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SUMMARY

T cells use highly diverse receptors (TCRs) to identify tumor cells presenting neoantigens arising from genetic
mutations and establish anti-tumor activity. Immunotherapy harnessing neoantigen-specific T cells to target
tumors has emerged as a promising clinical approach. To assess whether a comprehensive peripheral mono-
nuclear blood cell analysis predicts responses to a personalized neoantigen cancer vaccine combined with
anti-PD-1 therapy, we characterize the TCR repertoires and T and B cell frequencies in 21 patients with
metastatic melanoma who received this regimen. TCR-a/B-chain sequencing reveals that prolonged
progression-free survival (PFS) is strongly associated with increased clonal baseline TCR repertoires and
longitudinal repertoire stability. Furthermore, the frequencies of antigen-experienced T and B cells in the
peripheral blood correlate with repertoire characteristics. Analysis of these baseline immune features
enables prediction of PFS following treatment. This method offers a pragmatic clinical approach to assess

patients’ immune state and to direct therapeutic decision making.

INTRODUCTION

Evidence has been accumulating that the immune system can
recognize, prevent, and control tumor growth.'~ It is now widely
accepted that somatic mutations in tumor cells can lead to neo-
antigen presentation, recognition by cytotoxic T cells through
their T cell receptor (TCRY), and tumor cell killing.*® We recently
reported the first clinical trial combining a personalized neoanti-
gen vaccine (NEO-PV-01) with PD-1 inhibition in multiple solid
tumors and showed robust de novo induction of neoantigen-
specific T cells.” TCR repertoires have previously been used as
potential biomarkers for response to immune checkpoint inhibi-
tors (ICl), but often with low predictive confidence.® ' A recent
study demonstrated how the peripheral blood TCR repertoire
response to one cycle of anti-PD-1 is informative of later treat-
ment effectiveness.'* In addition, phenotyping of immune popu-
lations from peripheral blood mononuclear cells (PBMCs)'>~°
has been previously used as ICI response predictors. However,
associating PBMC TCR repertoires with immune cell pheno-
types could prove to be a strong response predictor for ICl ther-
apy. We developed a highly predictive model based on the com-
bined analysis of peripheral blood TCR repertoire features and
frequencies of T and B cell subpopulations at the pre-treatment
time point. This model indicates an underlying susceptible im-
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mune state that is distinct for metastatic melanoma patients
who had a favorable response to personalized neoantigen vac-
cine plus anti-PD-1 treatment.

RESULTS

Patients with Longer PFS Exhibit Increased Peripheral
TCR Clonality prior to and throughout Treatment
Metastatic melanoma patients enrolled in the neoantigen vac-
cine trial NT-001 (NCT02897765) received nivolumab combined
with the personalized neoantigen vaccine NEO-PV-01.” Three
leukapheresis samples were taken at week 0 (pre-treatment,
pre-T), week 10 (pre-vaccination, pre-V), and week 20 (post-
vaccination, post-V) (Figure 1A). First, RNA was extracted from
CD3* pan-T cells from these leukapheresis samples and
subjected to T cell receptor a-chain and B-chain (TCR-a and
TCR-p) sequencing.”’ We analyzed a total of 57 samples from
21 melanoma patients in the trial for whom we had samples
available from at least one time point. Patients were classified
into two groups: those who achieved progression-free survival
(PFS) 9 months post-initiation of nivolumab therapy and those
who did not (PFS-9 and no PFS-9, respectively). Of the 21 pa-
tients analyzed in this study, 14 had PFS-9, and seven did not’
(Table S1).
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Figure 1. Patients with Lack of Progression at 9 Months Have a Higher Peripheral TCR Repertoire Clonality prior to and throughout Study

Treatment

(A) Treatment schedule outline of the single-arm clinical trial of nivolumab plus personalized neoantigen vaccine (NEO-PV-01). Timings are indicated for nivo-

lumab (blue arrow), personalized vaccine (NEO-PV-01, green arrow), and leukaphereses (orange dots). Leukaphereses from three time points (pre-treatment,

pre-vaccine, and post-vaccine) are used for CD3* T cell isolation for TCR-¢./p sequencing and PBMCs for immunophenotyping by flow cytometry.
(B) The proportion of clones belonging to each clone size category, averaged across patients (or HDs), and time points. An inset focusing on larger bins is provided

(right). The legend defines frequency-based categories.
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We assigned each TCR- amino acid (AA) complementary
determining region 3 (CDR3) clone to a category based on its
observed frequency: rare, small, medium, large, or hyperex-
panded®” (STAR Methods). The relative fractions of each cate-
gory in each sample were averaged across the aggregate
samples of patients with and without PFS-9 (Figure 1B). Notable
differences between the two groups were observed, particularly
in the large and hyperexpanded categories (Figure 1B, right).
Similarly, we analyzed samples from 11 healthy donors (HDs)
to compare with the TCR-p repertoires of melanoma patients.
The clonal composition of the HDs resembled those of patients
without PFS-9. We compared the fractions of clones in each
category of patients with and without PFS-9 at each time point
(Figure 1GC; Figure S1A). Interestingly, at pre-T and pre-V, the
large and hyperexpanded categories were increased in patients
with PFS-9 compared with patients without PFS-9, at the
expense of the categories of less abundant clones, particularly
the rare clones. At post-V, only the hyperexpanded category
showed a significant difference, suggesting a possible vac-
cine-specific effect (Figure 1C, right panel). These results
demonstrate that samples from patients with PFS-9 have a
significantly increased proportion of high frequency clones,
especially hyperexpanded clones. This resembles the increased
clonality of peripheral TCR repertoires of patients who have a
chronic viral infection.?® These increases in high-frequency cat-
egories were also detected when comparing patients with PFS-9
with HDs.

To further characterize the distribution of clonal frequencies in
the repertoires, we quantified the skewedness/evenness of the
frequency distributions using clonality and diversity parameters
at each time point. We calculated the Gini coefficient,'®** Diver-
sity-Evenness (DE50),° normalized Shannon’s entropy,®°%® sum
of squares, Lorentz curves,?” and the number of unique nucleo-
tide and AA TCR-B CDR3 sequences'® and tested their associa-
tion with PFS-9 status (Figure 1D; Figures S1B-S1D). The
difference in Gini coefficient and DE50 between patients with
and without PFS-9 at the pre-T time point were reported in Ott
et al., 2020.” These parameters indicated an increased clonality
of the T cell repertoire in PFS-9 patients at all three time points.
While repertoire clonality increases with age,” there were no sig-
nificant age differences between patients with and without
PFS-9. Similarly, the two groups had identical proportions of
males and females (Table S1). Therefore, patient age and sex
are unlikely to confound the clonality differences. We detected
no difference in clonality between patients without PFS-9 and
HDs, although the HD population is younger on average than
the patient population. We found no differences between either
the average CDRS3 length or the total count of aligned TCR
molecules of patients with and without PFS-9 (Figure S1C). In
addition, we determined the reactivity to the common viral anti-
gens CMV, EBV, or influenza (CEF) by an interferon (IFN)-y
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ELISpot assay to assess the impact of exposure to these viruses
on the measured TCR repertoire characteristics. We detected no
difference in CEF reactivity between patients with and without
PFS-9 (Figure S1E). Taken together, these data demonstrate
that peripheral TCR repertoire clonality was increased in mela-
noma patients with PFS-9 even prior to initiation of treatment.
These findings support that TCR clonality from PBMCs may
represent a minimally invasive biomarker predicting response
to the combination therapy.

Peripheral TCR Repertoires in Patients with Prolonged
PFS Are More Stable over Time

Notably, the overall clonality measurements did not change
significantly in response to treatment. We therefore sought to
understand the extent to which the identities of the TCR-J rep-
ertoires changed over time. We first tested whether turnover
rates, as measured by the Jensen-Shannon Divergence
(JSD),?®?° correlated with PFS-9 status. Analyzing the most
frequent clones covering the top 20% of each repertoire, we
compared the JSD of pre-T to either the pre-V or post-V time
points. Both comparisons demonstrated lower JSD values, indi-
cating lower TCR turnover, in patients with PFS-9 (Figure 2A).
The same was true when comparing the post-V to the pre-V
time point (Figure S2A), indicating that the differences in turn-
over do not depend on the choice of baseline. The difference
in turnover between patients with and without PFS-9 remains
significant regardless of the fraction of the repertoire used for
the calculation (Figure S2B). Of note, comparing pre-V with
post-V turnover (relative to pre-T) in patients with PFS-9 shows
no difference, whereas the turnover of TCR clones in the reper-
toires of patients without PFS-9 continues to increase from pre-
V to post-V (Figure S2B).

To further characterize repertoire stability, we tested TCR-
overlap across all three time points (Figure 2B). We calculated
the cumulative frequencies of clones detected at a single time
point (Venn diagram segment A, B, or C), two time points
(segment D, E, or F), and persistent clones, which were found
in all three samples over a 5-month treatment period (segment
G). The cumulative frequency of persistent T cell clones (in
segment G) is significantly increased in patients with PFS-9
compared with patients without PFS-9 (Figure 2C, left). This
increase comes at the expense of the frequencies of clones de-
tected at a single time point (segments A, B, and C, Figure 2C,
right) but not of clones found at two time points (Figure S2C).
No difference was detected in the absolute number of unique
clones in segment G in patients with or without PFS-9 (Figure 2D).
This indicates that the increased cumulative frequency of this
segment is driven by the clone sizes, rather than the number of
individual clones. These findings demonstrate an increased lon-
gitudinal stability of the TCR-p repertoire in patients with PFS-9.
To test whether repertoire clonality and the long-term stability

(C) The (log-) fraction of clones belonging to the large (left) or hyperexpanded (right), for patients with and without PFS-9 at each time point or HDs. Boxplots
indicate 25%, 50%, and 75% percentiles, and whiskers extend to the smallest/largest value within 1.5 times the interquartile range. p values are derived from a

two-tailed Student’s t test.

(D) The skewedness of the TCR-p repertoire frequency distribution measured by the Gini coefficient, DE50, and normalized Shannon’s entropy of each HD and
patient across time points. The black line indicates median. p values are derived from a two-tailed Student’s t test.

See also Figure S1 and Table S1.
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Figure 2. Peripheral TCR Repertoires Are
More Stable over Time in Patients Who Do
Not Progress at 9 Months

(A) Jensen-Shannon Divergence (JSD) of TCR-B
CDR3 sequences accounting for the top 20% of the
repertoire frequency between pre-V (left) or post-V
(right) and baseline (pre-T) of patients with and
without PFS-9. Low JSD values represent repertoire
stability as indicated by the arrow (left). Black line
indicates median. p values are derived from a two-
tailed Student’s t test.

(B) Schematic of a 3-way repertoire comparison.
Segments in the Venn diagram represent the cu-
mulative frequencies of the TCR-B CDR3 sequences
detected in the intersecting time points in that
segment.

(C) Comparison of the cumulative frequencies of
TCR-B CDR3 sequences between patients with and
° without PFS-9, at each time point. High cumulative
frequency of G represents repertoire stability is as
indicated by the arrow (left). Black line indicates
median. p values are derived from a two-tailed
Student’s t test. Venn diagram on the bottom left
illustrate repertoire stability of patients with and
without PFS-9.

(D) The number of unique TCR-B CDR3 AA se-
° quences detected at all three time points in patients
© with and without PFS-9. The black line indicates
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median. Black line indicates median. p value derived
from a two-tailed Student’s t test.
See also Figure S2.
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11 HDs for which materials were available
(Table S1). TCR-a sequencing showed
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results. Reproducible results were also
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are correlated, we analyzed the association between the Gini co-
efficient (Figure 1D) and the cumulative frequency of the persis-
tent clones (G segment). We found a strong correlation between
these values (Figure 3A), indicating that repertoire clonality and
stability are linked, and the expanded clones are persistent
across the three time points. Conversely, we observed a nega-
tive correlation comparing TCR-B clonality with the cumulative
frequency of clones that were only detected at a single time point
(segments A, B, and C).

TCR-a-Chain Sequencing Is Indicative of Highly
Consistent Repertoire Clonality and Stability

TCR specificity is determined by the TCR-o and TCR-B-chain
pairing. While the pairing of these chains is not preserved in
bulk RNA sequencing, we evaluated whether the CDR3 se-
quences of the TCR-a chain (CDR3a) support our findings
regarding the clonality and stability of the TCR-B repertoires.
To that end, we sequenced the CDR3a of all 21 patients and
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measurements, as well as repertoire stabil-
ity (Figures S2D-S2F). This concordance
between TCR-o. and TCR-B repertoire
sequencing supports that either can represent the clonal struc-
ture in a sample.*°

No PFS-9

Peripheral TCR Repertoire Stability and Diversity
Correlate with Effector/Memory Phenotypes

We next hypothesized that the increased TCR repertoire clonal-
ity and stability in patients with PFS-9 is related to the phenotype
of the T cells of these patients. We compared the cumulative fre-
quency of the persistent TCR-f clones (G segment) with the fre-
quencies of T cell subpopulations determined by flow cytometry
(Figures S3A and S3B). We observed a strong positive correla-
tion between the cumulative frequency of persistent clones
and the frequency of effector-memory/memory CD8* and
CD4* T cells across patients. We also observed a strong nega-
tive correlation with naive T cells, and to a lower extent with
CTLA-4-expressing T cells (Figure 3B; Figure S3C). A compara-
ble enrichment of effector-memory/memory T cells has been
reported in patients with chronic viral infections,>® again
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Figure 3. Peripheral TCR Repertoires Stabil-
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See also Figure S3, Figure S4, and Table S2.
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suggesting similarities in immune phenotypes of patients with
PFS-9 and individuals with a chronic viral infection. Interestingly,
we also detected a positive correlation between the persistent
TCR-B clones and the memory B cell compartment, and a nega-
tive correlation with the naive B cell compartment (Figure 3B).
Immunophenotyping of PBMCs showed different subpopulation
frequencies between patients with and without PFS-9, consis-
tent with reports from independent cohorts.'>''® Together, these
findings suggest that TCR repertoire features can inform the B
cell compartment and perhaps other immune cell phenotypes.
This is further supported by the correlation between the ratio of
effector-memory to naive CD8 T cells and the ratio of class-
switched to naive B cells (Figure 3C). These results suggest
that a broad view of a patient’s adaptive immune system is rele-
vant in predicting the clinical efficacy of immunotherapy.

To directly test for a relationship between the frequency of a
clone, its phenotype and antigen specificity, we sorted and
sequenced the TCR-af of single neoantigen-specific T cells for
a few patients with sample availability (STAR Methods). We vali-
dated via transduction eight TCR-aff sequences (STAR
Methods), which target six epitopes from across five patients
(Table S2). Three TCRs, originating from patients M1 and M13,
were previously reported in Ott et al., 2020.” Of the validated
TCRs, four were not detectable at the pre-T time point

ment. Excluding these two, three of the
six remaining neoantigen-specific clones
(M6-TCR1.1, M14-TCR1, M14-TCR2)
were found in the large frequency category
of the pre-T peripheral TCR-B repertoire, indicating that at least
some large clones at baseline are neoantigen specific (Fig-
ure S4). The frequency of these validated TCR-o and TCR- in
the periphery correlated to the number of IFN-y spot forming
cells as reported in Ott et al., 2020.” Immunophenotyping
showed that, in all cases, the population from which the neoan-
tigen-specific T cells were obtained was of memory/effector-
memory phenotype’ (Figure S4).

Together, the results from this small set of validated TCRs
allow us to integrate the TCR sequence, clone size, functionality,
and phenotype. These data show that there are cases in which
larger clones at the pre-T time point are neoantigen specific
and are putatively IFN-y producing with a memory phenotype,
while in other cases we detect clones that expanded following
vaccine to have these same features.

03 04 05 06

Combined Baseline Peripheral TCR-o/f3 Repertoire
Features and Immunophenotyping Predict PFS

We sought to determine the strength of the combined pre-
treatment measurements from PBMCs in predicting PFS, and
which individual measurements are key to the prediction.
For this analysis, we aggregated over 25 PFS-9-informative
baseline features per patient, which allowed us to build a predic-
tive model (Table S3). To identify dominant biomarkers, we used
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principal-component analysis (PCA), an unsupervised algorithm
that represents the data along their axes with the largest vari-
ance. Importantly, PCA was performed without providing the al-
gorithm with the explicit labels of the patients’ PFS-9 status. The
algorithm separated patients with and without PFS-9 along PC1,
the axis representing the highest variance in the data (Figure 4A).
In order to better understand the key features driving this sepa-
ration, we examined the impact of the features (loadings) on PC1
(Figure 4B). Among the top features correlating with PC1 are a
clonal TCR repertoire, Gini coefficient, and a memory T cell
phenotype, including PD-1* T cells. Conversely, TCR repertoire
diversity (as indicated by DE50) and naive T cell phenotypes
negatively correlate with PC1. A class-switched memory B cell
phenotype also correlated with PC1, which might be related to
recent findings of the involvement of these cells in the tumor
microenvironment in patients responding to ICI.°" The relative
contribution of each of these features to PC1 demonstrated by
the loadings (Figure 4B) points to the measurements that are
most important in the makeup of the PC1 score.

When categorizing patients as having either a positive or a
negative PC1 value, we saw a significant difference between
the median PFS of the two groups (6.93 months for PC1 <0 while
at 21.6 months the median has not yet been reached for PC1 >0,
hazard ratio = 0.079, p = 0.0031) (Figure 4C), and overall a signif-
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pcl and neoantigen therapy.

To assess repertoire overlap between
the samples from melanoma patients
and HDs, we screened TCR-B CDR3 sequences from each pa-
tient for their presence in the HD samples. We quantified the
proportion of TCR-B sequences (out of the 1,000 most frequent
clones at baseline) that were shared with the 11 HD repertoires,
and the number of HDs with which they were shared. The pro-
portion of highly public clones (shared with all 11 healthy donor
repertoires) was decreased in patients with PFS-9 compared to
patients without PFS-9 (Figure S5B). Furthermore, we observed
a negative correlation between the overall proportion of the
public clones and the PC1 score of each patient (Figure 4D).
These data indicate that the increased PC1 scores reflect a
decreased publicness of the TCR repertoire, suggesting that
the expanded circulating T cell clones in patients with PFS-9
are not commonly found in HDs, and are potentially private, tu-
mor-related clones. This additional characteristic might reflect
the patient immune state and could function as a clinically

meaningful predictor of response to immunotherapy.

DISCUSSION

Here, we show that data integration from a comprehensive anal-
ysis of PBMC samples enables an accurate response prediction.
These analyses indicate that PFS in metastatic melanoma
patients can be predicted with pre-treatment peripheral blood
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samples, strongly suggesting a pre-existing immune state that is
amenable to immune modulation through ICl and/or neoantigen
therapy. Characteristics of this immune state include high
effector-memory T and B cell frequencies, as well as a clonal
TCR repertoire with low turnover and decreased levels of
highly public TCRs. A diverse, non-clonal TCR baseline reper-
toire detected in both the no PFS-9 patient samples and the
young HD samples suggests a reduced tumor antigen-induced
immune modulation in patients without PFS-9. These findings
support the hypothesis that, in some patients, metastatic cancer
leads to changes in the peripheral blood immune repertoire,
rendering these patients more likely to respond to immuno-
therapy. It should be noted that varying levels of differences be-
tween a patient’s tumor TCR repertoire and peripheral blood
repertoire could be expected, due to the unique conditions
within the tumor microenvironment, T cell trafficking, and antigen
exposure.®?3

We propose a minimally invasive approach that could facilitate
patient selection and improve decision making regarding the
appropriate course of treatment.

Limitations of Study

This study presents a cohort of patients treated with both
NEO-PV-01 and nivolumab, with a limited set of patients
and available samples. Due to the unique treatment settings,
the study currently lacks a validation set and additional
studies would need to be performed to validate these results
and potentially extend them to other cancer indications and
immunotherapies.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

CD107a-BV786
CD137-BV650
CD138-PE

CD14-FITC

CD152 (CTLA-4)-PE Cy5
CD19-APC-Cy7
CD19-BUV496
CD1c-BVv421
CD20-BUV805
CD22-BV510
CD24-BV650
CD25-BV605
CD25-PerCPCy5.5
CD267-APC
CD269-PE-CF594
CD26-APC
CD26-PECF594
CD27-BV711
CD27-BV786
CD3-BV421
CD38-BV711

CD3-FITC
CD45RA-Alexa Fluor 700
CD45R0O-BV605
CD4-BUV496
CD56-FITC

CD62L-FITC
CD69-BV786

CD69-PE Cy7
CD79a-PE-Cy7
CD8-BUV805

Foxp3-PE Cy7
Gamma-9-APC
HLA-DR-PE-Cy5
ICOS-BUV395

Ig kappa light chain-Alexa Fluor 700
Ig lamda light chain-PerCPCy5.5
IgD-BV605

IgM-BUV396

LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit

PD-1-BV510
PD-1-PE-CF594
TCF7-PE

BD Biosciences
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BioLegend
BioLegend
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
Life Technologies
BioLegend
BioLegend

BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
ThermoFisher
BD Biosciences
Invitrogen

BD Biosciences

Cat # 563869; RRID:AB_2738458
Cat # 564092; RRID:AB_2738586
Cat # 552026; RRID:AB_394323
Cat # 301804; RRID:AB_400086
Cat # 555854; RRID:AB_396177
Cat # 557791; RRID:AB_396873
Cat # 564655; RRID:AB_2744311
Cat # 565050; RRID:AB_2744319
Cat # 612905; RRID:AB_2870192
Cat # 302526; RRID:AB_2721532
Cat # 563720; RRID:AB_2632388
Cat # 562660; RRID:AB_2744343
Cat # 560503; RRID:AB_1727453
Cat # 311912; RRID:AB_2565423
Cat # 357512; RRID:AB_2566531
Cat # 302710; RRID:AB_10916120
Cat # 565158; RRID:AB_2739085
Cat # 356430; RRID:AB_2650751
Cat # 563327; RRID:AB_2744353
Cat # 563797; RRID:AB_2744383
Cat # 303528; RRID:AB_2563811
Cat # 300306; RRID:AB_314042
Cat # 560673; RRID:AB_1727496
Cat # 562791; RRID:AB_2744411
Cat # 564652; RRID:AB_2744422
Cat # 362546; RRID:AB_2565964
Cat # 555543; RRID:AB_395927
Cat # 563834; RRID:AB_2738441
Cat # 557745; RRID:AB_396851
Cat # 333510; RRID:AB_2564595
Cat # 564912; RRID:AB_2744465
Cat # 25-4776-42; RRID:AB_10804638
Cat # 331310; RRID:AB_2057504
Cat # 307608; RRID:AB_314686
Cat # 564777; RRID:AB_2738946
Cat # 561319; RRID:AB_10611867
Cat # 316618; RRID:AB_2561512
Cat # 563313; RRID:AB_2738134
Cat # 563903; RRID:AB_2721269
Cat # L10119

Cat # 563076; RRID:AB_2737990
Cat # 61-2799-42; RRID:AB_2574598
Cat # 564217; RRID:AB_2687845
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Patient PBMCs from NT-001 trial Ott et al., 2020 N/A

Healthy Donor PBMCs Precision for Medicine Cat # 93000-10M

Healthy Donor PBMCs StemExpress Cat # LEO10F

Healthy Donor PBMCs AllCells https://www.allcells.com/tissue-
products/leukopak/

Chemicals, Peptides, and Recombinant Proteins

CEF viral peptide pool JPT Cat # PM-CEF-E

Benzonase Millipore Sigma Cat # 70746

Assay peptides Ott et al., 2020 N/A

MHC class | tetramers Ott et al., 2020 N/A

Critical Commercial Assays

Pan T cell Isolation Kit, human
RNeasy Plus Micro Kit

RNeasy Plus Mini Kit

Qubit RNA HS Assay Kit

KAPA Library Quantification Kit
MiSeq Reagent Kit v2
Fixation/Permeabilization Solution Kit
Foxp3/Transcription Factor Staining Buffer Set
AEC substrate-chromogen

IFN gamma Human ELISPOT Kit
CD3 MicroBeads, human

Miltenyi Biotec
QIAGEN
QIAGEN
ThermoFisher
Roche

lllumina

BD Biosciences
eBioscience
BD Biosciences
Invitrogen
Miltenyi Biotec

Cat # 130-096-535
Cat # 74034

Cat # 74134

Cat # Q32855

Cat # KK4824

Cat # MS-102-2003
Cat # 554714

Cat # 00-5523-00
Cat # 551951

Cat # 88-7386-88
Cat # 130-050-101

Experimental Models: Cell Lines

Jurkat, Clone E6-1 ATCC Cat # ATCC-TIB-152
A375 ATCC Cat # ATCC-CRL-1619
293FT Cell Line Thermo Fisher Cat # R70007
Software and Algorithms

MiXCR (version 3.0.12) Bolotin et al., 2015 N/A

FlowdJo (version 10)

GraphPad Prism (version 7.01)
R (version 3.5.1)

DescTools (R package)
Philentropy (R package)
gplots (R package)

Stats (R package)

Survival (R package)
Survminer (R package)

FlowdJo Software (for Windows) Version 10.
Becton, Dickinson and Company; 2019.

GraphPad Software, La Jolla California, USA
CRAN

Signorell et al., 2020

Drost et al., 2018

Warnes et al., 2015

R Core Team 2018

Therneau et al., 2000

Kassambara et al., 2019

https://www.flowjo.com/

https://www.graphpad.com
https://www.r-project.org/
N/A

N/A

N/A

N/A

N/A

N/A

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed and will be fulfilled by the Lead Contact, Asaf Poran

(asaf.poran@biontech.us).

Materials Availability

All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.
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Data and Code Availability
Patient TCR sequencing information will be provided for patients consistent with their institutional informed consent. The code
supporting the findings of this study is available upon request from the Lead Contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects and Study Design
Detailed protocols of the clinical study are reported in Ott et al., 2020”. Patients who were 18 years of age or older with histologically
or cytologically confirmed unresectable or metastatic melanoma were eligible for enrollment in this multicenter phase | clinical trial
(NCT02897765). The gender and age of all patients evaluated in this manuscript can be found in Table S1. No statistical methods
were used to predetermine sample size. The experiments were not randomized. The investigators were not blinded to allocation
during experiments and outcome assessment. This study was conducted in accordance with the Declaration of Helsinki and with
approval by Institutional Review Board at each participating site and written informed consent was obtained for all patients. Key
eligibility criteria included an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1 (on a 5-point scale, with
higher scores indicating greater disability) and life expectancy of > 6 months. Excluded from the study were patients with untreated
central nervous system (CNS) metastases, active or history of autoimmune disease, and who had received previous therapy with
PD-1, or PD-L1 inhibitors other than CTLA-4 (cytotoxic T lymphocyte-associated antigen 4). NEO-PV-01 is a personalized vaccine
composed of up to 20 synthesized peptides that are approximately 14 to 35 amino acids in length. The peptides are divided into up to
four individual pools, each pool consisting of 1 to 5 peptides. On the day of vaccination, each pool of NEO-PV-01 was mixed with
polyinosinic polycytidylic acid polylysine carboxymethylcellulose (poly ICLC; Hiltonol®) for a concentration of 300 ung/mL of each
peptide. Each patient was scheduled to receive 5 doses of vaccination during the priming phase, on days 1 and 4 of week 12 and
then weekly for 3 weeks (weeks 13, 14, and 15) followed by 2 booster vaccinations on weeks 19 and 23. Each pool was administered
by subcutaneous injection to one of the four limbs or left or right midriff as an alternative anatomical location. The anatomical site of
injection for each pool was constant through the vaccination regimen. All patients, regardless of disease status, were allowed to start
vaccination with NEO-PV-01 + adjuvant poly-ICLC. Nivolumab was administered on study day 1 at dose 240 mg by IV over 30 min
every 2 weeks.

All healthy donor (HD) material used for this study was obtained with written informed consent through external vendors identified
in the Key Resources Table.

Clinical assessments

Adverse events, laboratory values, ECG, and vital signs were assessed regularly and graded according to the National Cancer
Institute Common Terminology Criteria for Adverse Events, version 4.0. Response was assessed at weeks 8, 12, 24, 36, 52, 64,
76, 88, and 100 according to Response Evaluation Criteria in Solid Tumors (RECIST), version 1.1, by the investigator.

Peripheral Samples

Leukaphereses were obtained from patients at pre-treatment, pre-vaccine (week 10-12) and post-vaccine (week 20). Healthy donor
leukaphereses were obtained from various external vendors identified in the Key Resources Table. PBMCs were isolated within 4h
after collection using Ficoll-paque (GE Healthcare) density-gradient centrifugation and cryopreserved in Recovery Cell Culture
Freezing Medium (Invitrogen) or cell freezing media (90% FBS and 10% DMSO). PBMCs were stored in vapor-phase liquid nitrogen
until time of analysis.

METHOD DETAILS

T Cell and RNA Isolation for TCR Sequencing
PBMCs were thawed and subjected to negative selection using the Pan T Cell Isolation Kit (Miltenyi) according to manufacturer’s
protocol. T cells were counted, centrifuged for 15 minutes at 300xg then flash frozen and stored as dry pellets at —80°C.

RNA isolation was performed using the RNeasy Plus Micro Kit (QIAGEN) on the QlAcube (QIAGEN; Protocol: Purification of total
RNA using gDNA Eliminator and RNeasy MinElute spin columns) according to manufacturer’s protocol. RNA concentration was
measured using the Qubit™ RNA HS Assay Kit (ThermoFischer) according to manufacturer’s protocol. Eluted RNA was stored at
—80°C.

TCR Library Preparation and Sequencing

TCRa and TCRB libraries were prepared from isolated RNA using the Long Read iR-Profile Reagent System (iRepertoire) either
in-house or at the iRepertoire headquarters according to manufacturer’s protocol. For in-house sequencing, libraries were pooled,
and concentrations were calculated using the KAPA Library Quantification Kit (Roche) on the Lightcycler® 480 Il (Roche). Pooled
libraries were sequenced using the MiSeq Reagent Kit v2 500-cycles (lllumina), either in-house or at the iRepertoire headquarters
according to manufacturer’s protocol. In-house sequencing runs included a 10% Phi-X spike-in. Throughout the study, the number
of samples per pool was designed to maintain equal sequencing depths across samples.

e3 Cell Reports Medicine 7, 100141, November 17, 2020



Cell Reports Medicine ¢ CelPress

Phenotypic analysis of peripheral samples

Patient and healthy donor PBMCs were thawed into FBS, followed by a wash with X-Vivo media (Lonza). Cells were then treated with
benzonase (Millipore) for 30 minutes at a 1:1000 dilution in media at 37°C. Cells were washed with media and counted using the
Guava easyCyte Flow cytometer. A total of 2 x10°6 cells per sample were plated for antibody staining and washed once with
FACS buffer (PBS + 0.5% BSA). Cells were then incubated with cell surface antibody for 30 minutes on ice, followed by a wash
with FACS buffer. Cells were fixed and permeabilized for intracellular staining using either the BD cytofix/cytoperm kit (BD Biosci-
ences; used for B cell panel) or Foxp3/Transcription Factor Staining Buffer Set (eBioscience; used for T cell panel) for 20 minutes
on ice according the manufacturer’s instructions. Cells were washed with the corresponding permeabilization wash buffer according
to the manufacturer’s instructions. Cells were then incubated with intracellular antibodies in the corresponding permeabilization
wash buffer for 30 minutes on ice, washed with the appropriate permeabilization wash buffer, followed by a final wash with FACS
buffer. Cells were stored in FACS buffer at 4°C until acquisition on a BD LSR Fortessa instrument.

TCR Repertoire Generation
TCR repertoires were generated by running a licensed copy of MiXCR>* on the paired-end raw sequencing fastq files. The param-
eters included the species specifications (Human, hsa), starting material (RNA), 5’ and 3’ primers (v and ¢ primers, respectively) with
no adapters, and searching for either TCRa (tra) or TCRB chains (trb).

TCRa or TCRB CDRS3 clonotypes were filtered by removal of non-functional sequences (out-of-frame sequences or those contain-
ing stop codons). Clonal frequency was calculated based on the count for each clone out of the total count.

TCR Repertoire Diversity/Clonality Analysis
Clone size category (Figures 1B and 1C; Figure S1) was based on clonal frequency, Fi as follows: rare (Fi < 1e-6), small (1e-6 < Fi<
1e-5), medium (1e-5 < Fi < 1e-4), large (1e-4 < Fi < 1e-3), and hyperexpanded (1e-3 < Fi).

The unique number of nucleotide /amino acid TCRa or TCRB CDR3s was calculated per sample. Global diversity/clonality coef-
ficients have been calculated as follows:

DE50 - AA CDR3 clonotypes were sorted based on their frequency in descending order. The cumulative frequencies of this sorted
frequency vector were calculated. The rank of the first value that was equal or larger than 0.50 was divided by the total number of
unique aa CDRS3 clonotypes to obtain the DE50 value. For example, if the 40 most frequent clones (but not 39) of a repertoire
covers 50% of the total counts of the clones in that repertoire, consisting of 1000 clones, the DE50 value would be 0.04.

Gini Coefficient — ranges between 0 (all clones are equally frequent — repertoire diversity) and 1 (frequency dominated by one
clone, repertoire clonality). Calculated using the “Gini” function from the “DescTools” R package®.

Normalized Shannon’s Entropy — higher values represent higher inequality of the frequencies®*°.

Lorentz curves —similarly to the DE50 estimate, but a continuous curve between DEO and DE100. Calculated using the “Lc” func-
tion from the “DescTools” R package®°.

Sum of squares — the sum of squares measurement is calculated as the sum of the frequencies of the aa CDR3 clonotypes, each
squared.

TCR Repertoire Stability

Assessment of the 2-way repertoire turnover was performed using the Jensen-Shannon Divergence®®?°. This measurement ranges
between 0 (completely overlapping repertoires — no turn-over) and 1 (completely disjoint repertoires — high turn-over). This calculation
was performed using the “JSD” function from the R package “philentropy”>°, either using the pre-treatment time-point as baseline,
and comparing pre-vaccine and post-vaccine samples to that baseline (Figure 2A), or by comparing consecutive time-points to each
other (Figure S2A). Calculation was based on the most frequent aa CDR3 clonotypes covering 20% of the total counts in each
repertoire.

This analysis was performed for varying levels of repertoire coverage, from 20% to 80% (Figure S2B). Significance was calculated
from a repeated-measures analysis for modeling, with AR(1) covariance structure.

Assessment of the 3-way repertoire stability was performed using a Venn diagram approach (Figure 2B). The aa CDR3 sequences
from the 3 time-points in each patient were intersected using the “venn” function from the R package “gplots”’; the size of each of
the 7 segments (A-G) was defined as the sum of the frequencies of the clones in that segment. For segments shared by 2 (D-F) or 3 (G)
segments, each clone has 2 or 3 frequency values, corresponding to each time-point it was detected in. Therefore, segments D-G
have 2 or 3 size values. In addition, we also calculated the intersection of the unique aa CDR3 sequences across the 3 time-points,
regardless of their frequencies (Figure 2D).

Principal Component Analysis

Select measurements taken at baseline from either the TCR repertoire analysis or the immunophenotyping of the PBMCs was
aggregated in one matrix. The matrix was centered and scaled, and PCA was calculated using the R function “prcomp” from the
“stats” R package®®. The loadings, or contributions of the different measurements to PC1, were retrieved from the rotation matrix
(Figure 4B).
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Kaplan-Meier analysis was performed based on categorizing patients as belonging to PC1 < 0 or PC1 > 0. Calculation was per-
formed using the “survfit” function from the “survival” R package®° and plotted using the “ggsurvplot” function from the “survminer”
R package’’. P value was calculated using the log-ratio test and hazard-ration calculated using a univariate Cox proportional hazards
regression model.

Public TCR Sequence Analysis

The 11 HDs were used to represent healthy population peripheral TCR repertoires. For each patient, each of the top 1000 most
frequent TCRB aa CDR3 sequence found in the pre-treatment time-point was scored by the number of HD repertoires in which it
was detected (ranging from 0- no one, to 11 - all). For each score, the fraction of clones with that score in each patient was calculated
(Figure S5B).

scTCRseq of neoantigen-specific TCRs

Single-cell TCR sequencing (scTCRseq) was performed as previously described’. Briefly, patient PBMCs were sorted into 96-well
plates either based on tetramer staining or staining with T cell activation markers (i.e., CD69, CD107a, CD25, PD-1) eitherimmediately
after overnight rest (ex vivo) or after neoantigen peptide exposure for 5-6 days and recall for 6-24h (stim). Cells were stained with T cell
activation markers as described in the peripheral immunophenotyping section, with anti-CD107a antibody added 6h prior to the end
of co-culture during peptide recall. Final sort gates for neoantigen-reactive subpopulations were determined based on control
tetramer staining or control co-cultures with DMSO. Plates were submitted to iRepertoire for scTCRseq (iPair-TCR). Paired
sequencing information was used to determine clonal composition of sorted cell populations and candidate alpha/beta chain pairs
were tested for neoantigen-reactivity after lentivirus-based T cell transductions™'.

For the transductions, second generation lentivirus vectors were generated on 293FT producer cell lines using shuttle plasmids
(GenScript) containing TCR beta and alpha chains under the control of a SFFV promoter and separated by a furin cleavage site
and a P2A ribosomal skip sequence. Human TCR variable regions were fused to cysteine-modified mouse constant regions for
both chains resulting in recombinant mTCR**“®, Neoantigen-reactivity of mTCR Jurkat cells was determined by IL-2 secretion
measured by electrochemiluminescence (MSD), according to the manufacturer’s instructions, in 24h co-culture assays of mTCR
transduced Jurkat cells with neoantigen peptide and allele matched antigen presenting cell lines or CD3" T cell depleted autologous
patient PBMCs using CD3 microbeads (Miltenyi).

IFN-y ELISpot assay for CEF Reactivity

IFN-y ELISpot assays to assess reactivity to CMV, EBV, or influenza (CEF) were performed using 96-well MultiScreen Filter Plates
(Millipore) and the Ready-Set-Go! Human IFN-y ELISpot Kit (Invitrogen) according to manufacturer’s instructions and as previously
described’. Plates were coated overnight at 4°C with anti-IFNy Capture Antibody diluted in 1X Coating Buffer, washed with
1X Coating Buffer and blocked with X-Vivo media (Lonza) containing 1% penicillin/streptomycin (GIBCO) for 1h. PBMCs plated in
triplicate with 1 x 10° cells per well after they were rested overnight in X-Vivo media (Lonza) supplemented with 1% penicillin/
streptomycin (GIBCO) at 37°C. CEF viral peptide pools were added to ELISpot wells at a 5 uM final concentration. Each plate
included a healthy donor positive and negative control with the CEF viral peptide pool (JPT) and Cell Stimulation Cocktail (Life
Technologies) to confirm reagent performance. Plates were incubated overnight at 37°C. Plates were washed 3 times using PBS
with 0.05% Tween-20 and detection antibody diluted in 1X ELISpot diluent was added to wells for 2h. After washing 3 times with
PBS with 0.05% Tween-20, Avidin-HRP was diluted in 1X ELISpot diluent and added to wells for 45 min. Plates were washed
with both PBS with Tween-20 and PBS 3 times. AEC substrate-chromogen (BD Biosciences) was then added for 20 min. Plates
were rinsed with deionized water 3 times and allowed to dry at room temperature overnight. Spots were imaged and enumerated
using an Immunospot analyzer (Cellular Technology Limited).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis

All analyses were performed in the R language and environment for statistical computing (version 3.5.1). Likewise, all figures were
created using an R script relying on the “ggplot2” package®*. Unless otherwise specified, P values are derived from a two-tailed Stu-
dent’s t test.

ADDITIONAL RESOURCES

All patient data presented in this manuscript is from the multicenter phase | clinical trial NCT02897765. https://clinicaltrials.gov/
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