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Abstract

Immune checkpoint blockade (ICB) of PD-1 and CTLA-4 to treat metastatic melanoma (MM) has
variable therapeutic benefit. To explore this in peripheral samples we characterized CD8* T cell
gene expression across a cohort of MM patients receiving anti-PD-1 alone (sICB) or in
combination with anti-CTLA-4 (cICB). Whereas CD8" transcriptional responses to sICB and
clCB involve a shared gene set, the magnitude of cICB response is over four-fold greater, with
preferential induction of mitosis and interferon related genes. Early samples from patients with
durable clinical benefit demonstrated over-expression of T cell receptor (TCR) encoding genes. By
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mapping TCR clonality we find responding patients have more large clones (those occupying
>0.5% of repertoire) post-treatment than non-responding patients or controls, and this correlates
with effector memory T cell percentage. Single-cell RNA-sequencing of eight post-treatment
samples demonstrates large clones over-express genes implicated in cytotoxicity and characteristic
of effector memory T cells including CCL4, GNLY, and NKG7. The six-month clinical response
to ICB in MM patients is associated with the large CD8" T cell clone count 21 days after treatment
and agnostic to clonal specificity, suggesting that post-1CB peripheral CD8™" clonality can provide
information regarding long-term treatment response and potentially facilitate treatment
stratification.

Predictive markers of sensitivity to ICB can be inferred from attributes of the tumour,
including mutation burden and infiltrating lymphocytesl=>. However, peripheral markers of
on-treatment assessment of efficacy are lacking®8. Numerous factors independent of the
tumour potentially impact the response to ICB%11, We reasoned large-scale transcriptomic
analysis of peripheral immune subsets may identify conserved features of the response to
ICB, including markers predictive of clinical outcome. We analysed transcript expression in
CD8* T cells, which play a key role in the immune response to melanomal2, across an initial
cohort of 55 patients treated with sICB (n=40) or cICB (n=15, Supplementary Table 1). By
comparing baseline expression profiles (day 0) with those post-treatment (day 21) we
identified 707 and 5,885 transcripts (FDR<0.05) modulated by sICB and cICB respectively
(Figure 1a,b, Supplementary Table 2). Comparing sICB response to cICB response revealed
4,601 transcripts (FDR<0.05) differentially regulated by cICB versus sICB (Figure 1c,
Supplementary Table 2) with both treatments almost invariably eliciting the same directional
effect, hence regulating a shared geneset, but with a marked difference in effect size (Figure
1d). Most transcriptional changes resolved by the fourth cycle of treatment post-sICB,
whereas 877 transcripts remained differentially expressed versus baseline post-cICB
(Extended Figure 1a), illustrating cICB leads to a more sustained effect on transcription.
Gene set enrichment analysis (GSEA) identified 25 pathways (FDR<0.01) either
preferentially upregulated by clICB, such as genes involved in mitotic spindle formation and
G2M checkpoint, or downregulated, including TNF signalling via NFxB (Figure 1e,f,
Extended Figure 1b), reflecting relatively enhanced cellular proliferation and suppressed
inflammation.

The use of RNA sequencing and the number of paired samples across the cohort
significantly advance previous transcriptomic descriptions of ICB response in humans,
which have observed few associations robust to multiple-testing correction2-14, To further
dissect individual variation in ICB response we performed weighted-gene centric network
analysis to identify modules of co-expressed ICB regulated transcripts!®16. This approach
resolved nine independently correlated modules (modules M1-M9, Table 3) with specific
hub genes, of which seven were highly enriched for genes from 59 distinct pathways
annotated using Gene Ontology Biological Processes (GOBP, Extended Figure 2). Notably,
for several modules, the average expression significantly differed in pre-treated patients from
healthy controls, between treatment types, and across treatment timepoints (Extended Figure
3). Between baseline patient and control samples this difference was most significant in
modules M3 and M4, indicating suppression of signal transduction and higher cell division
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in patient samples respectively, consistent with induction of cell-cycle genes in exhausted T
cells in MM patients2. ICB robustly upregulated several modules with larger effects in
clCB, foremost of which being M4 and M8, reflecting induction of cell division and
mitochondrial translation (Extended Figure 3).

To identify markers potentially informative for response to treatment we performed
differential expression analysis on CD8" cell expression profiles on pre- and post-treatment
samples from patients with cutaneous MM (144 samples from 69 patients, 67 pre-treatment
and 77 post-treatment), controlling for age, treatment status and dichotomising by six-month
clinical outcome. We identified 4,762 transcripts differentially expressed (FDR<0.05)
according to six-month outcome (Figure 2a, Supplementary Table 4). Genes associated with
ongoing clinical response were distinct to those associated with ICB treatment, and induced
pathways included positive regulation of viral transcription, mitochondrial translation,
negative regulation of G2/M transition, and T cell receptor (TCR) signalling. Durable
clinical response was conversely associated with suppression of numerous pathways
including MAPKK activity and Toll-like receptor signalling (Figure 2b). Given the wealth of
transcript associations, we determined to define the role of a robustly associated group of
genes in depth. We found 34 TRAVand TRBV transcripts, encoding TCR a and B chains, to
be over-expressed in responder samples (Figure 2c). Furthermore, TCR encoding genes were
significantly over-represented amongst transcripts upregulated in responders, but not by ICB
(Odds Ratio 4.4, P=1.4x10"°, Figure 2d). Thus differential expression of TCR encoding
genes is not a generalised response following ICB but instead corresponds with clinical
outcome. To further understand this association we mapped unbiased TCR repertoires from
RNA-sequencing data using MiXCR?’ to identify temporal changes in clonal composition
(Figure 2e). We found cICB was associated with more expanding clones on day 21 (Figure
2f); after taking treatment into account there was no association with age (P=0.92) or sex
(P=0.18). To validate the accuracy of MiXCR in these samples we performed gPCR of
PBMC cDNA from 13 samples with 7RA and 7/RB CDR3 specific primers designed to both
stable and expanding clones (total =52, Supplementary Table 5). This supported the MiXCR
results, demonstrating a strong correlation between the inferred clonal frequency from RNA
sequencing and that derived from qPCR of PBMC (Extended Figure 4). Modelling the
transcriptional correlates of expanding clones in treated samples, using the number of
expanding clones per sample as a continuous variable, identified 3,502 transcripts associated
with clonal growth (Supplementary Table 6). Genes linked to cell division and nucleic acid
synthesis dominated those correlated to the number of expanding clones (Figure 2g),
validating the measure of clonal expansion by tracking TCR clones.

We further explored properties of the peripheral TCR repertoire, including clonal diversity,
richness and clone size, for association with clinical outcome. We found no association with
day 21 clonal diversity and clinical outcome at 6 months (Extended Figure 5a), whilst the
total number of expanding clones on day 21 was only marginally associated with
oncological outcome at 6 months (Figure 2h). These observations suggest that the associated
TCR signal was instead contributed by a subset of cells. We noted that post-treatment,
responders tended to have more expanded clones than non-responders. Exploring this
formally, we designated clones with count numbers >0.5% total number of clones per chain
to be ‘large’. We found the number of large clones to be specifically higher on day 21 in
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responding patients compared to either samples from control subjects or non-responding
patients (Pys. control= 4.7 X107, Py non-responders= 0.0015, Figure 3a). This observation held
true if clones were identified by 7RA or TRB gene (Extended Figure 5b). To explore the
robustness of this observation we recruited another cohort of 20 patients with MM and 43
healthy controls. With this group we similarly found responding patients had more
circulating large CD8" clones than healthy controls (Pys. control= 0.003, Pys. non-responders=
0.037, Figure 3b; combined P-Values: Control vs. Responder P=2.4x10, Responder vs.
Non-responder P=6x10-4). Across all day 21 cutaneous melanoma samples we found the
association between large clone count and six-month outcome was independently significant
across both sICB and cICB patients (Figure 3c). To explore the effect of other covariates on
this observation, namely age, total number of TCR identified (a reflection of sequencing
depth), treatment type and sequencing run, we used a random effects model to test the
relationship between day 21 large clone count and six-month outcome?8. This confirmed a
highly significant association between day 21 large clone count and six-month outcome,
with responders having on average 5.7 more large clones on day 21 (95% CI: 2.6 - 8.87,
P=4.8x10"4, Supplementary Figure 1). The 0.5% threshold size was most sensitive to
differences between the two groups in both the original and replication cohorts and showed
suggestive association in baseline samples (Extended Figure 5c). Kaplan-Meier estimates of
both progression-free (Figure 3d) and overall survival (Figure 3e) were significantly
different between patients with day 21 large clone count below and above the median for the
cohort. Analysis across all samples demonstrated no association between clinical outcome
and the number of expanding clones (Extended Figure 5d), or the cumulative clonal space
occupied by large clones (Extended Figure 5e), demonstrating that the absolute number of
large clones, as opposed to the total proportion of the repertoire occupied, is of importance
to outcome. Whilst this effect was most evident post-treatment, when we increased power by
pooling baseline samples across both cohorts and including those for which we did not have
post-treatment samples (n=89), we found pre-treatment large clone count similarly
associated with outcome (P=0.006, 7RA, Extended Figure 5f). Analysis of samples from 41
patients with data at baseline and two further timepoints (taken at day 21 and prior to the
fourth cycle of treatment — typically day 63) - demonstrated large clones show higher
stability than other clone sizes (69.3% of those >0.5% repertoire size remaining at day 63,
vs. 39.9% of clones 0.1-0.5% repertoire size, Extended Figure 6), illustrating a persistent
presence in patient samples.

Human cytomegalovirus (CMV) leads to latent infection with profound effects on immune
subset composition9 and hyper-expansion of memory T cell clones?%:21, Although
prevalence of CMV seropositivity markedly increases with age, any impact on ICB response
is unknown. Given the association between early clone size and outcome, we examined for a
relationship with CMV seropositivity in 68 patients with available samples for serotyping. In
keeping with memory cell inflation to a small number of antigens29, CMV seropositivity
was associated with increased counts of hyper-expanded clones (>2% repertoire,
P=1.1x103, TRB, day 21 sample), with a concurrent depletion of smaller clones (<0.01%,
P=8x10"°, TRB, day 21 sample, Extended Figure 7a). This led to reduced TCR diversity per
sample22:23 but interestingly no effect on large clone count or ICB outcomes was observed
(Extended Figure 7b—d). We examined public clonotypes reactive to either Epstein Barr
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Virus (EBV), which shows ~95% seropositivity?4, or melanoma-associated antigens (MAA,
Supplementary Table 7) to explore the effect of ICB treatment on clonotypes potentially
related to, and independent of melanoma. Whereas we found CD8* TCR matching those
recognising MAA across patients and controls, clone sizes were larger in patients
(P=2.8x10"9, Extended Figure 8a). The median clone size of EBV public clonotypes was
also greater in MM patients (P=0.001) in keeping with observations of enlarged bystander
clones in cancer?> (Extended Figure 8b). Consistent with specific and generalised effects of
ICB, treatment was associated with both larger EBV reactive clones (P=0.0047), and MAA
reacting clones (P=4.1x10, Extended Figure 8c,d). Where we had paired samples on day
21 and at day 63, we found this increase to persist at the later timepoint (Extended Figure
8e). It should be noted that most clonotypes have been characterised on HLA-AZ2 restricted
antigens and our analysis was independent of HLA type. However, the analysis of clonal
expansion was paired and significant variation between control and patient HLA status is
unanticipated. Notably, 8 patients had one or more large clones matching known MAA
clonotypes from this small subset of public clonotypes, indicating that large clones
frequently recognise known melanoma antigens.

To explore associations between large clone count and CD8* T cell subset composition we
performed flow cytometry on PBMC samples taken before and during treatment (72
samples, 19 patients), assessing the number of naive (Ty), central (T¢p) and effector
memory (Tgp) and effector memory re-expressing CD45RA cells (Temra), in CD3*CD8*
cells gated according to expression of CD27 and CD45RA (Supplementary Figure 2).
Integrating these data demonstrated clonal diversity was highly correlated with Ty counts
and anti-correlated with Tgpra counts (Extended Figure 9a). We found a strong association
between large clone count and CD8 Tg)p, counts from the same samples (r=0.59,
P=3.4x107°). Large clone count was conversely weakly anti-correlated with counts of both
CD8* Ty and Tgmra (Figure 3f). However, there was no association between CD4* T cell
subset percentages and large clone count, confirming the specificity of our findings to CD8*
T cells (Extended Figure 9b).

Finally, we explored whether combining module gene expression data, patient baseline
haematology parameters and large clone count can predict patient outcomes. We identified
10 variables that can be incorporated through linear discriminant analysis to build a
predictive model of six-month clinical outcome with favourable ROC characteristics
(AUC=0.823, Supplementary Figure 3a). Our findings highlight the potential importance of
these observations for patient care and crucially substantiated large clone count as the most
important informative predictor (Supplementary Figure 3b). Given this, and the cytometry
data which inferred large clones have an effector-like phenotype, we used 5’ single cell RNA
sequencing to further dissect the transcriptional properties of large clones.

Clustering of expression profiles from post-ICB CD8" T cells (4 sICB, 4 cICB patients)
identified four distinct subsets. The first two of these, Cluster 1 and 2, displayed effector-like
patterns and both strongly expressed GZMK, a marker of early-exhaustion12-26, Cluster 1
additionally had other markers of activation, cytotoxicity and exhaustion (e.g. CD69,
KLRB1, TIGIT), whilst Cluster 2 was further distinguished by expression of CD27and
markers of active mitosis (e.g. MZT2A, MZT2B) (Figure 4a,b, Supplementary Table 8). The
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other clusters displayed expression profiles indicative of naive (Cluster 3:
LEF1,TCF7,CCR?) and effector memory (Cluster 4: GNLY, FGFBPZ2, GZMH) phenotypes.

After defining clone sizes by the number of copies of distinct p chains, we explored how
gene expression profiles at the single-cell level differ as a function of clonal size post-ICB.
The inferred clonal frequency was remarkably similar to that from the matched clones for
these samples from bulk (Extended Figure 10a-h). Clones were labelled as large or small
according to the 0.5% repertoire threshold per individual, with a significant correlation
between the number of large clones identified in single cell and bulk data (Extended Figure
10i). The number of large clones per individual, and their respective contribution to the
clonal space was highly variable (Figure 4c,d). Strikingly, we found large clones clustered
together, being predominantly composed of cells from Cluster 4, with a contribution from
Cluster 1, indicating a shared expression profile (Figure 4e). Performing differential
expression analysis on large clones versus all others revealed cells from large clones have a
uniquely cytotoxic profile, with high expression of CCL4, PRF1and GNLY amongst other
genes (Figure 4f, Supplementary Table 9). It has recently been demonstrated that expression
of /TGB1, encoding CD29, defines a uniquely cytotoxic subset of CD8* T cells with
enhanced cytolytic activity?” and we note that /7GB1 is a key marker gene for large clones
in our dataset.

In summary, we present the largest-to-date transcriptomic analysis of peripheral CD8*
lymphocytes across a cohort of MM patients receiving ICB. We show that treatment results
in induction of distinct modules of genes, most notably those involved in cell division, but
this does not directly correlate with patient outcome. Instead, early samples from responding
patients demonstrate over-expression of TCR encoding genes and this is associated with
having a greater number of discrete large clones in the circulating repertoire. A strength of
the observed novel relationship between day 21 large clone count and outcome is that it is
agnostic to the clone target. This is important because T cell clonal targets will vary
markedly within and between individuals and thus a generalised peripheral marker is
required for translation to patient care. Nonetheless, the precise specificity of T cell clones is
of importance to immuno-oncology and understanding whether large clones are enriched for
those that are specific for tumour antigens will be of interest. Notably, large clones have a
distinct cytotoxic gene expression profile, inferring activity and the underlying basis with
long term clinical response. Future work will explore association between HLA type and
clonal architecture, as well as regulatory polymorphisms and ICB response. In addition to
providing insights into the dynamics of the response to ICB, our study illustrates the power
of combining transcriptomics with TCR analysis across large cohorts to determine long
sought predictive markers of durable clinical benefit from ICB.

Sample collection

Patients provided written informed consent to donate samples for analysis to the Oxford
Radcliffe Biobank (Oxford Centre for Histopathology Research ethical approval 16/A019,
18/A064) and 30-50ml blood was collected into EDTA tubes (BD vacutainer system) taken
immediately pre-treatment, at day 21, and prior to the fourth cycle of treatment (day 63).
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Due to logistical issues and delays with treatment, some patients day 63 samples were taken
later but prior to the fifth cycle (Supplementary Table 1). Control samples were collected via
the Oxford biobank (www.oxfordbiobank.org.uk) with full ethical approval (REC 06/
Q1605/55) and written informed consent from healthy volunteers of European ancestry
between the ages of 24-61 (median age 49.5, IQR 34-54). Peripheral blood mononuclear
cells were obtained by density centrifugation (Ficoll Paque). CD8™ cell isolation was carried
out by positive selection (Miltenyi) according to the manufacturer’s instructions with all
steps performed at 4°C or on ice.

Treatment outcomes

All samples were obtained from patients receiving standard of care treatment within the
NHS and outcomes were defined clinically or using radiological assessment according to
irRECIST.1.1. performed approximately 12 & 24 weeks post-initiation of treatment.
Progressors were defined as those with radiographic disease progression at either of these
two-time points or who had unequivocal rapid disease progression necessitating cessation of
ICB treatment. Outcomes were dichotomised according to evidence of radiological disease
stability or response for the minimum duration of 24 weeks as per Roh et a/28. 78 samples
had pre and post-treatment data for analysis of correlates of outcome, however mucosal,
small cell and uveal melanoma display reduced sensitivity to immunotherapy and display
dissimilar clinical behaviour, hence these samples (8 individuals) were excluded from
analysis of clinical outcomes. In a further patient, a review of the radiology suggested
disease was not-metastatic post-treatment and they were similarly excluded (Supplementary
Table 1).

RNA extraction

Post-selection cells were spun down and re-suspended in 350ul of RLTplus buffer with 1%
beta-mercaptoethanl and transferred to 2ml tubes. Samples were stored at -80°C for batched
RNA extraction. Homogenization of the sample was carried out using the QlAshredder
(Qiagen). The AllPrep DNA/RNA/miRNA kit (Qiagen) was used for RNA extraction.
DNase | was used during the extraction protocol to minimise DNA contamination. RNA was
eluted into 35ul of RNase- free water. The RNA amount was quantified by Qubit analysis
and the RNA samples stored at - 80°C for storage until ready for sequencing.

RNA sequencing

Poly-A RNA was, for the original cohort, 75bp paired-end (PE) sequenced on Illumina
Hiseg-4000 machines and for the replication cohort 150bp PE sequenced on an Illumina
Novaseq, both at the Oxford Genome Centre, Wellcome Centre for Human Genetics. Reads
were aligned to CRGh38/hg38 using HISAT229 and read count information were generated
using HTSeq30. High mapping quality reads were selected based on MAPQ score using
bamtools. Marking and removing duplicate reads were performed using picard (v 1.105) and
samtools was used to pass through the mapped reads and calculate statistics3!. 298 high-
quality transcriptomes (properly paired = 14,124,434,934 reads, median per sample =
47,445,200) were selected and used for downstream analysis. We detected potential sample
contamination and swaps using verifyBamID32 and 4 samples with >2.5% were excluded
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from outcome analysis (Supplementary Table 1). We applied DESeq2 (v 1.18.1) to produce
normalized counts33,

TCR mapping

MiXCR was used to map reads on reference sequences of V, D, J genes, and quantitate TCR
clonotypes from mapped reads using CDR3 gene regions'’. The non-default partial
alignments option (OallowPartial Alignments=true) was applied to preserve partial
alignments for assembly step. We performed three iterations of reads assembling to increase
the number of assembled reads containing CDR3 region using assemblePartial action.
Positions quality scores were used to switch on the frequency-based correction of clonotypes
assembling and clustering (ObadQuality Threshold=15). Clones were called according to the
complementarity-determining region 3 (CDR3) nucleotide sequence. We identified a median
of 1007a.(IQR:635-1319) and 1619 B(IQR:957:2247) unique chains per sample from the
Hiseq dataset and 1562a (IQR:889:1983) and 2159 (IQR:1310:2718) unique chains per
sample from the Novaseq data. Information about clonotypes was extracted with default
parameters and processed in R, clonal indices were calculated using the vegan package34.
For each sample we determined the total number of clones mapped separately per TCR gene
(TRAand TRB) and expressed individual clone sizes as a proportion of this total number.

Differential Gene Expression

DESeq233 was used for differential expression analysis. For comparison of baseline versus
day 21 expression, we used a pairwise approach controlling for the individual. Only
transcripts with a mean count number >10 were analysed using the binomial Wald test with
750 iterations after correcting for size factors and dispersion. To explore the significant
differences between sICB and cICB response we tested for an interaction between treatment
and type. To identify genes differentially expressed between progressors at 6 months and
those with continued benefit of treatment we only looked at transcripts with >50 read counts
and used age and whether the sample was pre or post-treatment as covariates. Identification
of transcripts associated with clone growth was performed over n=54, d21 samples testing
the number of transcripts associated with clone growth. Clones were defined by beta chain
and were identified as growing if they were enlarged on baseline (P<0.001, Fisher exact
test).

Identification of ICB regulated modules

To increase the observation of ICB responsive genes with higher inter-individual variation
we analysed transcripts showing response to one or both treatments at FDR<0.05 (7329
transcripts total). Normalised expression data for all 191 samples (control samples from 22
individuals, 169 patient samples) were extracted for these genes and co-expressed modules
discovered from the data matrix using CEMiTool in R16 with the following settings
employed: filter = FALSE, merge_similar = TRUE, min_ngen = 80. Modules of genes were
extracted and pathway analysis performed.
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Pathway analysis and gene set enrichment

Pathway analysis was performed using the R package XGR3® using the GOBP and
Reactome databases. Induced and suppressed transcripts were analysed separately against
the background of all tested transcripts. The default ontology algorithm was used (“none”
and a hypergeometric test employed. To identify pathways most differentially regulated
between sICB and cICB genes were ranked in order of differential induction and gene set
enrichment analysis was performed with the R package Pi3® using the MsigdbH ontology
and pathways containing 20-5000 genes, with 20,000 permutations used.

Quantitative PCR

1.25 million PBMCs were lysed in 350ul RLT buffer (Qiagen) supplemented with 1% beta-
mercaptoethanol or DTT. RNA was extracted from PBMC samples using QlAshredder and
AllPrep DNA/RNA/mMIRNA Universal Kits (Qiagen). 8ul of RNA was reverse transcribed
using the SuperScript™ 111 First-Strand Synthesis System (ThermoFisher Scientific).
MIXCR data was validated by correlating TCR clonal expansion 21 days post ICB treatment
by gPCR with predicted clonal expansion using MIXCR data. TRA and TRB chains were
targeted in both expanding and unchanged control clones in a patient-specific manner.
Clones were selected based on clonal size and significance of expansion post-1CB treatment.
Primers were designed to selectively amplify CD8" TCR clones with the forward primer
targeting the CDR3 region and the reverse targeting the TCR constant region. Melt curves
were performed to optimise primer specificity. 10ul PCR reactions were performed in
duplicate per sample using 5ul iTaq Universal SYBR Green Supermix (BIORAD), 0.8l
5uM primers (forward and reverse) and 4.2ul cDNA (diluted in nuclease-free water) per
reaction. A holding stage of 95°C for 10m was applied before PCR cycling: 95°C 15s, 63°C
60s for 40 cycles. The delta delta ct method was used to calculate relative expression and
fold change of genes in paired untreated and day 21 samples. Ct values were normalised to
CD3E to account for T cell proportion of PBMCs.

Flow cytometry

After processing, PBMCs were resuspended in freezing media (10% DMSO, 90% FBS) and
stored in liquid nitrogen. For flow cytometry analysis, 1 x 106 cells were stained in HBSS
supplemented with 5% FBS in the dark on ice for 30 minutes prior to fixation in 2%
formaldehyde. All samples were also stained using a fixable amine reactive viability dye
(LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit) at a dilution of 1/1000 in HBSS.
Staining antibodies, clones and manufacturer are shown in Supplementary Figure 2. Flow
cytometry was performed using an LSRII (Becton Dickinson) and FlowJo software
(Treestar®) was used for analysis. When exploring association with large clone count the
flow cytometry and FlowJo analysis was performed blinded to bioinformatic and clinical
data.

Identification and combination of informative predictors in patient response prediction

Based on transcriptomic and clinical data obtained in this study, we constructed 3 types of
predictors, consisting of (1) module hub genes (‘hub1’-‘hub9’; lead hub gene per module
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identified from transcriptome data), (2) clone-derived features, that is, large count on day 21
of treatment, and total large count (sum of pre-treatment and post-treatment), (3) cell counts
of neutrophils and monocytes (‘neut’ and ‘mono’). We first applied random forest (RF, R
package randomForest, version 4.6-14) to estimate the relative importance of predictors
considered. For the model building, we used 5-fold cross-validation (repeated 10 times) to
find the best model with optimal parameters tuned. Based on built RF model, we measured
the importance for a predictor by the degree of decrease in accuracy removing that predictor
(this measure is more robust than directly measuring a predictor by its predictive power). A
high score in accuracy indicates a highly informative predictor. We next applied linear
discriminant analysis (R package MASS, version 7.3-51.4) to combine all identified
informative predictors. We calculated linear discriminant scores (LD scores) used for patient
response prediction. LD scores are a linear combination of predictors (thus with better
prediction explanations); the performance (measured by AUC) of such combination was
compared to prediction using individual predictors alone.

Samples were obtained after the first treatment cycle (day 21). Following isolation of PBMC
subsets (see “sample collection™), CD8* and CD14* cells (~12000 total) were combined in
suspension. Single cells were isolated using oil-droplet partitioning and tagged with a unique
barcode as per the Chromium system (10x Genomics, Chromium Single Cell V(D)J and 5’
Library kits). Reverse transcription, amplification and library preparation of both 5’
transcriptome and V(D)J libraries was performed as per published protocols (10x
Genomics). The library was sequenced using a HiSeq platform at a minimum of 50,000
reads per cell (data presented - 60,470 reads per cells).

Data processing

Cellranger (v 3.0.2) mkfastq was applied to the Illumina BCL output to produce FASTQ
files. Cellranger count was then applied to each FASTQ file to produce a Feature Barcoding
and Gene expression library. Cellranger aggr was used to combine samples for merged
analysis.

Quiality control

We applied scater package to filter out single cell profiles that were outliers for any metric,
as low-quality libraries3’. We used size factors for scaling normalization of cell-specific
biases and used log-normalized expression values for downstream use38. Technical noise
was modeled using the scran package3® based on the optimal number of principal
components (PCs)*0. Scran package was applied to detect and remove doublets using the
expression profiles#L.

Modeling and comparison of small and large TCR clonotypes

Sub-setting was performed to select cells expressing CD8A, CD8B, and CD3D. Further sub-
setting excluded residual cells expressing CD14 or CD19. A canonical correlation analysis

(CCA) was run with 20 canonical clusters selected for downstream analysis using the Seurat
package*2. An integrated analysis of all merged data was performed using defined canonical
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clusters. Following identification of cellular subgroups based on TCR clonotype, conserved
markers defining the subgroups were identified using the FindMarkers function with a
default two-sided Wilcoxon Rank Sum Test. Plots were generated using ggpubr (v0.2) and

customizing ggplot2.

General Statistical analysis

Statistical tests performed are stated for each figure, the analysis was performed using R
version 3.4.3 (Kite-Eating Tree) and figures made with ggplot2. Lme418 was used for linear
random effects model. P-values were combined using Fisher’s method. Lower and upper
hinge of box on boxplots represent 25-75t" percentiles, central line the median and the
whiskers extend to largest and smallest values no greater than 1.5x interquartile range).

Further information on experimental design and statistical analyses are available in the
Nature Research Reporting Summary linked to this article.

Extended Data
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Extended Data Fig.1. Extended transcriptomic responseto |CB
a, Comparison of differential induction of genes by cICB (log fold change y axis) and sICB

(log fold change x-axis) at day 63 (n=46 paired samples, 35 sICB, 11 cICB). b, Pathways
preferentially upregulated (NES score >0) or supressed by cICB versus sICB as identified by
Gene Set Enrichment analysis depicted in Figure 1e,f
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Extended Data Fig. 2. Module pathways
Pathway analysis was performed using Gene Ontology Biological Processes across

treatment response associated modules. For 7/9 modules, transcripts within the modules
were significantly associated with discrete processes, with limited overlap between modules.
These modules (M1:M4, M6:M8) and all associated pathways for them (FDR <0.05) are
listed above. GO specific pathway codes are listed on the y-axis.
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Extended Data Fig. 3. Module expression
Graphs demonstrate average gene expression per module for each sample with red boxplots

and associated points representing cICB samples (n=20 baseline, n=16 D21, n=5 D63) and
green boxplots and associated points representing sICB samples (n=56 baseline, n=41 D21,
n=26 D63). Controls are untreated healthy volunteers (n=24). All statistically significant
differences (Tukey adjusted P <0.05) are denoted with associated test in the table and refer
to both treatments as group, D21= day 21 sample, D63= day 63 sample.
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Extended Data Fig. 4. TCR qPCR
Validation of MiXCR results using quantitative PCR. For n=13 individuals, 2 TC R a and 2

B chains were identified according to whether or not MiXCR reported significant expansio n
on day 21 versus baseline. Primers were designed to the complementarity determining
region 3 (CDR3) sequences for each chain and quantitative PCR performed on pretreatment
day 0 PBMC cDNA and PBMC cDNA from day 21. Ct values were normalised to total
expression of CD3E. a, Clones identified as expanding in the MiXCR CD8+ RNA were
found to show significantly more expansion (median 3.48 fold, IQR 1.85-12.79) than non
expanding (median1.32 fold, IQR 0.97-1.88, Wilcoxo n signed-rank Test (two-sided)
P=3x10-8). Lower and upper hinge of box on boxplots represent 25-75th percentiles, central
line the median and the whiskers extend to largest and smallest values no greater than 1.5x
interquartile range. b, MiXCR fold change per clone from CD8 cells was highly correlated
with that determined from bulk PBMCs using quantitative PCR (Pearson correlation, two-
sided T-statistic).
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Extended Data Fig. 5. Extended clone size analysis
a, Day 21 post ICB clonal diversity is similar in patients who have 6 month response versus

those with disease progression by this timepoint (two-sided T-test, n=69). b, As per Figure
3a, but with unique clones defined by the beta chain, left panel two-sided Wilcoxon signed-
rank Test (n=25 controls, 49 patients, right panel one-sided Wilcoxon signed-rank Test, n=43
controls, 20 patients). ¢, Threshold for clone size associating with outcome, x-axis indicates
size of clone with test comparing number of clones above that size according to clinical
outcome, y-axis: -log10(p-value) from test. The difference between responding patients and

Nat Med. Author manuscript; available in PMC 2021 June 24.
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progressing patients being maximal at clone size of 0.5% (two-sided Wilcoxon test, n=69).
d, Across all samples there is no association between number of clones growing on day 21
(P<0.05) and clinical outcome by treatment type. e, Proportion of repertoire contributed by
large clones does not differ according to clinical outcome. f, When all cutaneous patients are
grouped a significant association between pretreatment large clone count and outcome is
seen observed (n=89,Wilcoxon rank-sum, one-sided test). For all boxplots lower and upper
hinges of box represent 25-75th percentiles, central line the median and the whiskers extend
to largest and smallest values no greater than 1.5x interquartile range.
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Extended Data Fig. 6. Temporal stability of clones
a, Clones from 42 individuals with samples at 3 timepoints were identified at day 0

pretreatment and classified according to size. The corresponding correlation for the same
clones between day 21 and day 63 was assessed (Pearson correlation, two-sided T-statistic
all P<2.2x10-16), demonstrating large clones show greater stability in proportion of clonal
space occupied over time. b, Clones identified pretreatment were assessed at cycle 2 (day
21) and cycle 4 with bar plot values representing the number that were larger than the lower

Nat Med. Author manuscript; available in PMC 2021 June 24.
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defining value of the bin (e.g. >0.01% for intermediate) at later timepoints, the values on top
of bars represent percentage of day 0 recovery.

Extended Data Fig. 7. Effect of CMV
For a subset of cutaneous melanoma patients with day 21 data we were able to measure

unequivocal CMV serology. a, CMV seropositivity is associated with a depletion of small
clones (ratio <1 for clones <0.05% repertoire) and increased numbers of large clones (>2%
repertoire) (n=68 left panel, 53 right panel). b, Patients seropositive for CMV demonstrated
significantly reduced CD8+ TCR diversity at day 21 (measured on TRB CDR3) (n=53, two-
sided T-Test). ¢, Despite significant differences in diversity from CMV there was no
difference in diversity between day 21 samples from progressing and responding patients
(n=53, two-sided T-test). d, There is no association between CMV serology and number of
large clones at day 21 (n=53, two-sided T-Test) For all boxplots lower and upper hinges of
box represent 25-75th percentiles, central line the median and the whiskers extend to largest
and smallest values no greater than 1.5x interquartile range.
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Extended Data Fig. 8. Comparison of clonotypesto public clones
a, The complete dataset of clones were screened for public clonotypes for melanoma

antigens, demonstrating that the size of clones matching these clonotypes in untreated
melanoma patients is significantly greater than those in controls (Wilcoxon Test, n=106
patients, 68 controls) b, Melanoma patients showed no difference in mean EBV reactive
clone size from controls (P>0.05) although the distribution of clones was skewed in non-
melanoma patients and median clone size greater in patients (two-way Wilcoxon-Test). c,
Treatment led to an small increase in median EBV reactive clonotype clone size across all
patients, but d, the significance of this effect was greater for MAA clonotypes e, for samples
with data for clone sizes at day 63 as well as day 21 (n=41 individuals) there was no further
change in clone size at the later timepoint (two-way Wilcoxon-Test). For all boxplots lower
and upper hinges of box represent 25-75th percentiles, central line the median and the
whiskers extend to largest and smallest values no greater than 1.5x interquartile range.
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Extended Data Fig. 9. Investigating flow correlates of clonal indices
a, for 72 samples from 19 patients, blinded flow cytometry data to assess CD8 subsets was

integrated with the Shannon diversity index calculated for each sample. This demonstrated a
strong positive association between TCM and diversity, whereas TEMRA was significantly
anticorrelated with diversity (Pearson correlation, two way T-statistic). b, as per Figure 3g,
except here large clone count was correlated with percentage CD4 subsets from each of the
samples. Unlike for CD8 cells, there is no association between large clone count and
percentage CD4 subset in the samples analysed (Pearson correlation, two way T-statistic).
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Extended Data Fig. 10. Comparing MiXCR and 10X TCR data
a-h, for 8 patients, indicated by number, CD8+ cell samples were subject to 10X chromium

single cell 5> RNA sequencing providing T cell receptor sequencing and standard bulk
sequencing (see methods). Clones were identified by their p chain and for each productive
chain identified the relative clonal proportion (frequency) was calculated. Clones were
matched via the CDR3 amino acid sequence with  chains from the same samples mapped
from bulk CD8+ cell RNA using MiXCR. Where the clone fell below detection limit in
MiXCR a value of 0 was attributed. MiXCR clones were identified for 92.1% clones >0.1%
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population in 10X (6990/7597) and 99.4% clones >0.2% size (5816/5852). x-axis= 10X
proportion, y axis MiXCR proportion, r calculated using Pearson correlation coefficient, all
P<2.2x10-16. i, Despite the different methods, the number of large clones (>0.5% total
clonal population) identified from 10X and MiXCR approaches are correlated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Transcriptomic responseto ICB
1a) Transcripts differentially regulated between pre-treatment and 21 days post-sICB (n=40

paired samples, negative binomial Wald test, Benjamini Hochberg corrected P values); 1b)
clCB 21 day response (n=15 paired samples, statistics as per a); 1c) log, fold change effect
of sICB (x-axis) versus cICB for all transcripts significantly regulated in either treatment at
day 21, size of point indicates — Pgjcg/Pcice; 1d) summary of transcript number modulated
by each treatment and genes differentially expressed comparing the response of cICB to
sICB; 1e,1f) Rank based Gene set enrichment analysis of genes significantly more
modulated by cICB identifies pathways preferentially induced or suppressed by combination

treatment.
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Figure 2. I dentification of transcriptomic correlates of long term response
2a) Transcripts differentially regulated between responders and progressors with direction

showing relative expression in responders (n=144 samples from 69 patients, 67 pre-
treatment and 77 post-treatment, negative binomial Wald test, Benjamini Hochberg corrected
P values); 2b) GOBP pathway analysis of genes preferentially up-regulated (blue) and down-
regulated (red) in responders (hypergeometric test); 2c) Boxplots of the most differentially
regulated TCR genes between responders and progressors (144 samples, P values are
uncorrected negative binomial Wald test returned from Deseq2); 2d) Results from Fisher’s
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exact test of enrichment of up-regulated TCR encoding versus all transcripts demonstrating
no enrichment of TCR encoding genes in those regulated by cICB, whereas both 7RAV and
TRBV encoding genes are highly enriched amongst those up-regulated in responders (dotted
line: OR=1, error bars represent 95% confidence interval); 2e) representative example of day
0 vs. day 21 clones from one patient showing both chains with filled points representing
clones showing significant change in frequency; 2f) number of clones increasing in size
(P<0.05) was significantly greater in cICB patients (n= 15 cICB, 30 sICB, two-sided
Wilcoxon signed-rank Test); 2g) Reactome pathway analysis of genes positively associated
with number of clones growing at day 21 (n=54, d21 samples) demonstrated increase in
clone size to be strongly linked to expression of genes involved in mitosis (one-sided
hypergeometric of genes correlated with clone growth, Supplementary Table 6); 2h) number
of clones growing at day 21 (P<0.05) and outcome at six months (n=49 cutaneous melanoma
patients, two-sided Wilcoxon signed-rank Test). Lower and upper hinge of box on boxplots
represent 25-75t percentiles, central line the median and the whiskers extend to largest and
smallest values no greater than 1.5x interquartile range).
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3a) Number of clones >0.5% repertoire at day 21 is significantly greater in responding
patients than in control samples (clones identified by TRA chain, n=25 controls, 49 patients,
two-sided Wilcoxon signed-rank Test, lower and upper hinge of box on boxplots represent
25-75! percentiles, central line the median and the whiskers extend to largest and smallest
values no greater than 1.5x interquartile range); 3b) replication cohort (n=43 controls, 20
patients, one-sided Wilcoxon signed-rank Test, boxplot as per 3a); 3c) Day 21 large clone
count associates with 6 month outcomes after sICB (left panel, n=42), cICB (centre panel,
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n=27), when considering all ICB (right panel, n=69, P values all one-sided Wilcoxon-signed
rank Test, boxplot as per 3a); 3d) Shorter progression-free survival in patients with day 21
large clone count below median versus those with count above (P=0.003, two-sided Log-
rank test, n=69); 3e) Kaplan-Meier survival curve demonstrates reduced overall survival in
patients with day 21 large clone count below median versus those with count above (P=0.01,
two-sided Log-rank test, n=69); 3f) correlation between large clone count and cell subset
percentages from flow cytometry (72 samples, 19 patients, r reflects Pearson correlation, P
value obtained from two-sided T-statistic).
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Figure 4. Single cell sequencing demonstrates lar ge clones have a distinct cytotoxic expression
profile

4a) t-SNE plot of post-treatment CD8+ cell expression profiles from n=8 individuals (4
sICB, 4clICB patients, 12,699 cells total) with colours indicating cell clusters identified by
Canonical Correlation Analysis; 4b) Heatmap of genes differentially expressed according to
cluster identity as per 4a); 4c) barplot demonstrates total number of clones per sample with
those coloured in orange representing large clones (>0.5% repertoire); 4d) number of cells
that belong to small (green) and large clones per sample; 4e) t-SNE as per a) but cells are
now coloured as to whether they belong to large or small clones; 4f) heatmap and boxplots
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(4g) demonstrating most significantly differentially expressed genes between large and small
clones (lower and upper hinge of box on boxplots represent 25-75t percentiles, central line
the median and the whiskers extend to largest and smallest values no greater than 1.5x
interquartile range, violin component refers to kernel probability density and encompasses
all cells)
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