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ABSTRACT

care and is central to oncology.

ile cancer is a clonal process, cumulative evidence suggest that
W‘t‘umors are rather heterogenous and are composed of multiple
genetically-distinct subclones that arise at different times and either

persist and co-exist, expand and evolve, or are eliminated. A paradigm of tumor
heterogeneity is renal cell carcinoma (RCC). By exploiting morphological traits
and building upon a framework around three axes (architecture, cytology and
the microenvironment), we review recent advances in our understanding of
RCC evolution leading to an integrated molecular genetic and morphologic
evolutionary model with both prognostic and therapeutic implications. The
ability to predict cancer evolution may have profound implications for clinical
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INTRODUCTION

Metastasis is a complex process wherein
tumor cells evade immune surveillance,
dislodge from primary tumors, invade
a vascular/lymphatic conduit, and dis-
seminate to secondary sites to form new
masses. Each step involves a selection
process between the tumor cells and
the host. Fundamental to this process
(and not much dissimilar to evolution
across species), is the plasticity of tumor
cells and their diversity, which increases
their fitness. Multiregion genomic sam-
pling analyses have shown that tumors
evolve from an ancient clone that over
time evolves into multiple genetical-
ly-distinct subclones and acquire met-
astatic competency. Dissemination to
metastatic sites may be an early or late
event. This intra-tumoral heterogeneity
poses a significant problem for cancer
management. Focusing on renal cell
carcinoma (RCC), the prototypical mod-
el of tumor heterogeneity, we discuss its
implications.

RCC of clear cell type: not a single
disease

Clear cell RCC (ccRCC) accounts for
over 70% of all RCC. Like many can-
cers, ccRCC has significant variability.

Small ccRCCs (<4 cm in size) exhibit a
relatively indolent behavior, however, a
small subset of these tumors are aggres-
sivel. Surgery is the treatment of choice
for localized or locoregional disease
(stage I-I1I). Up to 25% of patients with
apparently localized ccRCC relapse af-
ter surgery?. Fifteen percent of patients
present with metastatic disease, and up
until recently, metastatic RCC was large-
ly incurable. The 5-year survival rate for
patients with metastatic RCC is ~10%,
though more durable responses have
been recently observed in patients re-
ceiving combination immunotherapy?.

ccRCC can spread through both
lymphatics and hematogenously, and
is remarkably predisposed to intra-
vascular growth. It can colonize at a
wide range of secondary distant sites.
Intriguingly, the site of metastasis
may confer variable prognosis; liver
metastasis is associated with a worse
prognosis, while pancreatic metasta-
sis has good prognosis®. Additionally,
the metastatic course may be variable,
both in terms of spatial and temporal
patterns. Metastases may be solitary or
oligometastatic with long latency peri-
ods or associated with rapid multiorgan

dissemination. Isolated metastases can
be managed with focal therapies (sur-
gery, ablation or stereotactic radiation)
or by active surveillance-.
Disseminated metastatic c¢cRCC
requires systemic therapy including
inhibitors of the vascular endothelial
growth factor (VEGF)/ VEGF receptor
(VEGF/R-I) and mammalian target of
rapamycin (mTOR) inhibitors. These
have variable responses and are large-
ly palliative2. More recently, immune
checkpoint inhibitors (ICIs) of the PD-1
and CTLA-4 pathways have been ap-
proved by the FDA#5. In 2020, frontline
systemic treatment is defined by im-
mune checkpoint inhibitor (ICI) com-
bination therapies such as ICI doublets
(ipilimumab and nivolumab) or ICI with
targeted therapies (pembrolizumab or
avelumab with axitinib)4'2'3, Even with
these combinations, over 50% of pa-
tients experience progressive disease.
Multiple other therapeutic options are
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Fig. 1 | A multiscale framework to

dissect ccRCC heterogeneity according to
three fundamental axes: tumor cytology,
architecture and the microenvironment. 33
different parameters were evaluated in 549
ccRCCs (Cai et al., EBioMedicine 2020).
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<4 cm >4 cm P

(n = 250) (n = 299)
Microcystic 110 (44.0%) 77 (25.8%) <0.0001
Tubular/Acinar 82 (32.8%) 78 (26.1%) 0.085
Bleeding Follicles 87 (34.8%) 59 (19.7%) <0.0001
Compact Small Nests 191 (76.4%) 217 (72.6%) 0.31
Large Nests 122 (48.8%) 195 (65.2%) 0.0001
Alveolar 48 (19.2%) 98 (32.8%) 0.0003
Papillary/ 16 (6.4%) 38 (12.7%) 0.013
Pseudopapillary
Thick Trabecular/ 37 (14.8%) 131 (43.8%) <0.0001
Insular
Solid Sheet 27 (10.8%) 137 (45.8%) <0.0001
Median present 3(2-4) 4 (2-5) <0.0001

(interquartile range)

Table 1 | Clear cell renal cell carcinoma tumor size and frequency of architectural features
(as patterns co-occur, the composite frequencies exceed 100%).

being investigated ranging from target-
ed therapies such as HIF-2 inhibitors,
inhibitors of metabolism (e.g. gluta-
minase inhibitors), and a plethora of
immunotherapies.

Despite substantial progress and a
broad spectrum of systemic therapies,
precision medicine and biomarker de-
velopment have lagged behind. The suc-
cess and optimal utilization of treatment
options will depend on our understand-
ing of tumor biology as well as intra-tu-
moral heterogeneity (ITH). In summa-
ry, the wide clinical course of ccRCC
patients may reflect the underlying in-
tra-tumor and inter-patient heterogene-
ity. Precision medicine will benefit from
better understanding of the tumor evo-
lution and ITH.

Clear cell RCC, a prototype of
genomic intra-tumoral heteroge-
neity

The wide spectrum of clinical be-
havior and variable response to therapy
is mirrored at the molecular level by in-
ter- and intra-tumoral heterogeneity'+.
Molecularly, ccRCC is quite intriguing,
as genes that are frequently mutated in
other common tumor types are rare-
ly mutated in ccRCCY. Converesely,
frequently mutated genes in ccRCC
are rarely mutated in other tumors.
Sporadic ccRCC is characterized by VHL
mutation (or methylation) in >80%
of tumors, and loss of heterozygosity
of 3p (where VHL resides) in ~90% of
cases™®19,

ccRCC has long been considered the
archetype for genomic ITH starting with
the seminal publication by Gerlinger and
colleagues demonstrating the value of
multi-region sequencing in understand-
ing cancer evolution?°. More recently,
multiregional sequencing experiments
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have been performed on a much larg-
er scale, including 1,206 spatially-dis-
tinct primary tumor areas from 101
RCC patients profiled by the TRAcking
Cancer Evolution through therapy (Rx)
(TRACERX) consortium. These studies
have provided unprecedented detail on
ITH and showed that as tumor cells pro-
liferate, spatial and temporal subclones
with different mutations and somatic
copy number alterations (SCNA) evolve
and co-exist in different areas. Other
than VHL and PBRM1, driver muta-
tions in SETD2, BAP1, KDM5C, MTOR,
PIK3CA, PTEN, p53, and KDM6A are
frequently found at
a subclonal level**8,
Based on patterns
of tumor evolution
and inferred muta-
tion timing, ~60% of
c¢cRCC (64/101) can
be grouped into sev-
en evolutionary sub-
types's. “VHL mono-
driver” tumors are
characterized by low
grade, low stage, indo-
lent behavior and min-
imum ITH. In contrast,
tumors that are char-
acterized by high grade
and rapid progression
to metastases include 3
subtypes: “BAP1 driv-
en,” “VHL wild-type,”
and “multiple clonal
drivers.” The “BAP1
driven”  evolutionary
subtype is character-
ized by truncal VHL
and BAP1 mutations;
and no VHL alteration
was detected in the
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Fig.2 | Architectural patterns of ccRCC. Nine architectural
patterns with representative H&E-stained images and their
frequency in ccRCC. As patterns co-occur in tumors, the
composite frequencies exceed 100% (For more details, Cai
et al.., EBioMedicine 2020).

“VHL wild-type” evolutionary subtype.
The “multiple clonal drivers” exhibit-
ed truncal aberrations in two or more
of the following genes: BAP1, PBRM1,
SETD2, or PTEN. Tumors with inter-
mediate aggressiveness were charac-
terized by low-intermediate grade, in-
creased ITH, parallel evolution, and
attenuated disease progression. Three
PBRM1i-driven subtypes were noted in
this group, which had sequential loss of
PBRM1 followed by loss of SETD2, acti-
vation of PI3K/ AKT/ mTOR signaling
pathway, or specific SCNAs.

These results support findings from
a prior single sample sequencing study
that led us to propose an integrated mo-
lecular genetics and pathological clas-
sification of sporadic ccRCC'. We dis-
covered that mutations in BAP1 tend to
anticorrelate with mutations in PBRM1,
while PBRM1 and SETD2 often co-oc-
cur'>*22, BAP1-mutant tumors tend to
be of high grade and are associated with
worse survival (HR, 2.7; p=0.044), com-
pared to PBRMi-mutant tumors that
are typically of low grade and associat-
ed with better outcomes although when
SETDz2 is also mutated, PBRM1-mutant
tumors are more aggressive!s21-25,

In the TRACERx study, decreas-
ing ITH correlated with an aggressive
disease course, suggesting that a com-
petent, aggressive clone may outgrow
co-existing clones. Reduced ITH of these
tumors may make them potentially

Microcystic Tubular/Acinar
TR

LI

KIDNEY CANCER JOURNAL | 18 (3) | September 2020

69



more vulnerable to therapy. On the oth-
er hand, tumors with high degree of ITH
comprising diverse subpopulations of
cancer cells, may be more likely to have
a mixed response to therapy, unless a
truncal event is targeted.

Capturing the full degree of ITH is
challenging. It has been proposed that
at least 7 biopsies are required to de-
tect over 75% of variants'®. An alterna-

TubularAcinar

and behavior (e.g. clear cell papillary
RCC). In addition, histopathologic anal-
yses are the current standard of care
for routine diagnosis and prognosis of
RCC (and cancer in general). Currently
ccRCC grading is largely based on mor-
phologic assessment of nucleolar size.
More recently, differentiation patterns
like sarcomatoid and rhabdoid have
been shown to impact prognosis and

icrocystic

S 1d

Indolent
Patterns
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tive might be representative sequenc-
ing (Rep-Seq). By homogenizing larger
quantities of tumor material, Rep-Seq
may accurately deconvolute clonal
structures®®. However, these tools are
subject to sampling bias and are ex-
pensive. Nevertheless, what is clear is
that accurate prognostic and predictive
models will likely need to address ITH
to faithfully predict tumor behavior.

Morphologic intra-tumoral het-
erogeneity

The ITH so elegantly highlighted
with molecular tools has been appre-
ciated for decades by pathologists?7-.
Indeed, categorization of new entities
often starts with recognition of differ-
ent morphologic patterns and these
entities are subsequently determined
to have divergent genomics, biology
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Fig. 3 | Map of ccRCC architectures and evolutionary model. t-distributed stochastic
neighbor embedding (t-SNE) map of primary ccRCC tumors based on architectural
composition with superimposed vectors using pure patterns as anchors and
overlaying tumor size and grade for directionality (dashed arrows).

may even be predictive. This implies
that morphology can capture tumor ag-
gressiveness. However, multiregional
molecular genetic studies have largely
been performed agnostic to morphol-
ogy. A contributing factor may be that
molecular genetic analyses are optimal-
ly performed from frozen tissues while
morphology is routinely assessed on
formalin fixed tissue.

Morphology, a phenotypic reflec-
tion of the underlying genome and tran-
scriptome, not only allows for interro-
gating molecular data at a phenotypic
level but also provides clues about tu-
mor—environment interactions. The tu-
mor interaction with its microenviron-
ment is important, and it is noteworthy
that most FDA-approved therapies to-
day do not target cancer cell themselves,
but rather target host cells either in the

vasculature or of the immune system.
In addition, morphology may be useful
proxy to evaluate the effects of genomic
alterations and may shed light on ge-
nomic evolutionary subtypes and their
therapeutic vulnerabilities. However, up
until recently, the significance of these
different morphological phenotypes has
remained unexplored.

Recently, our multidisciplinary
team sought to systematically dissect
and comprehensively explore the impli-
cations of ccRCC phenotypes. Our goals
were: (1) to devise a framework to de-
convolute the phenotypic complexity of
ccRCC; (2) to establish an ontological
classification capturing the breadth of
ccRCC phenotypes; (3) to explore the bi-
ological and clinical implications of sub-
types identified; (4) to develop an evolu-
tionary model of tissue phenotypes; and
(5) to expand the approach by objectiv-
izing it using digital pathology°. Unlike
prior morphologically-based catalogu-
ing efforts?, we did not focus on high-
grade areas alone, but sought instead to
evaluate representative areas of the en-
tire tumor so as to infer the phenotypic
evolutionary process.

We developed a multiscale atlas
based on three fundamental axes: tu-
mor cytology, architecture and the mi-
croenvironment (Figure 1). We defined
9 distinct architectural and 24 unique
cytologic and tumor microenvironment
(TME) features (Figure 2). We system-
atically applied this framework assess-
ing the frequency of these individual
features across 549 ccRCCs. The analy-
sis was carried out by two pathologists
independently. While they both trained
at the same institution, the concordance
rate was 95%3°. This study sets a par-
adigm for de-convoluting phenotypic
complexity and established a compre-
hensive morphologic ontology of ccRCC.

Widespread intra-tumoral archi-
tectural heterogeneity

Similar to genomic studies, a large
number of spatially distinct morpholog-
ic architectural phenotypes/ patterns
are observed in ccRCCs. More than 85%
(476/549) of the tumors in our study
had multiple patterns with an average
of 3 architectures per tumor (std. dev.,
1.4; range, 1-7 patterns/tumor)3°. In
addition, widespread variability in the
tumor microenvironment and cytolog-
ic heterogeneity was also observed. At
times, different cytologic features were
observed within the same architectural
pattern. Conversely, similar cytologic
features were observed across different
architectural patterns.
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Fig. 4 | Architectural evolutionary model. Color-coded cartoon to show the broad

directionality of the architectural evolution likely influencing future tumor behavior.

Smaller tumors were generally
characterized by reduced architectural
diversity than larger ones (p<0.0001),
suggesting that morphological hetero-
geneity reflected tumor plasticity over
time. The most common architecture in
small tumors was compact small nests.
In contrast, large tumors where charac-
terized by thick trabecular/insular and
solid sheet patterns (Table 1). Tumors
with high morphological ITH were as-
sociated with features of aggressive bi-
ology including high nucleolar grade,
high TNM stage, and metastasis (all
P<0.0001). Overall, these patterns of
morphologic ITH show similar trends
as those of genetic ITH reported with
multiregional sequencing.

Phenotypic patterns illustrate
tumor aggressiveness and predict
patient outcomes

To determine the clinical significance
of each unique phenotype, we sought
to quantify their relationship with
known clinical parameters. In doing so,
we wanted to go beyond the tradition-
al paradigm of ccRCC behavior being
predicted solely by its most aggressive
area/subclone and explore how individ-
ual components contributed to the out-
come. This required a comprehensive
pattern assessment within a tumor. Chi-
square analyses of individual patterns
with clinical parameters revealed a sub-
set of architectural, cytologic, and TME
features (irrespective of their extent
or the presence of other features) that
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were informative of tumor aggressive-
ness and were significantly associated
with high nucleolar grade, TNM stage,
and metastases3®. Architectures could
be broadly categorized into indolent
(microcystic, tubular/acinar, bleeding
follicle, and compact small nests) and
aggressive (alveolar, papillary/ pseu-
dopapillary, thick trabecular/insular,
and solid sheet). Certain features such
as infiltration into the renal parenchy-
ma, a feature not currently considered
for RCC staging, was prognostic even if
found in isolation3°. Morphologic pat-
terns correlated with tumor grade, and
subgroup analyses showed that while
aggressive patterns were observed more
frequently in tumors of higher grade/
stage, grade alone underestimated
the aggressiveness of some low-grade
ccRCCs. After controlling for conven-
tional variables such as nucleolar grade
and sarcomatoid/ rhabdoid patterns in
multivariate analysis, the presence of a
subset of features (tubular/acinar pat-
tern, chromophobe RCC (ChRCC)-like
pattern, infiltration into the renal pa-
renchyma, and necrosis) was predictive
of disease-free survival (DFS)3°. These
data suggest that architecture, cytologic
and TME features may help refine cur-
rent prognostic algorithms.

Leveraging spatial relationships
of architectural patterns to iden-
tify recurrent evolutionary trajec-
tories
One

advantage of morphological

analyses over random sampling genom-
ic studies is visualization of the spatial
relationship of the different architec-
tures within a tumor. Clonal evolution
is thought to result from the interplay
of random mutations (and possibly
epigenetic changes) and non-random
selection. In spite of the presumed ran-
dom nature, lineage constraints and
the microenvironment may influence
evolutionary trajectories. Accordingly,
conditioned by the presence of a specif-
ic mutation or characteristic microen-
vironment, additional mutations may
vary greatly in their fitness impact and
thus their likelihood of fixation. This
may explain, for example, the low fre-
quency of tumors with simultaneous
mutations in BAP1 and PBRM1.

Like the TRACERX studies, our re-
sults represent a snapshot of a single
time point in the evolutionary history
of a tumor. To infer tumor evolution,
we made the following assumptions.
First, larger tumors arise from smaller
tumors and their patterns likely emerge
from those present in smaller tumors.
Second, higher grade tumors are un-
likely to evolve into lower grade tumors,
but lower grade tumors may evolve to
higher grade. Third, co-existing archi-
tectures likely evolve from one another
or a common precursor. Fourth, while
analyses of particular tumors provide
snapshots, trends in the evolutionary
process may be inferred from the collec-
tive analysis of tumors in (presumably)
different stages of evolution.

The most common architectural
pattern was compact small nests, prev-
alent in ~75% of the tumors in varying
amounts. The compact small nest pat-
tern was consistently associated with
low nuclear grade, and was the only
pattern seen in some small ccRCCs (of
the 73 tumors with a single pattern,
78% were comprised solely of compact
small nests), suggesting that it may be a
truncal pattern. In a subset of ccRCCs,
spatially separate subclones with more
aggressive architectures were present
sometimes giving the appearance of an
overgrowth pushing the compact small
nest pattern to the periphery. The more
aggressive architectural patterns were
often spatially adjacent to the more in-
dolent patterns, suggesting that they
arose from the more indolent pattern.
The transition to distinct subclones was
either gradual with progressive changes
in nuclear features, or abrupt with strik-
ingly higher-grade nuclei and distinctly
different architectural phenotypes. In
a subset of single-pattern tumors (8%;
6/73) a more aggressive pattern made
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Fig. 5 | Vascular framework as highlighted by CD31 immunohistochemical labeling
in ccRCC architectures and evolutionary model. Representative CD31 IHCs from
primary ccRCC tumors based on architectural pattern. The vascular network becomes
more spaced out as the tumor evolves from indolent to more advanced patterns.

up the entire tumor and these tumors
were uniformly large (mean size, 9.5 cm)
and of high grade.

The compact small nest pattern is
the prototype of ccRCC. In routine clin-
ical practice, the presence of compact
small nests, even when restricted to a
small area, is used to characterize RCC
as ccRCC. This pattern closely resembles
the low-grade tumors observed in geneti-
cally engineered mouse models with loss
of Vhl and Pbrmi®-33. Consistent with
this notion, human ccRCCs with compact
small nests show diffuse membranous
carbonic anhydrase (CAIX) expression,
a downstream effect of VHL loss, and a
large subset show PBRM1 loss by immu-
nohistochemistry (IHC).

To dissect the interplay between
patterns, we undertook a mathematical
approach. We reasoned that if two ar-
chitectures co-occurred in tumors more
frequently than expected based on their
individual frequencies, the process was
non-stochastic. We quantitated co-occur-
rence based on conditional probabilities
and developed a co-occurrence matrix.
We applied this approach not just to ar-
chitectures, but also to cytological and
stromal features. This analysis revealed
significant preferential associations. For
example, tumors with solid sheet pat-
terns also contained thick trabecular/
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insular, large nests and compact small
nests patterns. Interestingly, intra-tu-
moral lymphocytic infiltrates were most
frequently associated with sarcomatoid
and rhabdoid features, which may con-
tribute to the better response of sarco-
matoid tumors to ICI therapies3+.

The co-occurrence (or exclusion)
of particular patterns likely reflects
evolutionary constraints. In order to
further dissect the process, we gener-
ated t-distributed stochastic neighbor
embedding (t-SNE) maps®. t-SNE is
a machine learning algorithm that re-
duces high-dimensional data to two di-
mensions where the distance between
objects is proportional to their similar-
ity (e.g. similar objects cluster togeth-
er). We applied t-SNE to ccRCC archi-
tectures. As expected, t-SNE identified
several clusters as well as transitions
between the clusters. To infer evolution,
we superimposed tumor size as well as
nuclear grade onto the t-SNE map. We
used tumors with pure architectures as
anchors and added vectors from small
to large and from low to high grade
(Figure 3). This revealed a “V” shaped
evolutionary process consistent with a
model where a majority of tumors start
as either compact small nests or micro-
cystic/cystic and progress to more ad-
vanced patterns converging into a solid

sheet.

We sought opportunities to ‘test’
the model. We reasoned that we may
use tumor outgrowth into the vascu-
lature, where one can infer direction-
ality, as a model. Thrombus forma-
tion occurs later in the evolutionary
trajectory of ccRCC, after a primary
tumor has developed, and offers an
opportunity to infer the direction of
growth. We compared the architectur-
al compositions of primary tumors and
matched thrombi. Consistent with the
t-SNE plot trajectories, we found that
in every case, the architectural patterns
observed in the thrombi, which were
often more aggressive, were already
present in the matched primary sam-
ple3°. Interestingly, in some cases, the
advanced architectural pattern in the
thrombus was only a minority pattern
in the kidney tumor. Indolent patterns
such as microcystic and bleeding fol-
licles were infrequently found in the
thrombus, even when they comprised
a significant proportion of the kidney
tumor. Overall, we found that the more
advanced architectural patterns in the
kidney tumor often seeded the tumor
thrombus providing additional support
to our evolutionary model (Figure 4).

Another context where we thought
we may test our evolutionary mod-
el was provided by our tumorgraft (or
patient-derived xenograft) program.
Over the course of a decade, the UT
Southwestern Kidney Cancer Program/
SPORE has transplanted tumors from
over 900 patients orthotopically in
mice3®?7, The process of engraftment in
mice recapitulates to some extent the
process of metastases3®, as engraftment
requires small tissue samples to be
able to survive and grow at a site dis-
tant from the primary tumor (in fact,
in a different host), and only ~15% of
tumors stably engraft. We have previ-
ously shown that samples from meta-
static sites engraft at higher frequency
than those from primary tumors3¢. In
addition, engraftment predicts for re-
duced patient survival®’. Thus, efficient
engraftment in mice may serve as a
surrogate for tumor aggressiveness.
We asked therefore whether there were
differences in engraftment rates of the
different patterns. We correlated sam-
ple architectures with stable engraft-
ment in mice and found that the odds
of engraftment of aggressive patterns
compared to indolent patterns were 3
(95% CI 1.31, 6.92; p = 0.0104)%. Thus,
engraftment efficiency, a measure of tu-
mor aggressiveness, was higher in our
more advanced patterns (Figure 4).
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Overall, these data in tumor throm-
bi and tumorgrafts are consistent with
a model where more aggressive mor-
phologically appearing subclones have
greater fitness and arise from lower fit-
ness patterns.

Vascularity is predictive of re-
sponse to anti-angiogenic therapy
Beyond analyses of tumor evolution,
we explored whether there may be
an association between morpholog-
ical patterns and drug sensitivity.
We observed extensive variability in

vascularity across phenotypes and hy-
pothesized that tumors devoid of a vascu-
lar network may be less likely to respond
to anti-angiogenic therapies, which
largely target VEGFR-2 on endotheli-
al cells. Interestingly, vascularity was
maximal in indolent architectures and
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Fig. 6 | ccRCC metastatic to the pancreas is characterized by PBRM1 loss, compact small nests, a prominent vascular network,
and response to VEGF inhibitors. Representative H&E and corresponding CD31, CD8 and PBRM1 IHC images from a pancreatic
metastasis illustrating the typical compact small nest morphologic phenotype, increased vasculature (CD31), lack of CD8 T

lymphocytes and PBRM1 loss. Kaplan Meier survival analyses for PFS in patients treated with first-line VEGF/R-I (HR 0.34 [95% CI

0.15-0.77]; p=0.007) vs. nivolumab (HR 2.15 [95% CI 1.04-4.46]; p=0.034) stratified by presence (red line) or absence (blue line)
of pancreatic metastasis) (modified from Singla et al., JCI Insight 2020).
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most spaced out in aggressive architec-
tures (Figure 5). Notably, the opposite
was true of inflammation, which was
over-represented in more aggressive
architectures. These results are in line
with previous empirical analyses of the
tumor microenvironment, which re-
vealed largely non-overlapping angio-
genic and inflammatory signaturess.
Importantly, these data suggest a coor-
dinated evolutionary process of the tu-
mor and its microenvironment.

Retrospective analyses of
IMmotioni50 and COMPARZ trials
suggested that tumors responsive to
VEGF/R-I exhibit an angiogenic gene
expression signature+*+ and we asked
whether there was an association be-
tween a vascular stroma and response
to VEGF/R-I in our cohort. We focused
on patients with metastatic ccRCC that
received VEGF/R-I in the frontline, and
found that tumors composed predomi-
nantly of patterns characterized by re-
duced vascularity had shorter time to
progressions°.

In contrast, compact small nests
architectures are characterized by an
extensive vascular network and might
be expected to respond to VEGF/R-I.
These tumors, however, are less aggres-
sive and less frequently metastasize.
Interestingly, however, we found a cor-
relation between tumors with compact
small nests and tumors with pancreatic
metastases. In addition, when multiple
architectures coexisted in the primary,
there was an enrichment for compact
small nests among pancreatic metasta-
ses®. We asked if there was an associa-
tion of ccRCC metastatic to the pancreas
and response to VEGF/R-I. We observed
that patients with pancreatic metastasis
benefited from VEGF/R-I to a greater
extent than those without (progression
free survival (PFS) HR 0.34 [95% CI
0.15-0.77]; p=0.007). Conversely, these
patients were refractory to ICI therapy
(HR 2.15 [95% CI 1.04-4.46]; p=0.034)
(Figure 6).

Finally, given that the compact
small nest architecture closely resem-
bles the architecture of Vhl/Pbrmi de-
ficient ccRCC in genetically engineered
mouse models, we asked whether there
was an association between the pheno-
type and underlying mutations. The rate
of PBRM1 loss among pancreatic tumors
was 84%, significantly higher than what
might be expected among metastat-
ic ccRCC8. Overall, these data suggest
that loss of VHL and PBRM1 results in
a compact small nest architecture that
induces an extensive vascular network
from the host, which is possibly related

to the activation of hypoxia-inducible
factors following VHL inactivation, and
amplified by the loss of PBRM14.

In summary, these studies provide a
systematic and comprehensive ontology
that captures the breath of ccRCC mor-
phologies and their clinical significance.
They utilize morphology to deconvo-
lute tumor complexity and improve our
current understanding of ccRCC plei-
otropy. By analyzing patterns of spatial
co-occurrence, our studies identify dis-
tinct trajectories of morphological evo-
lution. Advanced architectures, which
form terminal nodes, appear more like-
ly to expand from the primal and more
indolent architectures, and demonstrate
differential response to therapy. The
ability to predict cancer evolution may
have profound implications for clini-
cal care and is central to oncology. Our
histopathological phenotypes and mo-
lecular studies indicate that, at least in
part, tumor evolution evolves along par-
ticular paths. Despite its stochastic na-
ture, lineage and micro-environmental
constraints may allow for a limited set
of predictable subsequent evolutionary
trajectories. Characterizing repeated
evolution in cancer would have signifi-
cant implications both for understand-
ing the biology of tumor progression,
and for the ability to stratify patients in
the clinic.
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