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Abstract

Purpose: Clear cell renal cell carcinoma (ccRCC) is frequently associated with inactivation of
the von Hippel Lindau tumor suppressor, resulting in activation of HIF-1a and HIF-2a.. The
current paradigm, established using mechanistic cell-based studies, supports a tumor promoting
role for HIF-2a,, and a tumor suppressor role for HIF-1a.. However, few studies have
comprehensively examined the clinical relevance of this paradigm. Furthermore, the hypoxia
associated factor (HAF), which regulates the HIFs, has not been comprehensively evaluated in
ccRCC.

Experimental design: To assess the involvement of HAF/HIFs in ccRCC, we analyzed their
relationship to tumor grade/stage/outcome using tissue from 380 patients, and validated these
associations using tissue from 72 additional patients and a further 57 patients treated with
antiangiogenic therapy for associations with response. Further characterization was performed
using single cell mRNA sequencing (SCRNA-seq), RNA-/n situ hybridization (RNA-ISH) and
immunohistochemistry.

Results: HIF-1a was primarily expressed in tumor-associated macrophages (TAMSs), whereas
HIF-2a and HAF were expressed primarily in tumor cells. TAM-associated HIF-1a. was
significantly associated with high tumor grade and increased metastasis and was independently
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associated with decreased overall survival. Further, elevated TAM HIF-1a was significantly
associated with resistance to antiangiogenic therapy. By contrast, high HAF or HIF-2a were
associated with low grade, decreased metastasis and increased overall survival. SCRNA-seq, RNA-
ISH and Western blotting confirmed the expression of HIF-1a in M2-polarized CD163 expressing

TAMs.

Conclusions: These findings highlight a potential role of TAM HIF-1a in ccRCC progression
and support the re-evaluation of HIF-1a as a therapeutic target and marker of disease progression.

Keywords

HIF-1a; HIF-2a; HAF; macrophage; CD163; Clq

Introduction

Clear cell renal cell carcinoma (ccRCC) is the most common and aggressive form of kidney
cancer, and is also one of the most resistant of solid tumors to conventional chemotherapy
(1). The etiology of ccRCC is uniquely linked to loss of the von Hippel-Lindau (VHL)
tumor suppressor, which occurs in more than 90% of ccRCC (2). pVHL loss results in the
constitutive stabilization of HIF-1a and HIF-2a that drive the expression of hundreds of
genes associated with tumor progression (3-6). Despite sharing many transcriptional targets,
the HIFs also drive unique transcriptional targets. For example, anerobic glycolysis appears
to be predominantly controlled by HIF-1a, whereas erythropoietin synthesis is largely
HIF-2a-regulated (7,8). Hypoxia- or pVHL-independent HIF-a stabilization can also occur
through increased mRNA transcription and/or translation, such as through cytokine- and
growth factor receptor-mediated signaling, particularly within inflammatory mediators such
as macrophages (9). We have previously proposed the notion of a HIF switch, which
orchestrates the complementary roles of HIF-1a and HIF-2a during acute versus chronic
hypoxia, and during vascular and bone development in the embryo (10). The hypoxia-
associated factor (HAF), acts as a mediator of the HIF switch, by ubiquitinating and
degrading HIF-1a, while enhancing HIF-2a transactivation through hypoxia-dependent
HAF SUMOylation (11-13).

The current paradigm for the HIFs in ccRCC describes a driving role for HIF-2a. and a
tumor suppressor role for HIF-1a that is unique to ccRCC. This is based on studies showing
that overexpression of HIF-2a promotes, whereas overexpression of HIF-1a inhibits the
growth of ccRCC xenografts in mice (14). Consistent with this view, homozygous deletion
of HIF1A has been reported in approximately 50% of high-grade ccRCC, implicating
HIF-1A as a ccRCC tumor suppressor gene (15). Although lost in high-grade ccRCC,
HIF-1a is believed to play an important role during ccRCC initiation and is elevated in the
earliest pre-neoplastic lesions in VHL patients. The appearance of HIF-2a. protein in these
early lesions is associated with increased dysplasia and cellular atypia (16,17). The HIF-2
bias observed in ccRCC has been attributed to the increased potency of HIF-2a. compared to
HIF-1a in promoting expression of pro-tumorigenic factors such as Cyclin D1, TGF-a and
VEGFA (14,18). HIF-2a also potentiates pro-tumorigenic c-Myc and B-catenin activity,
which are inhibited by HIF-1a (19,20). Consequently, there has been increasing enthusiasm
for the selective targeting of HIF-2a in ccRCC (21-24). However, HIF-1a protein has been
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detected via immunohistochemistry in most ccRCC cases, which is inconsistent with its
proposed tumor suppressor role (15,25,26). In view of these conflicting observations, we
recognized a need for additional studies to clarify the involvement of the HIFs in ccRCC
progression (14,19,27,28). Here, we report a previously unanticipated role of HIF-1a in
tumor associated macrophages (TAMSs), particularly in M2-polarized TAMs, as a marker of
ccRCC morbidity, whereas ccRCC cell-specific HIF-2a and HAF levels indicate better
patient prognosis.

Materials and Methods

Human subjects:

Studies were conducted in accordance with the Declaration of Helsinki. Human ccRCC and
uninvolved kidney tissue were obtained from archival samples from patients who had
provided written informed consent according to protocols approval by institutional review
boards at their respective institutions. Fresh tumor and uninvolved kidney for sScRNA-Seq
were obtained after informed consent from patients undergoing nephrectomies at Huntsman
Cancer Institute (HCI), approved under IRB#67518 and #10924. A separate cohort of 57
patients with metastatic ccRCC from HCI who were treated with antiangiogenic therapy
were retrospectively analyzed for HIF-1/2a. protein levels and correlated to radiographic
disease progression as determined by the local radiologist. Brief tissue descriptions:
Analytic cohort: Multistage TMA (M.D. Anderson Cancer Center [MDACC], 380 patients),
Stage 1 tissue (MDACC, 12 patients). Validation cohort: Multi-grade TMA (Mayo Clinic, 24
patients), multi-grade sections (Mayo Clinic, 25 patients). Immune analysis: multi-grade
sections (HCI, 23 patients). More detailed descriptions are provided in Supplemental
Methods.

Antibodies and IHC.

TMAS and tissue were stained for HAF, HIF-2a and HIF-1a after initial antibody workup
and validation (Supplemental Figures 2, 8). Monoclonal antibody for HAF has been
previously described, whereas all other antibody details, staining and statistical methods are
described in Supplemental Methods (13).

Single cell sequencing and analysis:

Tumors were dissociated using the Human Tumor Dissociation Kit (Macs Milteny Biotech,
Cambridge, MA) according to the manufacturer’s guidelines. Three ccRCC and paired
uninvolved kidney samples showing >40% cell viability were selected for sequencing.
Assessment of gene expression in single cells was achieved using the 10X Genomics
Chromium single-cell gene expression solution (10x Genomics, Pleasanton, CA).
Sequencing data was processed using the 10X Genomics Cell Ranger pipeline, which uses
the Spliced Transcripts Alignment to a Reference (STAR) aligner for genome and
transcriptome alignment. Further processing was conducted using the Seurat (3.0.0) package
for R (3.5.3). Further detail is provided in Supplemental Methods.
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RNA in situ hybridization.

Cell Lines.

This was performed to assess RNA levels of HIF1A, NDUFA4L2, CD163 and SLC2A1
using RNAscope®Multiplex Fluorescent Assay V2 (Advanced Cell Diagnostics, Newark,
CA). Staining of tissue using Opal 520, Opal 570, Opal 620, Opal 690 fluorescent dyes
(Akoya Biosciences, Menlo Park, CA) was performed according to the manufacturer’s
guidelines. Confocal images were captured on a Leica SP8 confocal microscope equipped
with UV, 488nm, and white lasers and using an oil emersion 40x objective. For
quantification, the average number of H/F1A or SLC2A1 mRNA molecules present within a
5uM radius of NDUFA4LZ2and CD163molecules was determined. At least 200 NDUFA4L2
and CD163 molecules were assessed across all patients within multiple fields of view.
Statistical significance was determined by t-test using GraphPad Prism.

THP-1, ACHN, Caki-1, A498 and 786-0 cells were from ATCC (Manassas, VA), whereas
RCC4, RCC10, UMRC2 and UOK101 were kind gifts from M. Celeste Simon (University
of Pennsylvania). All commercially available cell lines were authenticated using STR
fingerprinting upon receipt and stored in frozen aliquots. Fresh vials were thawed for use in
experiments and discarded after 30—-35 passages or approximately 2 months. Mycoplasma
testing using the MycoAlert detection kit (Lonza, Ben OR) was performed every 2 months
with the last test performed on February 2020. Cells were maintained at 37°C 5% CO, in
Dulbecco’s MEM (Life Technologies, ThermoFisher Scientific, Waltham MA) or RPMI
1640 (THP-1 cells) with 10% FBS. Hypoxia incubations were performed using a Whitley
H35 Hypoxystation (HypOxygen, Frederick, MO). THP-1 cells were activated to MO by
incubation with 50nM Phorbol 12-myristate 13-acetate (Sigma-Aldrich, St Louis, MO) for
24 hours. Differentiation from MO to M1 cells was performed by treatment for 48 hours with
15ng/ml lipopolysaccharides (Sigma-Aldrich) and 50ng/ml interferon-y (R&D Systems,
Bio-Techne, Minneapolis, MN)). For M2 differentiation, cells were incubated with 5ng/ml
interleukin-13 and 5ng/ml interleukin-4 (both from R&D Systems) for 48 hours.

Immunoblotting.

Results

Membranes were probed with primary antibodies for HIF-1a (BD Biosciences, 610959),
HIF-2a (Cell Signaling Technologies, 70862), CD206 (CST #91992), HLA-DR (Abcam
#ab92511) and HAF as described in (11-13). Images were acquired using Fluorochem M
imaging system (Protein Simple, San Jose, CA). Blot quantification was performed using
ImageJ.

For all other methods, please refer to Supplemental Methods.

HIF-1a protein positively correlates with high-grade tumors and increased metastasis.

We stained tumor microarrays (TMAS) containing tumor core samples from 380 patients for
HAF, HIF-1a or HIF-2a.. Patients had a median age of 59 years, were primarily white (75%)
and male (69%) with good performance status (ECOG 0=74%). Representative images of

cores after initial antibody validation and workup are shown in Supplemental Figures S1 and
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S2. Patient characteristics overall and by TMA block are shown in Supplemental Table 1.
Total HIF-1a staining, HIF-1a (total) was associated with higher T stage (Table 1A and
Supplemental Table 2A) (28). Similarly, cores from patients with metastatic tumors had
higher HIF-1a levels than those without, and showed more variability within patients (given
by higher standard error (SE) of staining within patients), which may indicate increased
HIF-1a tumor heterogeneity within metastatic tumors. Higher levels of HIF-1a were also
associated with higher grade and showed more variability within patients. Thus, high
HIF-1a levels were associated with high tumor grade, T stage and increased metastasis.

HIF-2a and HAF are significantly associated with low-grade tumors and decreased

metastasis.

Summaries for HIF-2a and HAF in relation to tumor stage, grade and metastasis are shown
in Table 1A with full tables in Supplemental Table 2B and Supplemental Table 2C. HIF-2a
levels were higher among patients with ECOG scores of 0, i.e. the patients with the best
performance status, compared to those with ECOG = 1. HIF-2a was also highly associated
with T stage, but with an unexpected trend of decreasing levels with increasing tumor stage
from stage T1-T4. Significantly, we noted a clear decrease in HIF-2a levels with increasing
grade, tumor size, the presence of metastasis or necrosis, with greater variability within the
same patient in smaller tumors. Thus, high HIF-2a levels were associated with lower tumor
grade and T stage and were inversely correlated with metastasis.

HAF, like HIF-2a,, decreased as T stage increased. HAF was inversely correlated with
metastasis, tumor grade, tumor size, and lymphovascular invasion (LVI), (Table 1A and
Supplemental Table 2C). Thus, HAF levels closely tracked with HIF-2a. in that high HAF
levels were associated with lower tumor grade and T stage and were inversely correlated
with metastasis.

HIF-1a is primarily expressed within tumor stroma.

When examining the staining patterns for HIF-1a, we noted that unlike HIF-2a., which was
mainly expressed in tumor cells, HIF-1a staining was almost exclusively observed in
infiltrating non-tumor cells (tumor stroma: S1). Indeed, we observed weak HIF-1a intensity
within ccRCC cells, whereas most patients showed intense HIF-1a staining within the tumor
stroma (Supplemental Figures 1, 3). Thus, by setting low- and high-intensity detection
thresholds, we were able differentially quantify tumor and stroma HIF-1a positivity
(Supplemental Figure 3). When HIF-1a positivity using low (tumor) and high thresholds
(stroma) were assessed, only 9 patients (2.4%) showed positivity for low threshold (tumor-
specific) HIF-1a, which under-powered further statistical analysis, whereas all the original
samples showed expression of high threshold (stroma-specific) HIF-1a. High threshold
HIF-1a staining - HIF-1a (stroma) summaries in relation to tumor grade, stage and
metastasis are shown in Table 1B with all measured parameters shown in Supplemental
Table 2D. Similar to overall HIF-1a staining, HIF-1a (stroma), was significantly associated
with higher grade and with increased heterogeneity in grade 4, larger tumors or tumors with
LVI.
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HIF-1a is associated with poor outcome whereas HIF-2a and HAF are associated with
better outcome.

The univariable overall survival (OS) estimates by markers are shown in Table 1C, with full
table with other clinical parameters shown in Supplemental Table 3. In this patient set,
higher HIF-1a (stroma), and lower HIF-2a or HAF expression were significantly associated
with decreased OS. Older age, ECOG scores >0, higher T stage, metastases, higher tumor
grade, larger tumor size, LVI, or necrosis were each associated with decreased OS, as
expected (Supplemental Table 3). Similar details for progression-free survival are shown in
Supplemental Table 4. With no consistent cut-offs identified using recursive-partitioning
analysis (RPA, Supplemental Tables 5, 6), HIF-1a, HIF-2a., and HIF-1a (stroma) are
presented with divisions of 33" and 67! percentiles. An increase of 0.10 in the expression
of HIF-1a was associated with 28% increase in the risk of death (HR = 1.28 [1.04, 1.58];
p=0.02); whereas a corresponding increase in the expression of HIF-1a (stroma) was
associated with 39% increase in risk of death (1.39 [1.06, 1.83]; p=0.02; Fig. 1A). By
contrast, an increase of 0.10 in HIF-2a levels were associated with a 13% decrease in risk of
death (0.87 [0.80, 0.93]; p<0.001; Fig. 1B). Similarly, each increase of 0.10 in HAF
expression was associated with a 12% reduction in risk of death (HR=0.88 [95%Cl: 0.80,
0.98]; p=0.02; Fig. 1C). We observed similar correlations of HIF-1a, HIF-2a. and HAF with
progression-free survival as with OS (Supplemental Figure 4). Thus, in the univariable
setting, high HIF-1a or high HIF-1a (stroma) was significantly correlated with decreased
OS, whereas high HAF or high HIF-2a was significantly correlated with increased OS.

HIF-1a (stroma) significantly predicts for decreased OS in the multivariable setting.

Figure 1D presents the multivariable OS model with clinically relevant variables together
with levels of the HIFs and HAF to determine whether these markers could contribute
additional information once the common clinical measures were accounted for. Similar
details for progression-free survival are shown in Supplemental Table 7. After accounting for
all the variables in the model, higher ECOG, T and M stages, and HIF-1a (stroma) were all
associated with a higher risk of death. Neither HAF nor HIF-2a levels contributed additional
information about OS after accounting for the standard clinical predictors. Most importantly,
HIF-1a (stroma) remained significantly associated with OS, with a 40% increased risk of
death for each increase of 0.10 in expression (1.4 [1.1, 1.9]; p=0.02). A likelihood ratio test
between the two multivariable models (either with or without HIF-1a [stroma]) indicates
that the model which includes HIF-1a (stroma) is significantly better at predicting survival
(p=0.04). Thus, HIF-1a (stroma) is a significant predictor of poor overall survival in the
multivariable setting.

HAF, HIF-1a and HIF-2a levels in ccRCC versus uninvolved kidney in T stage 1 disease.

To determine the relative levels of HAF and the HIFs in tumor versus paired uninvolved
normal Kidney tissue, we used large sections of additional tissue (containing both tumor and
uninvolved kidney) obtained from 12 patients with early stage tumors (T stage 1 comprising
grades 2-3) quantitated using Aperio (Supplemental Figures 5-8). HIF-1a and HIF-2a were
expressed only at low levels in uninvolved kidney, although HIF-1a. levels were slightly
higher within the glomerulus compared to the tubules (Fig. 2A, Supplemental Figure 6).
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HIF-2a levels were significantly elevated in ccRCC (compared to paired uninvolved tissue
(Fig. 2B, Supplemental Figure 7), whereas HIF-1a. levels were not significantly different in
ccRCC compared to paired uninvolved tissue. Intriguingly, we observed that HIF-1a was
expressed within both tumor and stromal cells within these T Stage 1 tumors (Supplemental
Figure 6). HAF was highly expressed within tubular epithelial cells and was decreased in
paired ccRCC tissue (Fig. 2A-B and Supplemental Figure 8). Thus, HIF-2a is increased,
HAF is decreased, and HIF-1a (tumor and stroma) is not significantly different in ccRCC
compared to uninvolved normal kidney in T stage 1 ccRCC tissue.

Validation of HAF/HIF relationship with ccRCC grade.

To validate the relationships of HAF/HIFs to tumor grade, we analyzed a TMA comprising
uninvolved, low grade and high grade ccRCC tissue. HAF levels were significantly
decreased in low grade ccRCC compared to uninvolved kidney but was not significantly
different between high grade and low grade ccRCC (Fig. 2C). HIF-2a., was significantly
increased in low grade ccRCC compared to uninvolved kidney but was then significantly
decreased in high grade compared to low grade ccRCC (Fig. 2C). HIF-1a levels were
almost exclusively stromal (referred to as HIF-1a [stroma]) and was significantly increased
in low grade ccRCC compared to uninvolved kidney, but was not significantly different
between high grade and low grade ccRCC (Fig. 2C). In a second cohort, we observed a
significant decrease in HAF levels in high grade compared to low grade tumors, and a
significant increase in HIF-1a (stroma) in high grade compared to low grade tumor, whereas
HIF-2a levels were not significantly different but trended lower in high grade tumors. (Fig.
2D, Supplemental Figure 9). Taken together, a validation cohort from 49 additional patients
confirm an association of decreased HAF and HIF-2a levels with increasing tumor grade,
and an association of increased HIF-1a (stroma) with tumor grade.

HIF-1a and HIF-2a are expressed in ccRCC tumor cells whereas only HIF-1a. is expressed
in immune infiltrating cells.

To address the issue of HIF-1a localization, we enlisted GU pathologists (NK, DS) to
examine additional surgical specimens obtained from Huntsman Cancer Institute. These
were comprised of low-grade (10 cases), high-grade (13 cases), and uninvolved normal
tissue obtained from separate blocks and distal from the tumor (15 cases). Within tumor cell
nuclei, HIF-1a and HIF-2a staining was very heterogeneous and were primarily localized to
tumor margins and bordering regions of necrosis. HIF-1a expression was also detected in
approximately 5% of immune cells in both uninvolved and ccRCC tissue, whereas HIF-2a
was not detectable in immune cells (median expression <1% of immune cells (Fig. 3B-C).
These immune cells were heterogeneously distributed throughout the tumor, particularly
within local regions of inflammation, but did not have any specific localization to tumor
margins or necrotic regions. Although we observed a significant increase in the percentage
of immune cells within high grade ccRCC tissue compared to uninvolved kidney, the
percentage of immune cells that were HIF-1a positive was not significantly different (Fig.
3A, C). Representative images show consistent HIF-1a staining in immune infiltrating cells
but rarely in tumor cells, and frequent HIF-2a staining in tumor cells, but never in immune
infiltrating cells (Fig. 3D-E). Thus, we confirm expression of only HIF-1a in immune
infiltrating cells.
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HIF-1a is primarily expressed in ccRCC tumor-associated macrophages (TAMS).

To more definitively identify the HIF-1a expressing cell-types, we performed single-cell
sequencing mRNA-sequencing (scRNA-Seq) on three grade I11/1V ccRCC cases with paired
uninvolved kidney. Quality control and data filtering performed produced a total of 7569
ccRCC and 2464 uninvolved cells for analysis. Clustering was performed using the Seurat
package with cell identities assigned manually using previously described cell-specific
markers in renal cancer (Fig. 3F, Supplemental Figure 10A). Tumor clusters were identified
by NDUFA4L 2 expression, which has been characterized as a robust expression marker for
ccRCC with high expression localized to two clusters in our scRNAseq data (Tu@, TuP;
Supplemental Figure 10B) (29,30). In comparison, CA/X; a commonly used protein maker
of ccRCC, was not localized to any specific cluster (apart from a few cells in Tu@
[Supplemental Figure 10B]), reducing its utility as a tumor-specific marker in this study.
Analysis of average gene expression within each cluster showed that H/F1A and EPASI
transcript were strongly expressed within a minority subset of tumor cells (TuP), and within
the vasculature, but this was not associated with increased transcription of HIF target genes.
However, classical HIF target genes (for example, CA9, EPO, VEGFA and GLUT1)were
highly expressed in the majority subset of tumor cells (Tu?), where H/F1A and EPASI
transcript were poorly expressed, consistent with HIF-a post-transcriptional protein
stabilization by hypoxia or pVHL loss (Fig. 3G, Supplemental Figure 10C). A cluster
heatmap with a more exhaustive list of validated HIF target genes is shown in Supplemental
Figure 11. H/F1A (but not £RPASI) transcript was also elevated in the macrophage M2 and
MP clusters, and this was co-incident with the activation of HIF targets, VEGFA or CXCL8
(Fig. 3G, Supplemental Figure 10C), suggesting a transcriptional mechanism of HIF
activation in these macrophages By contrast, the M€ cluster also showed upregulation of HIF
targets, but had low H/F1A transcript levels, suggesting that this cluster may activate HIF
through the canonical hypoxia-mediated pathway. All three macrophage clusters expressed a
spectrum of M1 and M2 activation markers and did not clearly correspond to any specific
macrophage activation subtype (Fig. 3H). RNA /n situ hybridization (RNA-ISH) confirmed
expression of H/F1A transcript in CD163 expressing macrophages (a marker of alternatively
activated, M2 polarized macrophages), whereas expression of the HIF target, SLC2AI (also
known as glucose transporter 1, GLUTI) was mainly localized in NDUFA4L 2 expressing
ccRCC tumor cells, in the absence of H/F1A transcript expression (Fig. 4A). Manual
quantitation showed significantly higher levels of A/F2ZA mRNA molecules in close
proximity to CD163than to NDUFA4L 2, and significantly increased levels of GLUT!
MRNA molecules in close proximity to NDUFA4L 2 rather than to CD163 (Fig. 4B). Besides
tumor cells, cells of the vasculature and macrophages, no other cell type showed clear
upregulation of H/F1A or HIF target genes.

The data suggest that increased H/F1A transcript may translate to increased HIF-1a. protein
within macrophages but not within tumor cells, where activation of HIF target genes is likely
to be primarily HIF-2a.-dependent. Intriguingly, HIF-1a protein was detected in both the
nucleus and cytoplasm in macrophages, unlike in tumor cells, where HIF-1a, when
expressed, was primarily localized within the nucleus (Supplemental Figure 3). Double
staining experiments with the endothelial cell marker CD31 confirmed that while many
HIF-1a expressing cells resided within blood vessels, the endothelial cells were not
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themselves HIF-1a positive (Fig. 4C). Similarly, double staining with CD3 indicated that
although HIF-1a expressing cells were within proximity with T cells, T cells themselves did
not express HIF-1a (Fig. 4D). However, HIF-1a co-localized with the monocyte/
macrophage markers CD68 and CD14 and M2 marker CD163 (Fig. 4E-G). Despite
expression of the classically activated, M1 macrophage marker CD86 via SCRNA-Seq, we
could not detect more than a few CD86 positive cells in ccRCC tissue (10 cases examined),
and none co-localized with HIF-1a (not shown). Co-staining of HIF-1a with other markers
such as B-cell markers CD19, CD20 and CD21, and dendritic cell marker S100 were also
attempted but only a few positive cells were observed and again, none co-localized with
HIF-1a (not shown). Taken together, our sScRNA-Seq, RNA-ISH and IHC data suggest that
the highest HIF-1a expressing cells are TAMs, primarily those that also expressed the M2
marker, CD163.

To further characterize the H/F1A expressing macrophages, we performed differential gene
expression analysis on H/IF1A+ (HIF1A expression > 0) and HIF1IA- (HIFIA<0)
macrophages, followed by gene set enrichment analysis (GSEA) (31). We identified 361
upregulated and 19 downregulated genes in H/F1A+ compared to H/F1A- macrophages. Of
the top 10 upregulated genes, 5 were previously known to be regulated by HIF-1a (Fig. 4H)
(32-36). GSEA identified complement, TNF-a signaling via NF-xB, and inflammatory
response as positively enriched pathways (p<0.05) in H/F1A+ macrophages (Fig. 41).
Intriguingly, the complement pathway has previously been linked to ccRCC progression,
whereas TNF-a has been implicated in ccRCC metastasis and treatment resistance, while
HIF-1 has long been implicated in both inflammation and tumorigenesis (37-39).

To investigate the mechanism(s) by which the tumor microenvironment results in HIF-1a
upregulation within infiltrating TAMs, but loss of HIF-1a expression in the tumor, we used
the THP-1 monocytic cell line and a panel of human RCC cell lines. We found that both
HIF1A transcript and protein was strongly induced only in hypoxic M2-polarized
macrophages (Fig. 5A—C) (40). When we investigated the impact of hypoxia on RCC cells,
we found that while cells with wild-type VHL showed robust HIF-1a and HIF-2a
accumulation under hypoxic conditions, pVHL deficient cells showed constitutively low
levels of HIF-1a in both normoxia and hypoxia, supporting the previously reported notion
of HIF-1a loss in ccRCC (Fig. 5D-F) (28). By contrast, HIF-2a levels remained relatively
constant in pVHL mutant cells irrespective of oxygen tension, whereas HAF levels generally
decreased in hypoxia similar to our previous observations (Fig. 5F-G) (41). Thus, the data
suggest that the combination of hypoxia and M2 polarizing conditions within the tumor
microenvironment promotes the upregulation of H/F1A transcript and protein in ccRCC
TAMSs, whereas intrinsic factors associated with p\VHL loss inhibits the production of
HIF-1a protein in tumor cells regardless of oxygen tension.

To explore the clinical utility of HIF-1a, we measured baseline HIF-1a levels in primary
tumors from 57 patients with advanced/metastatic RCC who were subsequently treated with
antiangiogenic therapy and assessed the relationship between HIF-1a levels and response
(Supplemental Figure 12A). As observed previously in prior datasets, HIF-1a staining was
primarily stromal (Supplemental Figure 12B-C). Importantly, HIF-1a (stroma) levels were
significantly higher (p = 0.03) in patients who derived no clinical benefit (CB) from
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antiangiogenic therapy (median PFS - 3 months; median OS - 18.5 months) compared to
those that derived CB (median PFS - 15 months; median OS - 42 months) (Fig. 5H). By
contrast, no significant associations were observed between HIF-2a and CB (Fig. 5I).
Patient with stable disease, partial response or complete response following therapy were
considered to have derived CB, whereas those with progressive disease were considered to
have derived no CB. As expected, patients deriving no CB had significantly increased risk of
progression or death compared to patients who derived CB (Supplemental Figure 12D-E).
Thus, HIF-1a (stroma) is significantly associated with resistance to antiangiogenic therapy.

Discussion

Here, we have undertaken a comprehensive study to delineate the relationship between the
HIFs and HAF during ccRCC progression. Although HIF-1a had been proposed as a tumor
suppressor in ccRCC, our study has revealed an unexpected role of HIF-1a in TAMSs as an
independent indicator of poor outcome. We show that the exposure to a combination of
hypoxia and M2 polarizing cytokines, conditions frequently present within the tumor
microenvironment, induce H/F1A transcription and HIF-1a protein expression in TAMs.
Our study highlights the potential contribution of TAM HIF-1a to ccRCC aggressiveness in
the context of HIF-1a loss within tumor cells, suggests its utility as a prognostic marker, and
potential therapeutic target. Surprisingly, HIF-2a, which is widely considered to be a tumor
driver, was significantly decreased with tumor grade, and associated with better patient
prognosis, similar to its co-activator, HAF (Table 1A, Fig. 2C-D) (13,28). However, we note
that these findings do not bely the contribution of HIF-2a to the ccRCC phenotype, and its
potential as a therapeutic target, as has been previously outlined (21-24).

HIF-2a is widely recognized as the major driving factor and a promising therapeutic target
in ccRCC (21-24). Intriguingly, a recent meta-analysis found that although HIF-2a was
negatively associated with overall survival in a variety of solid tumor types, HIF-2a was a
positive prognostic biomarker for metastasis-free survival in kidney cancer (42). Another
study showed a significant negative correlation of cytoplasmic HIF-2a with overall survival,
but a significant positive correlation of nuclear HIF-2a with increased overall survival,
which is in agreement with our findings (43). Only HIF-2a nuclear staining was considered
in the analyses performed throughout our study due to the paucity of cytoplasmic HIF-2a
detected in our tissue sections.

Although HIF-1a has previously been associated with classically activated, pro-
inflammatory M1 macrophage polarization, we found that HIF-1a primarily co-localized
with the M2 marker, CD163, at both the RNA and protein levels, whereas M1 markers such
as CD86 were poorly expressed in the ccRCC cases we examined. No differences were
observed between HIF-1a protein levels within TAMs compared to macrophages derived
from uninvolved kidney suggesting that increased stromal HIF-1a in high-grade ccRCC
may be due to increased numbers of immune cells rather than increased HIF-1a expression
(Fig. 3A). It is also possible that due to the proximity of the uninvolved kidney to the tumor
site, macrophages identified within uninvolved kidney may also consist of TAMs that have
migrated away from the tumor site. We note that although HIF-2a has been linked to M2
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polarization, we could not detect macrophage-specific HIF-2a expression in any of the
ccRCC tissues examined (44).

When we compared the transcriptomes of H/F1A+ TAMs with that of H/F1A- TAMs, we
found that the most highly enriched gene sets were those associated with the complement
pathway, TNF-a signaling via NF-xB and the inflammatory response (Fig. 41). However, it
is both possible and likely that other HIF-1a-driven pathways may contribute to the pro-
tumorigenic roles of TAMs, as described previously (45). Indeed, a known limitation of
SscRNA-Seq technology is the relatively low mRNA capture efficiency and sequencing depth
compared to bulk mMRNA sequencing. Additionally, the proportions of tumor and stromal
populations characterized through scRNA-Seq may vary from the proportions found /n situ
due to differences in efficiency of tissue disaggregation.

While our study is designed to address limitations of previous investigations, there are
limitations of our own work that should be considered. First, the primary evaluation of the
prognostic significance of HAF and the HIFs was performed using TMAs. Related to this,
intratumor heterogeneity (ITH) occurs in ccRCC, and prognostic biomarkers may be
influenced by tumor sampling or interrater variability. Additionally, there is potential for
technical batch effects associated with the tissue distribution over multiple paraffin blocks
(Supplemental Table 1). We addressed these issues by the inclusion of additional TMAs and
large tissue sections from different institutions (the validation cohort), which confirmed the
association of low HIF-2a or HAF with high tumor grade, and high HIF-1a. with high tumor
grade (Fig. 3B-C). Thus, despite these limitations, our data suggest that mean HIF-1a levels
contribute additional value using fairly straightforward quantitative measurement techniques.
Second, although our scRNA-Seq studies have revealed potential downstream targets of
HIF-1a in TAMSs, lack of sequencing depth has precluded a more granular analysis of the
HIF-1a TAM transcriptome, and certainly those of other non-neoplastic cells within the
tumor mass. Finally, we also note the use of OS instead of cancer-specific survival due to
lack of data specifically confirming cancer as cause of death.

Our studies build on our current understanding of the role of the HIFs in ccRCC (Fig. 5J).
We show that HIF-2a but not HIF-1a is increased in ccRCC tumor cells compared to paired
uninvolved kidney. HAF is decreased during ccRCC progression, and both HAF and HIF-2a
are associated with lower tumor grade/stage and better outcome. Most notably, HIF-1a
expressing TAMs increase with tumor progression and is an independent negative prognostic
indicator, suggesting that HIF-1a inhibition such as by small molecule inhibitors may be a
promising strategy for targeting the tumor-promoting properties of TAMs in ccRCC (Fig. 51)
(46,47). We also demonstrate the potential utility of HIF-1a as a predictor of response to
antiangiogenic therapy. Although future prospective studies will be required to confirm the
prognostic role of HIF-1a and its predictive value, our work has established TAM HIF-1a as
a potential contributor to ccRCC progression in the context of HIF-1a loss in tumor cells,
and identified downstream targets of TAM HIF-1a that warrant further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

Here, we highlight a novel prognostic role for HIF-1a in tumor associated macrophages
(TAMs) in kidney cancer, in the context of its tumor suppressor role within kidney cancer
tumor cells. Further, we identify an unexpected association of HIF-2a and its activating
co-factor, HAF, with improved patient outcome and reduced incidence of metastasis.
Taken together, these findings have important implications for the development of
HIF-2a inhibitors currently underway for the treatment of kidney cancer and support the
evaluation of TAM HIF-1a as a therapeutic target in kidney cancer.
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Figure 1: High HIF-1a expression in tumor stroma isassociated with wor se outcome, whereas
high tumor HAF or HIF-2a expression is associated with better outcome.

Kaplan Meier plots showing associations of HIF-1a (stroma), (A), HIF-2a, (B), and HAF,
(C) with overall survival. D) Table showing multivariable overall survival analysis by patient
and tumor characteristics. NI=Not Included.
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Figure2: Levelsof HAF and the HIFsduring ccRCC progression.
A) Representative images of large sections of paired uninvolved and T stage 1 tumor

sections stained for HAF, HIF-2a and HIF-1a. Scale bars = 100uM. B-D) Quantitation of
staining percent nuclear positivity of large tissue sections from T stage 1 tumors containing
both tumor and uninvolved tissue (B), multi-grade tumor microarrays (C), and large tissue
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sections (D), based on an arbitrary threshold for HAF, HIF-2a and HIF-1a as determined by
Aperio digital imaging software. Each dot on the plots indicates a single patient with patient
numbers indicated in brackets. Average values + SEM are shown with p-values indicated for
(B), students’ paired T-tests, or (C,D) Mann Whitney U- tests. ****p<0.0001, ***p<0.001,
**p<0.01, *p<0.05. NS: not significant.
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Figure 3: HIF-1a isprimarily expressed in tumor-associated macrophages (TAMS).

A) Percent of immune cells as a percentage of total cells in tumors as determined by
pathologists’ analysis of hematoxylin and eosin (H&E) stained tissue sections. B,C) Percent
of immune cells that stained positive for HIF-2a (B) or HIF-1a. (C) as determined by
pathologists’ analysis of HIF-1/2a stained sections with reference to H&E stained sections.
Each dot on the plots indicates a single patient with patient numbers indicated in brackets.
D-E) IHC showing HIF-1a (D) and HIF-2a (E) localization in matched high grade ccRCC.
Scale bars = 50uM. F) T-SNE plots showing clustering of indicated cell types from single
cell sequencing of ccRCC tissue from 3 patients. V = vasculature; Tu = tumor cells; T = T-
cells, NK = NK cells, P = plasma cells, B = B-cells; M = macrophages. G) Heatmap
showing average transcript expression levels for HIF-1a (H/F1A), HIF2-a (EPASI) and a
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panel of HIF regulated genes for the indicated cell type clusters. H) Heatmap showing
average expression levels of transcripts associated with M1 or M2 polarization in the three
macrophage clusters.
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Figure 4: Characterization of HIF-1a expressing TAMs.
A) RNA in-situ hybridization (RNA-ISH) showing proximity of H/F1A and CD163in

TAMs, and HIF target, GLUT1 (SLC2A1), with ccRCC tumor cell -specific transcript,
NDUFA4L 2. Scale bars = 10uM. B) Quantitation of average number of H/F1Aor GLUT1
mRNA molecules within a 5uM radius of NDUFA4LZ2and CD163 molecules. At least 200
NDUFA4L2and CD163 molecules were assessed across all patients. *** p < 0.0001. C-G)
Double staining of HIF-1a with indicated markers. Scale bar = 100uM. H) Top 10
upregulated genes in H/F1A+ macrophages from differential gene expression analysis of
HIF1A+ TAMs versus HIF1A- TAMs |) The most positively enriched pathways identified
from gene set enrichment analysis on upregulated genes (using a 10% FDR cut-off) in

HIF1A+ TAMs.

Normalized Enrichment Score
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Figure5: HIF-1a isupregulated in hypoxic M 2-polarized macrophages and is associated with
resistance to antiangiogenic ther apy.

A) Western blots showing effect of exposure of PMA-differentiated THP-1 macrophages to
M1 or M2-polarizing cytokines in normoxia or hypoxia. B-C) Tagman-gRT-PCR showing
effects of hypoxia on H/F1A normalized to B,Min M1 or M2 polarized macrophages +
SEM. D-G) Western blots showing impact of indicated durations of hypoxia on a panel of
RCC cells (D), with quantitation in E-G). H-1) HIF-1a (H) and HIF-2a (1) levels in ccRCC
tissue and association with response to angiogenic therapy. *p < 0.05 using unpaired t-tests
for log-transformed values. (J) Revised role of HAF and the HIFs in ccRCC: HIF-1a
positive TAMs increase with ccCRCC progression in the context of HIF-1a loss in tumor cells
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and is an independent predictor of poor outcome. By contrast, HAF and HIF-2a levels
decrease with tumor stage and predict for better outcome.
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Table 1A:

Levels of HIF-1a (total), HIF-2a and HAF within Patients by Clinical Characteristics. Included in table are p-
values for whether HIF-1a, HIF-2a or HAF values differ significantly by T stage, M stage or grade (using
ANOVA or Kruskall-Wallis test if ANOVA assumptions were violated)

Within Patient HIF-1a (total)

values Within Patient HI F-2a. Values Within Patient HAF Values
Charactarisics  intensty s Intensity s Intensity S
Men e Mo g Mem g Medm g, Men g Medon g
All 0.026 0.007 0.192 0.037 0.095 0.023
T Stage 0.005 0.01 <0.001 <0.001 <0.001 0.25
T1 0.028 0.007 0.419 0.065 0.164 0.029
T2 0.04 0.013 0.195 0.034 0.112 0.026
T3 0.02 0.006 0.099 0.025 0.055 0.019
T4 0.055 0.019 0.166 0.052 0.012 0.004
M Stage 0.02 0.02 0.01 0.37 0.001 0.18
No 0.024 0.006 0.219 0.037 0.113 0.027
Yes 0.033 0.009 0.137 0.032 0.049 0.017
Tumor Grade 0.04 0.01 0.01 0.64 <0.001 0.14
1 0.02 0.005 0.473 0.068 0.21 0.024
2 0.022 0.005 0.245 0.038 0.167 0.031
3 0.025 0.007 0.188 0.037 0.104 0.024
4 0.035 0.011 0.121 0.031 0.038 0.015

1duosnuey Joyiny

1duosnuen Joyiny

Clin Cancer Res. Author manuscript; available in PMC 2021 March 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Cowman et al.

Table 1B:

Levels of HIF-1a (stroma) within Patients by Clinical Characteristics.

Within Patient HIF-1a (stroma) Values

Patient Char acteristics Mean SE
Median (IQR) P-value Median (IQR) P-value
All 0.009 (0.004, 0.017) 0.003 (0.001, 0.006)
Clinical T Stage 0.13 0.17
T1 0.010 (0.005, 0.018) 0.003 (0.001, 0.005)
T2 0.006 (0.003, 0.016) 0.002 (0.001, 0.007)
T3 0.009 (0.005, 0.016) 0.003 (0.001, 0.007)
T4 0.032 (0.005, 0.082) 0.011 (0.001, 0.035)
Clinical M Stage 0.55 0.09
No 0.009 (0.004, 0.017) 0.003 (0.001, 0.005)
Yes 0.009 (0.002, 0.019) 0.004 (0.001, 0.008)
Tumor Grade 0.01 <0.001

A W N

0.006 (0.004, 0.030)
0.007 (0.003, 0.014)
0.008 (0.004, 0.016)
0.012 (0.007, 0.022)

0.002 (0.001, 0.002)
0.003 (0.001, 0.004)
0.002 (0.001, 0.006)
0.005 (0.003, 0.010)
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Table 1C:

Univariable analysis of overall Survival by Patient Characteristics

Overall Survival
Patient Characteristic ~ Measurement
Deaths/N 5-Year (SD) P-Value
All Patients 195/380  66.7% (2.5%)
0.02
HAF Mean ™ <0.14 133/229 61.0% (3.3%)
>=0.14 59/146 75.3% (3.6%)
<0.001
. <0.102 60/117 60.5% (4.7%)
HIF-2a Mean
0.102-<0.307 69/120 57.8% (4.6%)
>=0.307 51/119 79.6% (3.7%)
0.02
. <0.0171 57/124 71.8% (4.1%)
HIF-1a (total) Mean
0.0171-<0.041 63/122 66.0% (4.4%)
>=0.041 70/124 61.1% (4.4%)
0.02
. <0.005 55/116 74.4% (4.1%)
HIF-1a (Stroma) Mean
0.005-<0.014 65/135 66.6% (4.1%)
>=0.014 71/120 57.8% (4.6%)

Page 25

*
These variables are continuous measures. The p-value is based on the continuous variable, and the groupings are used for presentation of time

estimates only.
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