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ABSTRACT

Purpose Checkpoint therapy is now the cornerstone of
treatment for patients with renal cell carcinoma (RCC) with
advanced disease, but biomarkers are lacking to predict
which patients will benefit. This study proposes potential
immunological biomarkers that could developed for
predicting therapeutic response in patients with RCC.
Methods Using flow cytometry, RNA sequencing, and
T-cell receptor (TCR) sequencing, we investigated
changes in T cells in the peripheral blood of patients with
advanced RCC after receiving immunotherapy. We used
immunofluorescence (IF) imaging and flow cytometry to
investigate how intratumoral T cells in patients’ tumors
(resected months/years prior to receiving checkpoint
therapy) predicted patient outcomes after immunotherapy.
Results We found that a small proportion of CD4 and
CD8 T cells in the blood activate following checkpoint
therapy, expressing the proliferation marker Ki67 and
activation markers HLA-DR and CD38. Patients who

had the highest increase in these HLA-DR +CD38+CD8

T cells after treatment had the best antitumor immune
response and experienced clinical benefit. Using RNA
sequencing, we found that while these cells expanded in
most patients, their phenotype did not drastically change
during treatment. However, when we analyzed the TCR
repertoire of these HLA-DR +CD38+CD8+T cells, we found
that only patients who clinically benefitted had a burst of
new clonotypes enter this pool of activated cells. Finally,
we found that abundant T cells in the untreated tumors
predicted clinical benefit to checkpoint therapy on disease
progression.

Conclusions Together, these data suggest that having

a strong pre-existing immune response and immediate
peripheral T-cell activation after checkpoint therapy is a
predictor of clinical benefit in patients with RCC.

INTRODUCTION

Renal cell carcinoma (RCC) has been
identified as an immunogenic tumor, and
patients with RCC have been treated with
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KEY MESSAGES

= WHAT IS ALREADY KNOWN ON THIS TOPIC:
Checkpoint therapy is a key treatment for patients
with advanced renal cell carcinoma (RCC), but cur-
rent biomarkers unable to predict which patients
will respond to this therapy.
WHAT THIS STUDY ADDS: This study offers potential
immunological biomarkers for predicting therapeu-
tic response in patients with RCC.
HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE AND/OR POLICY: The data presented
here suggests that patients with RCC with a strong
pre-existing immune response and immediate pe-
ripheral T-cell activation after therapy may be more
likely to clinically benefit from checkpoint blockade.
Future investigation should validate these biomark-
ers for prospective use.

immunotherapy since the mid-1980s." High
dose interleukin (IL)-2 remains an option,
although for only select patients given
substantial toxicity. Objective responses
are seen in approximately 20% of patients,
of whom a subset experience complete
response.” Currently, most patients with
advanced clear cell RCC are treated with
checkpoint blockade,” and the latest clin-
ical trials in clear cell RCC have led to Food
and Drug Administration approval or break-
through therapy designations for various
tyrosine kinase inhibitor +checkpoint inhib-
itor combinations as frontline therapy.*”
Most recently, anti-programmed cell death
protein-1 (PD-1) therapy was approved in
the adjuvant setting for patients with inter-
mediate and high-risk disease, and data
from several ongoing neo-adjuvant trials are
pending."” While early data show both safety
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Table 1 Flow cytometry antibodies

Target Clone Fluorochrome Source
CD3 UCHT1 FITC BioLegend
CD4 OKT4 PerCP BioLegend
CD28 CD28.2 PE/Cy7 eBioscience
CD39 A1l BVv421 BioLegend
CD38 HIT2 BV510 BioLegend
CD38 HIT2 BV711 BioLegend
CD8 RPA-T8 BV605 BiolLegend
HLA-DR  L243 BV711 BioLegend
HLA-DR  L243 APC/Cy7 BioLegend
PD-1 29F.1A12 BV786 BioLegend
CD45RA  HI100 BV785 BioLegend
CD25 M-A251 APC BioLegend
CCRY7 GO043HI PE-TR BioLegend
CD19 HIB19 700 BioLegend
CD14 HCD14 700 BioLegend
Tbet 4B10 421 BioLegend
FOXP3 PCH101 PE Invitrogen
Ki67 B56 APC BD Biosciences
GZMB GB11 700 BD Biosciences

and efficacy signals, checkpoint inhibition is not without
risk of immune mediated adverse events, and many
patients still fail to respond. Unfortunately, common
biomarkers of response to immunotherapy in other solid
tumors, such as programmed death-ligand 1 expression
and tumor mutation burden, have not shown a clear
role in predicting clinical benefit to immunotherapy in
RCC,"" despite usefulness in other tumor types.'* Thus,
it is crucial to better understand the immunologic mech-
anisms that underlie an effective immune response in
order to advance treatment options for patients with
high-risk localized or advanced RCC.

Much has been learned about what immune factors
correlate with therapeutic outcome since the advent of
immunotherapy. Many studies have found that features of
CD8 T cells predict how a patient will respond to therapy,
such as increased expression of Ki67 by CD8 cells in the
blood," and this marker has been reported to be associ-
ated with improved clinical response in patients with mela-
noma and lung cancer.""** Several studies investigating
the T-cell receptor (TCR) repertoire of peripheral CD8 T
cells have found that new clonotypes enter the blood after
treatment and that this increase in clonotypes is associated
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with better survival in many cancers.”* These studies
suggest that these proliferating CD8 T cells may be newly
activated or reactivated, previously dormant clones.*® In
addition to these dynamic peripheral immune changes,
CD8 T-cell infiltration into the tumor is an important
correlate of patient survival and response to therapy.”’
This was first shown in melanoma, where patients with
higher CD8 T-cell infiltration into their tumor at the time
of therapy were more likely to benefit from treatment,
and similar findings have since been reported in other
cancers.” ! ¥ More recent studies have found that a
subset of tumor infiltrating T cells, TCF-1 +CD8 T cells, are
mechanistically important for the clinical efficacy of PD-1
blockade and that TCF-1 +CD8 T cell numbers in tumors
correlated with therapeutic efficacy in melanoma,*® ** %=
Together, these studies highlight a common feature of
the immune response to cancer—some patients generate
a strong T-cell response to their cancer either before or
during checkpoint therapy, while others do not. Based
on these studies, we examined how the T-cell response in
patients with RCC was affected by immunotherapy, and
how the pre-existing immune response to that cancer
might correlate with a later capacity to clinically benefit
from checkpoint therapy.

METHODS

Sample collection, preparation, and storage

Patients with stage IV RCC, either treated with
nivolumab, nivolumab +ipilimumab, or on clinical trial
(nivolumab +bempegaldesleukin (IL-2) formulation)
were recruited.” Patients consented for blood collection.
Blood collection time points were cycle dependent, coin-
ciding with scheduled phlebotomy for standard labora-
tory analysis. This practical approach, as well as approval
of extended nivolumab dosing,40 led to collection inter-
vals that ranged from 2 to 4 weeks. Peripheral blood was
obtained in cell preparation tubes and processed to cryo-
preserve peripheral blood mononuclear cells (PBMCs)
and plasma.

Patient tumor samples were collected immediately
after undergoing partial or radical nephrectomy. Patients
received immune checkpoint blockade, either alone
or in combination with targeted therapy (tables 1 and
2). Tumor samples for flow cytometric analysis were
harvested in Hank’s Balanced Salt Solution, cut into small
pieces, digested using Liberase enzyme cocktail (Roche),
and homogenized using an MACS Dissociator. Single cell
suspensions were obtained, RBC ACK lysed, and stored
at —80°C in freezing media. Samples for IF analysis were

Table 2 Immunofluorescence antibodies
Target Antibody type Clone Concentration Secondary Concentration
MHC-II (HLA-DR, DR, DQ) Mouse IgG2a Tu39 1:100 Goat anti-mouse IgG2a A488  1:250
TCF-1 Rabbit C63D9 1:150 Goat anti-rabbit A568 1:250
CD8 Mouse IgG1 C8/144B  1:150 Goat anti-mouse IgG1 A647 1:500
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formaldehyde fixed and embedded in paraffin blocks by
Emory Pathology. Unstained and H&E-stained sections
of formalin fixed parafin embedded (FFPE) blocks were
obtained from Emory Pathology.

Assessment of therapeutic response

Clinical benefit was defined as a best response of
complete response (CR), partial response (PR), or stable
disease (SD) and a progression-free survival (PFS) of 3
months or greater. Objective response was determined
by using Response Evaluation Criteria in Solid Tumor
V.1.1 (RECIST V.1.1)*! by a board-certified radiologist.
Restaging radiograph interval varied among patients on
standard of care and clinical trial treatments, and modal-
ities may have switched between CT and MRI depending
on other clinical factors.

Flow cytometry and fluorescence activated cell sorting

Single cell suspensions from human tumors and periph-
eral blood were stained with antibodies listed in table 1.
Live/dead discrimination was performed using fixable
Aqua or Near-IR Dead Cell Stain Kit (Invitrogen). Samples
were acquired with a Becton Dickinson LSRII or sorted
with a Becton Dickinson FACSAria II and analyzed using
FlowJo software. For intracellular staining, cells were fixed
and permeabilized using the FOXP3 Transcription Factor
Staining Buffer Set (eBioscience). For cell sorting, cryo-
preserved samples were thawed, stained, and sorted. For
RNA and TCR sequencing experiments, total and naive
CD8 T cells were sorted. For TCR sequencing experi-
ments, CD8 T cells were gated as shown, and CD38 +HLA-
DR+ were sorted.

RNA and TCR sequencing

RNA was isolated from sorted CD8 populations (circu-
lating HLA-DR +CD38+and PD-1 +CD45RA-TILs) (online
supplemental figure 5G) using a Qiagen AllPrep DNA/
RNA Micro Isolation Kit. RNA was sequenced using the
Clontech SMARTSeq kit following manufacturers instruc-
tion. RNA was sequenced on an Illumina HiSeq 3000 at
the Yerkes Genomic. For some samples, RNA processing
to obtain complete TCR V(D)J clonotypes of TCR tran-
scripts was done using the SMARTer Human TCR a/b
Profiling Kit (Takara Biosciences) following manufactur-
er’s user manual. SMARTer Human TCR a/b Profiling
Kit (Takara Bio) following manufacturers’ instructions.
Briefly, first strand complementary DNA synthesis (from
RNA) is dT-primed and performed by the SMARTScribe
Reverse Transcriptase, adding non-templated nucleotides
at the 5’end of each messenger RNA template, followed
by two rounds of PCR to uniquely amplify complete
V(D)] regions of TCR-a and TCR-b. TCR products were
purified with a final product with a range of 600-800 bp
which was confirmed by a bioanalyzer. Raw sequences
were aligned for full CDR3 sequences, clonotypes and
full-length variable sequences using MiXCR. Overall TCR
sequencing analysis was performed on TCR-b regions
using the immunarch R package (V.0.6.5) and custom R

scripts. The diversity was calculated using three methods:
Shannon Entropy, Morisita Horn Index, and the number
of clones to account for 50% of the total sampled reper-
toire. Clonotype distribution was defined as the propor-
tion of each clonotype within the sampled TCRs, with the
most dominant clonotype accounting for the top TCR-b
CDR3 region shared within each sample. TCR rankings
(figure 3D) was performed according to the clonotype
dominance for the top 20 clonotypes within each time
point. Time points within each patient were then matched
for clonotype overlap within the top rankings to deter-
mine whether clonotype dominance was maintained post-
treatment in each patient.

IF

Sections were deparaffinized in successive incubations
with xylene and decreasing concentrations (100, 95, 75,
50, 0%) of EtOH in ddH2O. Antigen retrieval utilized
Abcam 100x TrisEDTA Antigen Retrieval Buffer (pH=9)
heated under high pressure and washed in phosphate
buffered saline (PBS)+0.1% Tween 20. Sections were
blocked for 30 min with 10% goat serum in 1xPBS+0.1%
Tween 20 before staining. Primary antibodies were used
at a concentration of 1:100 (MHC-IT) or 1:150 (CDS,
TCF-1) and incubated for 1 hour at room temperature.
Secondary antibodies were used at a concentration of
1:250 (A488, A568) or 1:500 (A647) and incubated for
30 min at room temperature. Details about antibodies
used are listed in table 2. Sections were counterstained
with 4’,6-diamidino-2-pehnylindole (DAPI) according to
manufacturer instructions (Thermo Fisher). IF images
were collected using a Zeiss Z.1 Slide Scanner equipped
with a Colibri 7 Flexible Light Source, and Zeiss ZenBlue
software was used for post-acquisition image processing.
CellProfiler”” * and custom R and python scripts were
used for image analysis, as previously described,” to
determine the xy coordinates of cells within tissue slices,
measure fluorescence intensity within each cell, calculate
cellular density, and create spatial maps of features within
the tissue.

Patient survival analysis
Survival analysis of patients was performed using the log-
rank test from the R package, Survminer.

RESULTS

Activation of CD8 T cells in blood after the first treatment
predicts response to checkpoint therapy

We enrolled 36 patients with metastatic RCC who were
to receive checkpoint therapy (figure 1A, online supple-
mental figure 1A). These patients received either
nivolumab, ipilimumab +nivolumab, bempegaldesleukin
(IL-2)+nivolumab.” Twenty-seven patients had clear cell
RCC, and the remainder had other, non-clear cell RCC
histologies (online supplemental figure 1B). Of these
patients, 3 had a CR to therapy, 4 had a PR, 14 had SD,
and 15 had progressive disease (PD). Patients in the SD
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Figure 1 Expansion of HLA-DR +CD38+CD8 T cells after checkpoint immunotherapy (l0) is predictive of response in patients
with RCC. (A) Study Design. Patients with metastatic RCC receiving checkpoint immunotherapy were recruited. Blood was
collected at baseline and at each treatment interval. Blood was assessed for various immune parameters over the course of
treatment. (B) Clinical response. Patients were assessed for clinical outcome using RECIST criteria. Data shown indicates
outcomes for the cohort of 36 patients. (C) HLA-DR and CD38 expression by CD8 T cells during treatment. Blood was analyzed
by flow cytometry. Flow plots shown are gated on CD8 +T cells and show the expression of HLA-DR and CD38 by these cells.
(D) Fold change in HLA-DR +CD38+CD8 T cells after treatment. Baseline was set as the untreated level for each patient, and
fold change in these cells expressed versus this time point. * Indicates paired t-test <0.05 versus baseline. (E) Correlation of
various T-cell parameters in blood. Heatmap shows pairwise correlation of each parameter measured. Squares with darker
orange have similar fold changes in this parameter from baseline to cycle 1. Order of parameters are based on similarity
clustering by Euclidean distance. (F) Correlation with burst of HLA-DR +CD38+T cells and change in tumor size. Patients in
orange are those with at least a 30% reduction in the target lesion. Patients in gray are those with less than a 30% reduction in
the target lesion. (G) Waterfall plot. Target lesions were assessed by a pathologist and waterfall plots show the greatest change
at any time point during the treatment. Patients with a >2.7-fold increase in HLA-DR +CD38+ cells are highlighted in orange.
Patients with a <2.7-fold increase in HLA-DR +CD38+ cells are shown in gray. Histologic subtypes identified in tumor tissue

by board-certified pathologists highlighted at the bottom (cyan: clear cell, dark tea: clear cell papillary, green: unclassified,
chromophobe: purple). Patients’ tumors exhibiting sarcomatoid features are highlighted in orange beneath histologic subtype.
(H) Spider plot showing change in major lesion size over treatment course. Patients underwent scans at 3-month to 6-month
intervals. Target lesion was assessed by a pathologist for changes in size during the treatment course. Patients with a >2.7-fold
increase in HLA-DR +CD38+ cells (‘burst’) are highlighted in orange, while those with <2.7-fold increase in HLA-DR +CD38+
cells (‘no burst’) are shown in gray. (I) Progression-free survival in patients with or without an increase in HLA-DR +CD38+
cells: Patients were stratified into above (n=14) or below (n=22) the 2.7-fold increase in HLA-DR +CD38+ cells after treatment.
Initiation of 10 was set as starting point for survival analysis. RCC, renal cell carcinoma; RECIST, Response Evaluation Criteria in
Solid Tumor.
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group had an average PFS of 326 days after starting immu-
notherapy. A total of 21 of 36 (58.3%) patients derived
clinical benefit (either SD, CR, or PR) from this treat-
mentand 7/36 (PR or CR) (19.4%) achieved an objective
response (figure 1B). Blood was collected from patients
immediately before initiating immunotherapy (ie, base-
line) and following each treatment cycle (ie, C1, C2) in
order to examine how changes in the circulating T cell
immune response might correlate with clinical benefit
after therapy. CD4 and CD8 T cells (as a per cent of total
PBMCs) were unchanged over the course of the study
(online supplemental figure 2A,B). Similarly, the break-
down of naive, T, T ,and T CD8 +T cell subsets
(as defined by CD45RA and CCR7 expression) were not
significantly different at any time point during treatment
(online supplemental figure 2C). The proportion of CD8
T cells expressing granzyme B (GZMB) did not differ
following treatment (online supplemental figure 2D).

In comparison to these general T-cell parameters, we
found increased expression of several markers of T-cell
activation. The most striking change following therapy
was an expansion of HLA-DR +CD38+CD8 T cells
(recently activated CD8 T cells) in the blood with at least
a 2.7fold increase compared with baseline after cycle
1 (figure 1C,D, online supplemental figure 2F). This
increase over baseline was also found at cycle 2, but to a
somewhat lesser extent (2.2-fold). A similar pattern was
found in HLA-DR +CD38+CD4 T cells—there was a large
increase in these cells after one cycle of treatment that
somewhat diminished in later treatment cycles (online
supplemental figure 2G,H). There was also a significant
increase in the proportion of both CD4 and CD8 cells
expressing Ki67 +after treatment (online supplemental
figure 2E). Interestingly, patients with the largest increase
in HLA-DR +CD38+CD8+T cells also had expansion of
HLA-DR +CD38+CD4 T cells (online supplemental figure
2I). Importantly, most of the CD8 or CD4 cells expressing
Ki67 + cells in the blood were captured in the HLA-
DR +CD38+ populations (online supplemental figure
2],K). Generally, there was a strong correlation between
proliferation of CD4 and CD8 in blood and cells that
express HLA-DR and CD38, while other blood markers
like the number of memory subsets, or cells expression
GZMB did not have strong correlations with any param-
eter (figure 1E).

We were next interested in how the magnitude of this
T-cell activation might correlate with a change in tumor
size. Each patient’s change in target tumor lesions were
assessed using RECIST V.1.1 criteria,' and we correlated
the change in the target lesion size with the magnitude
of HLA-DR +CD38+T cell expansion. Patients with the
largest fold increase in HLA-DR +CD38+CD8 T cells in
their blood had the most significant reductions in tumor
size (figure 1F, rho=-0.39, p<0.05). Importantly, patients
with >2.7-fold increase in HLA-DR +CD38+CDS8 cells were
far more likely to clinically benefit from therapy than
those with smaller expansion of these cells (figure 1G).
Patients with a large burst of new HLA-DR +CD38+CD8+T

cells generally had an antitumor effect seen on the first
scan on treatment that continued for several treatment
cycles (figure 1H). Most importantly, patients with a burst
of HLA-DR +CD38+ cells had a longer PFS of 655 days
compared 178 days in patients without the burst (p=0.006,
figure 1I). Together, these data show that a strong T-cell
response measured in the blood immediately after the
first cycle of checkpoint therapy is a strong predictor of
antitumor effect and thus clinical benefit.

HLA-DR+CD38+CD8 T cells are phenotypically and
transcriptionally stable throughout the treatment course
Given  that expansion of  peripheral HLA-
DR +CD38+CD8+T cells had such a strong correlation
with clinical benefit after therapy, we wondered how
the phenotype of these cells might change throughout
treatment. Compared with the total CD8 T-cell popu-
lation, HLA-DR +CD38+ cells had the highest levels of
proliferation marker Ki67, cytotoxic molecule GZMB,
and migration marker CXCR3, indicating that these cells
had acquired three key traits of effector CD8 T cells: (1)
ongoing division, (2) cytotoxicity, and (3) the ability to
migrate to areas of inflammation (figure 2A). Expres-
sion of these key functional markers remained stable in
HLA-DR +CD38+ cells at all time points during treatment
(figure 2A). Of note, there was no significant differ-
ence in the phenotype of activated CD8 T cells between
patients who had clinical benefit compared with those
with PD (figure 2B).

We were also interested if more subtle changes might
occur in this population that might not be detected by
measuring these limited markers of T-cell function by
flow cytometry, so we performed RNA sequencing on the
HLA-DR +CD38+CD8 T cells from 28 patients at baseline,
cycle 1, and cycle 2 after therapy. We first compared HLA-
DR +CD38+ cells from baseline samples to naive CD8 T
cells collected in previous studies.” HLA-DR +CD38+CDS8
cells expressed high levels of many genes associated with
CD8 effector programming, such as perforin-1 (PRF1),
GZMB, Tbe, and interferon gamma (IFN-g) (online
supplemental figure 3A). We performed gene set enrich-
ment analysis against canonical effector CD8 T cell gene
sets from yellow fever vaccine recipients and lymphocytic
choriomeningitis virus (LCMV) infected mice.” *® The
HLA-DR +CD38+ cells were highly enriched for these
effector signatures suggesting the HLA-DR +CD38+ cells
in these patients are similar to newly activated CD8 T
cells in antiviral immune responses (online supplemental
figure 3B). In addition to enrichment with these effector
signatures, HLA-DR +CD38+ cells had enrichment in path-
ways associated with T-cell activation like TCR signaling
and IFN a/b signaling (online supplemental figure
3C). Similar to our findings by flow cytometry, the HLA-
DR +CD38+T cells expressed genes associated with T-cell
activation, showed high expression of effector molecules
(GZMB, PRF1, IFN-g), and showed reduced expression of
genes typically expressed by naive cells, such as CCR7 or
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Figure 2 Transcriptional and phenotypic characteristics of HLA-DR +CD38+CD8 T cells during immunotherapy: (A) Flow
cytometry analysis of molecules associated with T cell function. HLA-DR +CD38+ cells expression of Ki67, Gzmb, and CXCR3
at baseline, cycle 1, and cycle 2 of immunotherapy. Total CD8 T cells are shown as a control. Summary plots show MFI of
these markers for each patient. (B) HLA-DR +CD38+CD8 T cells are phenotypically similar in patients with and without clinical
benefit: HLA-DR +CD38+ cells expression of Ki67, Gzmb, and CXCR3 were measured at cycle 1 in with or without clinical
benefit. Plots show MFI of these parameters (n=21). (C) Pathways altered in HLA-DR +CD38+CD8 T cells after checkpoint
blockade. Pathway analysis comparing baseline to either cycle 1 or cycle 2 cells was performed for each patient. The average
of all patients for each pathway is plotted in order of the pathways most upregulated post-treatment. Highlighted in red are
pathways within the top 100 related to cell cycle and blue pathways related to innate inflammation. Selected pathways are listed
in plots. (D) Cell cycle response after checkpoint blockade. GSEA plots show the enrichment scores of the cell cycle pathway
comparing baseline to either cycle 1 or cycle 2 after checkpoint blockade. Summary plots show most patients had increased
cell-cycle activity compared with baseline and there was no significant difference between patients with different immunologic
outcomes. (E) Pathway analysis comparing patients with and without objective response. GSEA for all REACTOME pathways
was performed on all samples comparing HLA-DR +CD38+ cells from baseline to either cycle 1 or cycle 2 cells. The enrichment
scores for each pathway were then compared between patients with and without objective response as defined by RECIST
criteria. Volcano plot shows the pathways most significantly activated or deactivated in patients with objective responses.

(F) Cytosolic sensing of DNA after checkpoint blockade. GSEA plots show the enrichment scores of the Cytosolic sending

of DNA pathway comparing baseline to either cycle 1 or cycle 2 after checkpoint blockade. This pathway is highly related to
interferon signaling and includes many molecules related to this process. This pathway is significantly upregulated in the HLA-
DR +CD38+T cells of patients with clinical benefit after checkpoint blockade. CR, complete response; PR, partial response;
PD, progressive disease; RECIST, Response Evaluation Criteria in Solid Tumor; SD, stable disease; GSEA, gene set enrichment
analysis; MFI, mean fluorescence intensity.
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IL-7R that did not appreciably change over the treatment
course (online supplemental figure 3D).

We were next interested in how this population of HLA-
DR +CD38+ cells changed over the course of treatment
and performed gene set enrichment analysis comparing
baseline samples to cycle 1 or cycle 2. Of the top 100 path-
ways turned on after the first treatment, 77 were related
to the cell cycle (figure 2C). The pathways most signifi-
cantly downregulated after treatment were pathways
such as tumor necrosis factor signaling, TLR signaling,
and the inflammasome. Similar results were found when
comparing gene expression at cycle 2 to expression at
baseline (figure 2C).

We next compared pathway enrichment between
patients who had CR or PR after treatment compared
with those with PD or SD. Cell cycle pathways were
upregulated in most patients and were not significantly
different between patients who progressed, with SD, or
PR or CRs (figure 2D). We then aimed to specifically
identify pathways that were up or downregulated in these
cells in patients who had a clinical response to treatment
(figure 2E). Of these, the most significantly upregulated
pathway in patients with CR or PR was ‘cytosolic sensing of
DNA’, a pathway related to type I IFN signaling (figure 2F).
We also compared individual genes that were significantly
upregulated between patients with an objective response
(CR or PR) (online supplemental figure 4A). Genes
that were upregulated in patients without an objective
response included checkpoint molecules like PD-1 and
TIGIT, in addition to transcription factors such as TOX
and EOMES. In comparison, genes upregulated in T cells
from patients with an objective response included IRF7
and IRF9, as well as many canonical IFN-stimulated genes
like MX1, MX2, OAS1, and OAS2 (online supplemental
figure 4B). Similarly, when we compared the size of the
HLA-DR +CD38+burst following treatment, patients with
the largest increase in these cells had the largest increase
in many of the type I IFN related genes like IRF-9 and MX2
(online supplemental figure 4C,D). Finally, we compared
how these pathways were altered by the different treat-
ments that patients received. Patients receiving either
nivolumab or nivolumab +bempegaldesleukin (IL-2) had
no significant differences in pathways turned on by these
treatments (online supplemental figure 4E). Patients
receiving ipilimumab +nivolumab had a small number of
pathways upregulated including the citric acid cycle and
antigen cross presentation (online supplemental figure
4E F). Together, these data indicate that there are some
differences in the HLA-DR +CD38+ cells between patients
with or without a clinical benefit, mostly related to IFN
signaling. However, the most consistent and clear pattern
in T-cell activation after therapy is the induction of a
proliferative transcriptional program.

Responding patients have an influx of new TCR clonotypes to
the HLA-DR+CD38+pool after checkpoint blockade

We were next interested in how the TCR repertoire of
the HLA-DR +CD38+population might change during

treatment. The top clonotype accounted for around 20%
of the cells at baseline, cycle 1, and cycle 2, and it took on
average 34 TCRs to account for 50% of the total reper-
toire suggesting this is a clonally expanded population
(figure 3, online supplemental figure 5A). There was
no difference in this level of immunodominance across
the treatment course for any of the different treatment
regimens (online supplemental figure 5B). Likewise,
there was no change in TCR diversity over the treatment
time course (online supplemental figure 5C). For most
patients, the top five clonotypes made up around 30% of
the repertoire, but for some patients this number was as
high as 80%, suggesting that this population of newly acti-
vated effector cells was expanded against a small range of
antigens (figure 3A,B).

For three patients, we were able to sort infiltrating
PD-1+CDS8T cells from the resected tumor prior to under-
going immunotherapy. In all three of these patients, we
found TCR overlap (1%-30%) between circulating
HLA-DR +CD38+CD8 T cells at the time of therapy
and PD-1 +CD8 TILs at the time of surgery (figure 3C,
online supplemental figure 5D), suggesting that HLA-
DR +CD38+effector T cells are related to the antitumor
immune response prior to and throughout treatment.

We investigated if there were any changes in the TCR
repertoire during checkpoint blockade therapy that
correlated with response. Interestingly, only in patients
who had clinical benefit did we find significant changes
in the top clones of the TCR repertoire. Figure 3D shows
the top 20 clonotypes ordered by TCR clone frequency
for an example patient who had a significant reduc-
tion in tumor size. In this patient, 16 out of the top 20
clonotypes lose their dominance in the repertoire after
one cycle of treatment (gray dots) and 16 new TCRs
now occupy these top spots (green dots). In compar-
ison, in a patient who had no clinical benefit, only 4
new clonotypes enter the top 20 dominant clones after
treatment, while most TCR clones kept exactly the same
rank as baseline (figure 3D). This change was not asso-
ciated with an overall change in TCR diversity among
responding or non-responding patients (online supple-
mental figure 5E). Given the TCR dominance within
this expanded population, the top 20 clones account
for the majority of the responding TCRs in the reper-
toire. Thus, the changes in the top 20 TCR clonotypes
are reflective of changes in the overall TCR repertoire,
suggesting that only in patients with clinical benefit is
there a dynamic shift in TCR dominance after immu-
notherapy. We used the Morisita-Horn (MH) index, a
measurement of the similarity of TCR clonotypes, to
quantify this change in TCR repertoire between base-
line and post-treatment samples. We found a signifi-
cantly lower MH index in patients with clinical benefit
(MH=0.36) when compared with patients with worsening
disease (MH=0.63), supporting the idea that clinical
benefit is associated with a dynamic TCR repertoire in
the HLA-DR +CD38+T cell population (figure 3E). This
effect was not associated with any particular treatment
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Figure 3 Patients with clinical benefit have a burst of new TCR clonotypes: (A) HLA-DR CD38+CD8 T cells are clonally
expanded. Plot shows the frequency distribution of the dominant TCR clone of circulating activated CD8 T cells (HLA-
DR+CDg38+) at baseline and after each cycle of therapy (n=26). (B) Clonotype distribution of HLA-DR+CD38+CD8 T cells.
Example circle graphs for patients with average (left,~20%) and highest (right) TCR clonotype dominance among their activated
circulating CD8 T cells. Shown in different shades of each color are the top five TCR clonotypes in the same patient at each
time point. (C) Frequency of TCR repertoire overlap between circulating CD8 T cells before/after therapy and tumor infiltrating
CD8 T cells at the time of surgery. Representative proportion of the detected TCR repertoire in circulating CD8 T cells that

is unique (gray) or overlapping (orange) with tumor infiltrating CD8 T cells at the time of surgery. Summary of TCR repertoire
overlap with primary tumors at the time of surgery for three patients at three time points. Shapes denote a single patient while
colors represent the time point at which the samples were collected. (D) Dynamic clonotype rank in responding patients after
treatment. Plots show how the top 20 TCR clones present at baseline change over the treatment time course in a representative
patient with and without clinical benefit. In the representative patient with clinical benefit, 16 of the top 20 clonotypes are
replaced by new TCR clones after the first treatment (green). (E) Similarity of TCR clonotypes from baseline to treatment is
significantly different in patients with clinical benefit. Morisita-Horn index was used to quantify the similarity between the
different therapy cycles within each individual patient. Mean and SD are shown. *P<0.05 determined by unpaired Welch’s t-test.
CB, clinical benefit; TCR, T-cell receptor.

the patients received (online supplemental figure 5F). influx of new clonotypes to the immune response, and
Together, these data indicate that a feature of the HLA-  patients who do not have this occur are much less likely
DR +CD38+population in responding patients is an to respond to treatment.
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Pre-existing tumor immunity is an important predictor of later
immunologic response to checkpoint blockade

Activation of new TCR clonotypes and a large burst of
HLA-DR +CD38+T cells following checkpoint blockade
raises the question of why some patients have this response
to treatment while others do not. Prior studies have found
that a TCF-1 +CD8+T cell is the cell that proliferates
following checkpoint blockade, and that having these
cells present in tumors is an important predictor objective
clinical response to checkpoint therapy.33 * Our previous
work found that kidney tumors harbor TCF-1 +CD8 T
cells in regions of dense antigen presenting cells, and that
having these regions in a tumor predicts both the magni-
tude of total Tcell infiltration and patient survival.**
Based on these data, and in keeping with previous reports
in other tumor types,29 %547 we reasoned that having a
strong CD8 T-cell response in the tumor at the time of
surgery might predict features of a patient’s later clinical
response to immunotherapy.

We analyzed surgically resected tumors from 15 patients
of the original 36 analyzed in figures 1-3 by IF (online
supplemental figure 6A-C). In patients with clinical
benefit, there were significantly more total CD8 T cells,
more TCF-1 +CD8 T cells, and more MHCHII + cells in the
tumor at the time of surgery (figure 4C-E). Figure 4A,B
highlight examples of patients with or without clinical
benefit following checkpoint therapy. The patient in
figure 4A was diagnosed with stage IV (pT3NOM1) clear
cell RCC. The patient underwent a radical nephroureter-
ectomy with adrenalectomy, inferior vena cava (IVC)
tumor thrombectomy, partial IVC resection, resection of
psoas and diaphragm crus, retroperitoneal lymph node
dissection, and omentoplasty. The tumor invaded the
perinephric and renal sinus fat and angiolymphatics,
and showed eosinophilic features, WHO/ISUP grade 3,
and a multifocal growth pattern. By IF, we found exten-
sive CD8 T cell and MHC-II + T-cell infiltration and that
TCF-1 +CD8 T cells were predominantly resident in dense
antigen presenting niches (figure 4A and C-E). By flow
cytometry, this patient had 1.2% CD8 T cell infiltration,
which is near the mean for all patients with RCC we have
previously analyzed (online supplemental figure 6K).
Importantly, we also found many TCF-1 +stem like CD8
T cells in the tumor by flow cytometry, and we observed
a sizeable population of CD39 + terminally differentiated
effector T cells in the tumor. Five months after surgery,
the patient’s previously suspicious but non-diagnostic
pulmonary nodules increased in size, indicating growing
metastases. This patient then received checkpoint immu-
notherapy, and measurement of peripheral blood T-cell
activation revealed a large expansion of HLA-DR +CD38+
cells in the blood when compared with baseline levels
(figure 4A). The patient had a CR to therapy, with resolu-
tion of all lung metastasis at the 3-month follow-up scan
and has remained disease free at our censoring date more
than 800 days after starting immunotherapy.

In comparison, figure 4B shows a patient with simi-
larly advanced disease who had no clinical benefit after

receiving checkpoint immunotherapy. This patient was
also diagnosed with stage IV disease (pT3N1M1) clear
cell RCC and underwent radical nephrectomy, adrenal-
ectomy, psoas resection, lymph node dissection, and IVC
resection with tumor thrombectomy. The tumor invaded
the perinephric and renal sinus fat, angiolymphatic inva-
sion was present, several para-aortic and retroperitoneal
lymph nodes were positive, and extracapsular extension
was noted. The tumor showed eosinophilic and rhab-
doid features and WHO/ISUP grade 4. Extremely few
immune cells were found in this patient’s tumor at the
time of surgery by IF (figure 4B-E). By flow cytometry
this patient had less than 0.1% of the tumor as CD8 +T
cells, which places this patient in the bottom 10% of all
patients. When they received immunotherapy approx-
imately 1 month later, there was no appreciable T-cell
activation in the blood and their disease progressed
rapidly.

This trend of strong immune infiltration in the tumor
and later systemic response to checkpoint therapy was
found in 15 total patients (table 3) analyzed by IF. A repre-
sentative patient, demonstrating an intermediate amount
of immune infiltration, is shown, highlighting the loca-
tion of the tumor and immune infiltrate (online supple-
mental figure 6A,B). Whole slide IF data were quantified
to discern the xy location of each cell, as well as the inten-
sity of staining for each marker in each cell. The immuno
maps shown in online supplemental figure 6C demon-
strate the xy location of all CD8 T cells (red, top) and of
TCF-1+CD8T cells (cyan, top), as well as the xy location of
each MHCHII + cell (green, middle). Importantly, we are
also able to define areas that contain both TCF-1 +CD8+T
cells and MHCHII + cells, which we term ‘immune niches’
(orange, bottom, defined as 100pmx100pm areas with >1
TCF-1 +CD8 T cells and >1 MHC-II + cells). In line with
our previous studies,** we found the number of T cells
correlates strongly with the amount of MHC-II+ (online
supplemental figure 6D) and TCF-1 +CD8 T cells in the
tissue (online supplemental figure 6E). Similarly, the
proportion of the tumor that was made up with immune
niche strongly correlated with the proportion of MHC-
II +and TCF + cells in the tumor (online supplemental
figure 6F,G). We then examined if these immunologic
features of the tumor microenvironment correlated with
patients’ later response to immunotherapy. In this group
of 15 patients, those with clinical benefit to checkpoint
blockade had significantly higher numbers of total CD8
T cells in their tumor (figure 4C), and a trend towards
more TCF-1 +CD8 T cells (p=0.055, online supplemental
figure 6H). These patients also had more areas of MHC-
IT + cell density (where TCF-1 + cells are usually found)
(figure 4D), and more areas defined as immune niches.
Having both more MHC-II dense regions and immuno-
logical niches was strongly correlated with the size of the
HLA-DR +CD38+burst in CD8 T cells after later check-
point therapy (online supplemental figure 61,]). Among
these 15 patients, those with an above median increase
in HLA-DR +CD38+ cells had significantly more of these
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Figure 4 Long-term immunological status is correlated with clinical benefit following immunotherapy: (A and B) Examples of
longitudinal immune analysis in a responding and non-responding patient: Plots show the timeline of a patient and immunologic
status at each point. This timeline includes when they were diagnosed and received surgery, details of disease progression, time
point where immunotherapy was started, subsequent scans after immunotherapy. Below the timeline are the immunological
parameters collected showing H&E with tumor areas outlined in yellow, immunofluorescence of tumor at the time of surgery,
flow cytometry of the tumor at time of surgery showing total CD3 infiltration and the phenotype of CD8 cells, and the CD8
response in the blood after receiving 10. (C and D) Quantitative analysis of CD8 T cells and MHC-II+ cells in patients with and
without clinical benefit from immunotherapy. Immunofluorescence images for 15 patients, stratified into those with and without
clinical benefit, were analyzed for infiltration by total, TCF-1+and TCF-1-CD8 T cells (C), and MHC-II+ cells (D). Spatial plots
show where each of these subsets are found in tumor tissue and summary plots show the proportion of these cells in tumors

of representative patients who had clinical benefit (CB) versus those who did not (no CB). * Indicates p<0.05, n=15. (E) Patients
who clinically benefit from immunotherapy have a higher proportion of immunologic niches in their tumors. Immune niches
were defined as regions with >1 MHC-II+ cells and >1 TCF-1+CD8 T cells in the same local neighborhood (100pmx100pum) and
proportions were calculated out of the total number of 100umx100um neighborhoods contained within the entire tissue slice.
Spatial plots demonstrate these immune niches in representative patients with clinical benefit (top) and without clinical (bottom),
and a summary plot demonstrates the proportion of immune niches in tumors of patients who had CB versus those who did not
(no CB). * Indicates p<0.05. (F) Overall survival after initiation of immunotherapy for patients with high or low CD8 infiltration into
tumors measured by flow cytometry. Patients were stratified into CD8 high (>2.2% CD8 infiltration into tumor, n=8) or CD8 low
(<2.2% CD8 infiltration into tumor, n=28) groups. Initiation of immunotherapy (I0) was set as starting point for survival analysis.
(G) Progression-free survival after initiation of immunotherapy for patients with high or low CD8 infiltration into tumors. Patients
were stratified in the same manner as ((F) and the time until progression as defined by Response Evaluation Criteria in Solid
Tumor criteria was measured. IVC, inferior vena cava; TCF-1, T cell factor 1; ccRCC, clear cell renal cell carcinoma.
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Table 3
N %
Total 15 100.00
Age at time of surgery Median (range) 62 (33-75)
Sex Male 9 60.00
Female 6 40.00
Race Black/African American 2 13.33
White/Caucasian 13 86.67
Histologic subtype Clear cell RCC 11 73.33
Other RCC 4 26.67
Treatment Nivolumab 3 20.00
Ipilimumab+nivolumab 9 60.00
Study drug-+ipilimumab-+nivolumab 3 20.00
Histologic subtype Clear cell RCC 11 73.33
Other RCC 3 20.00
Stage at diagnosis | 1 6.67
Il 0 0.00
Il 6 40.00
vV 8 53.33

RCC, renal cell carcinoma .

immune niches in their tumors at the time of surgery
(figure 4E).

To extend this analysis, we also had data available from
36 additional patients for whom we had flow cytometry
analysis quantitating immune infiltration in their primary
tumors that later went on to receive checkpoint blockade
treatments. In these patients, the overall T-cell infiltra-
tion spans the range we have typically seen and reported
in RCC (online supplemental figure 6K), and impor-
tantly, we were able to identify terminally differentiated
and stem-like CD8 T cells, as we have previously exten-
sively characterized (as in online supplemental figure
6L).44 In this cohort of 36 patients (see table 4), those
that had >2.2% of the total cells in the tumor as CD8 +T
cells had significantly longer overall survival (figure 4F),
and significantly longer time to tumor progression after
initiating checkpoint blockade therapy (figure 4G).
Together, these two cohorts highlight that a patient’s
ability to mount an immune response against their tumor
is a feature that extends across the course of their disease
and impacts patient outcomes following systemic immu-
notherapy. When patients have strong intratumoral T-cell
activity at the time of surgery, characterized by infiltra-
tion of TCF-1 +CD8 T cells and dense regions of antigen
presenting cells, the immunological response to later
therapy is stronger and patients have improved outcomes.

DISCUSSION

In this study, we investigated how T-cell activation
in the blood of patients with RCC was altered after
checkpoint blockade. We found a rapid expansion in

HLA-DR +CD38+CD4 and CD8 T cells immediately after
the first cycle of immunotherapy. These cells expressed
the proliferation marker Ki67 and important effector
molecules like GZMB and CXCR3 and were strongly
enriched for cell cycle genes. Patients with clinical benefit
typically had a much larger increase in these cells, in line
with previous reports,M—16 " such as Kim et al, where a
higher fold percentage in Ki67 + cells among PD-1 +CD8
T cells after immunotherapy predicted durable clinical
benefit in non-small cell lung cancer and thymic epithe-
lial tumors.'” Interestingly, in this work by Kim et al, they
found a fold change of Ki67 of 2.8 from baseline was
predicative of survival, very much in line with our cut-
off of 2.7fold change. We also found that in patients
who had clinical benefit had a TCR repertoire that was
replaced by new clonotypes. In comparison, patients with
no clinical benefit had a stable TCR repertoire where
the most frequent clones before treatment maintained
their dominance after therapy. Several studies have
previously reported that outcomes in patients treated
with checkpoint therapy are associated with new clones
entering the total CD8 or the activated PD-1 +CD8 T cell
pool.** #* Importantly, recent work reported that there
is clonal replacement in the tumor of patients receiving
anti-PD-1.* Our data indicates that only responding
patients had an influx of new clones to the blood and
this may be the cells that replace TCRs in the tumors of
patients responding to treatment. Interestingly, despite
this new influx of clones, the RNA sequencing profiles
of these cells is mostly similar between responding and
non-responding patients, suggesting that the phenotype
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Table 4
N %
Total 36 100.00
Age at time of surgery Median (range) 63.3 (32.5-76.6)
Sex Male 23 63.89
Female 13 36.11
Race Black/African American 9 25.00
White/Caucasian 27 75.00
Histologic subtype Clear cell RCC 27 75.00
Other RCC 9 25.00
Treatment Nivolumab 14 38.89
Ipilimumab+nivolumab 12 33.33
Cabozantinib+nivolumab 6 16.67
Levatinib+nivolumab 1 2.78
Atezolizumab 1 2.78
Axitinib+avelumab 1 2.78
Study drug+ipilimumab+nivolumab 1 2.78
Histologic subtype Clear cell RCC 27 75.00
Other RCC 9 25.00
Stage at diagnosis I 2 5.56
Il 2 5.56
11l 13 36.11
v 19 52.78
%CDS8 strata High 10 27.78
Low 26 72.22
%CD8 Median (range) 1.1 (0.0-24.5)

RCC, renal cell carcinoma .

of the effector is less important than the overall number
and repertoire of T cells responding to the treatment.
Finally, we find that the T-cell response in a patient’s orig-
inally resected tumor (with surgery occurring months to
years before receiving immunotherapy) predicts later
outcomes following checkpoint therapy, where patients
with more CD8 T cells in their tumor exhibit clinical
benefit. Many of these individual observations have been
made alone in other cancers, but here we have been able
to show how immunobiology at the time of surgery has
an enduring impact on subsequent immune response to
checkpoint inhibitor therapy.

In the past few years, details of the cellular mechanisms
that control activation of T cells after PD-1 blockade
have been identified. Most notably, the TCF-1 +CD8
T cells we have previously described in these patient’s
tumors are likely the same cells that proliferate after
PD-1 blockade.*®** %! On treatment with anti-PD-1, these
stem-like CD8 T cells proliferate, but more importantly,
give rise to cytotoxic daughter cells that are responsible
for clearing virally infected cells® or tumor cells. Based
on these studies and our data here, we hypothesize that
there is a pool of tumor specific TCF-1 +stem like CD8 T

cells that are not proliferating or generating antitumor
effector cells but that are the biologic reservoir that is
unleashed by checkpoint blockade. Currently it is unclear
if these dormant TCF-1 + cells are the ones in the tumor
we identified here or are in other locations outside the
tumor such as the tumor draining lymph nodes, and
this is important to identify in future studies. Based on
this hypothesis, we propose that patients who have this
dormant TCF-1 + stem like T-cell pool are those who can
generate a large new repertoire of T cells after checkpoint
blockade. Evidence of this process occurring is given by
the large burst of HLA-DR +CD38+CD8 T cells seen in
the blood following immune checkpoint blockade and is
likely why measuring this burst in activated cells is prom-
ising indicator of clinical benefit.

This study has a few key real-world limitations. To
minimize impact on patients, the blood collection time
points were cycle dependent, coinciding with scheduled
phlebotomy, thus intervals for the standard of care and
clinical trial immunotherapy regimens ranged from 2 to 4
weeks. Previous studies have shown that the initial burstin
activated CD8 T cells may be seen as early as 1 week post-
treatment,'? therefore sample collection for patients on
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the longer dosing interval may have missed the greatest
magnitude of the burst. Similarly, the timing and type of
re-staging radiographs varied among patients on standard
of care and clinical trial treatments. The evaluation of base-
line tumor T-cell infiltration was limited to those patients
who underwent resection at Emory University Hospital,
which introduces bias in clinical presentation as the surgi-
cally resected patients may be different than those who
underwent biopsy elsewhere. Despite these practical vari-
ances, among patients with predominantly clear cell RCC
treated with different immunotherapy regimens, we show
that an early burst in activated CD8 T cells in the periph-
eral blood and presence of TCF-1 +stem like CD8 T cells
in the tumor as seen in archival samples are associated
with clinical benefit. In future work, larger prospective
and randomized studies are needed to confirm the utility
of these accessible predictors of response to immuno-
therapy, with the hope of informing selection of optimal
treatment.
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