figure 1 of the review recently published by Bronte and 923 
colleagues46. The T cell-signature is the one used by Spranger et al.48.  924 
To identify the distribution pattern for each signature, we conducted hierarchical cluster using 925 
Euclidean distance. Patient samples were grouped together by the expression similarity of the 926 
signature gene set. After examining the topology of the clustering dendrogram, we obtained the 927 
number of major output partitions, which is three in this case. We then cut the tree to generate 928 
three clusters as reflected in the heatmap plot.   929 
 930 
Statistical Analysis 931 
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No statistical method was used to predetermine sample size. For all statistical analyses 932 
GraphPad Prism 7 software was used and analysis were done by  two-tailed unpaired Student’s 933 
t-test. Values of p<0.05 were considered statistically significant. *P<0.05; **P<0.01; ***P<0.001. 934 
 935 
Data availability  936 
Any Supplementary Information and Source Data files are available in the online version of the 937 
paper and from the corresponding author upon request. The Microarray data have been already 938 
published16 and accessioned with the Gene Expression Omnibus (GEO) under series 939 
GSE46473. 940 
 941 
Methods-only references 942 
59. Drost, J. et al. Organoid culture systems for prostate epithelial and cancer tissue. Nat 943 

Protoc 11, 347–358 (2016). 944 
60. Cerami, E. et al. The cBio cancer genomics portal: an open platform for exploring 945 

multidimensional cancer genomics data. Cancer Discov 2, 401–404 (2012). 946 
61. Gao, J. et al. Integrative analysis of complex cancer genomics and clinical profiles using 947 
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