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Transcriptional programs of neoantigen-
specific TILinanti-PD-1-treated lung cancers
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PD-1blockade unleashes CDS T cells', including those specific for mutation-associated
neoantigens (MANA), but factors in the tumour microenvironment can inhibit these
T cell responses. Single-cell transcriptomics have revealed global T cell dysfunction
programs in tumour-infiltrating lymphocytes (TIL). However, the majority of TIL do
not recognize tumour antigens?, and little is known about transcriptional programs of
MANA-specific TIL. Here, we identify MANA-specific T cell clones using the MANA
functional expansion of specific T cells assay’ in neoadjuvant anti-PD-1-treated
non-small cell lung cancers (NSCLC). We use their T cell receptors as a ‘barcode’ to
track and analyse their transcriptional programs in the tumour microenvironment
using coupled single-cell RNA sequencing and T cell receptor sequencing. We find
both MANA- and virus-specific clonesin TIL, regardless of response, and MANA-,
influenza- and Epstein-Barr virus-specific TIL each have unique transcriptional
programs. Despite exposure to cognate antigen, MANA-specific TIL express an
incompletely activated cytolytic program. MANA-specific CD8 T cells have hallmark
transcriptional programs of tissue-resident memory (TRM) cells, but low levels of
interleukin-7 receptor (IL-7R) and are functionally less responsive to interleukin-7 (IL-
7) compared with influenza-specific TRM cells. Compared with those from
responding tumours, MANA-specific clones from non-responding tumours express
T cell receptors with markedly lower ligand-dependent signalling, are largely
confined to HOBIT"&" TRM subsets, and coordinately upregulate checkpoints, killer
inhibitory receptors and inhibitors of T cell activation. These findings provide
important insights for overcoming resistance to PD-1blockade.

The efficacy of PD-1- and PD-L1-blocking agents is predicated neoantigens (MANA), owing to the large numbers of somatic muta-
upon CDS8 T cell-mediated anti-tumour immunity’. Early stud- tions acquired by many cancers during their development®*. The
ies focused on tumour-associated antigens, whereas recent work  association ofimproved anti-PD-1and anti-PD-L1 clinical responses
has shifted attention to T cell recognition of mutation-associated  with high tumour mutational burden®strongly suggests that MANA
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are important targets of anti-tumour immunity induced by PD-1
blockade.

Despite the success ofimmune checkpoint blockade (ICB) inimprov-
ing clinical outcomes, most cancers still do not respond®. Improving
response rates to ICB will require an understanding of the functional
state of tumour-specific T cells, particularly in the tumour microenvi-
ronment. However, afundamental limitationin the current understand-
ingof the T cell functional programs that underpintheresponse to ICB
hasbeen the absence of transcriptional profiling of true MANA-specific
TIL. Arelated problemiis the paucity of information regarding the dif-
ferences between MANA-specific TILin ICB-responsive versus resistant
tumours. Indeed, MANA-specific T cells represent a small fraction of
total TIL?, particularly in lung cancer, in which they have been shown
to selectively upregulate CD39. This highlights the challenges con-
fronting characterization of the cells responsible for the activity of
T cell-targeting immunotherapies.

Global gene expression of NSCLCTIL

For this study, we used peripheral blood and tissue biospecimens
obtained from the first-in-human clinical trial of neoadjuvant anti-PD-1
(nivolumab) in resectable non-small cell lung cancer® (NSCLC; Clinical-
Trials.gov identifier: NCT02259621; Fig. 1a, top) to study the transcrip-
tional programs of MANA-specific TIL. Nine out of 20 patients with
NSCLC (45%) treated in this trial had a major pathologic response (MPR)
atthe time of resection, defined asnomore than10% viable tumour at
the time of surgery; previous studies have established an association
between MPR and improved overall survival® 2. A schematic of the
study design and experimental approach is shown in Fig. 1a, bottom.
Combined single-cell RNA sequencing (scRNA-seq) and T cell receptor
sequencing (TCR-seq) was performed on TIL (n=15), paired adjacent
normal lung (n=12), tumour-draining lymphnodes (TDLN,n=3)and a
distant metastasis (Extended DataFig. 1a, Supplementary Tables1-3).
Intotal, 560,916 T cells passed quality control (Fig. 1b, Supplementary
Table 3) and were carried forward for analyses.

Uniform manifold approximation and projection (UMAP) analysis of
cellsfromall samples on the basis of filtered and normalized transcript
counts defined 15 T cell clusters (Fig. 1b, ¢, Extended Data Fig. 1b-e,
Supplementary Data 1.1). Expression of subset-defining markers and
T cell checkpoints was visualized in red scale on the UMAP (Fig. 1d).
The two clusters designated as TRM had the highest expression of
the canonical TRM genes, ZNF683 (also known as HOBIT) and ITGAE
(alsoknown as CD103), and the highest expression of a TRM gene set”™
(Extended DataFig. 1f, Supplementary Data 2.1). Principal component
analysis (PCA) of samples based on concatenated cell-cluster-level
pseudobulk profiles distinguished adjacent normal-lung T cells from
TIL (Fig. 1e), but did not distinguish MPR from non-MPR TIL (Fig. 1f).
We did not observe notable differentially expressed gene programs
between MPR and non-MPR TIL (Supplementary Data 3), indicating
that gene expression profiling of total TIL has limited sensitivity in
distinguishing the pathologic response to PD-1blockade.

Expression programs of MANA-specific TIL

We next performed the MANA functional expansion of specific T cells
assay (MANAFEST)? on 9 of the 16 individuals on whom scRNA-seq-
TCR-seqwas conducted. This assay detectsin vivo antigen-experienced
Tcellresponses and identifies the clonalidentity of the T cell receptor
(TCR) corresponding to these cells. Of these nine, four were classed as
MPR and five were non-MPR (results from one individual have been pre-
viously described®). Putative MANA (Supplementary Tables 4-6), pep-
tide poolsrepresenting influenzamatrix and nucleoproteins, and a pool
of major histocompatibility complex (MHC) classI-restricted cytomeg-
alovirus (CMV), Epstein—-Barr virus (EBV) and influenza virus epitopes
(CEF) were queried for CD8" T cell reactivity in parallel (Supplementary

Tables 6, 7). From 7 (3 with MPR and 4 without MPR) of the 9 individu-
als, 72 total unique MANA-specific TCRs, 33 unique CEF-specific TCRs,
and 52 uniqueinfluenza-specific TCRs were identified (Extended Data
Fig.2, Supplementary Tables 8,9, Supplementary Data 4, 5). Out of 33
CEF-specific TCRs, 6 matched known public EBV-specific TCRs and 3
matched known public influenza-specific TCRs™. No CMV-reactive
TCRs were mapped from our CEF-specific TCRs. Notably, 4 of the 41
MANA-specific TCRV[3 complementarity-determining region 3 (CDR3)
clonotypesidentified in a patient without MPR (patient ID MD01-004)
(Extended DataFig. 2) were specific foraMANA (MD01-004-MANA12)
derived from a p53 R248L hotspot mutation, and were found at appreci-
ablefrequencyinthe pre-and post-treatment tumour (Extended Data
Fig. 3), despite the tumour not attaining MPR. Most MANA-specific
clones were detected at very low frequency (median: 0.001%) in the
peripheral blood across all available time points (Fig. 2a, Extended Data
Fig.3).Overall, pathologic response was not associated with the preva-
lence, frequency or intratumoral representation of MANA-specific
Tcells (Extended DataFigs. 2, 3 Supplementary Table 9). In fact, more
MANA-specific TIL were observed among non-MPR TIL than among
MPR TIL. No consistent pattern was observed for the frequency of
viral-specific T cells in the tissue or peripheral blood (Extended Data
Figs.2,3).

Ten MANA-specific clonotypes, for which the TCRa could be confi-
dently identified from the single-cell analysis, were selected for vali-
dation of MANA recognition via TCR cloning and introductioninto a
Jurkat-NFAT luciferase reporter system®. Seventy per cent of tested
clonotypes (representing 95.2% of total cells bearing TCRs identified by
MANAFEST) were validated as MANA-specific (Extended Data Fig.4a-c).
Peptide-human leukocyte antigen (HLA) binding assays demonstrated
that two MANA peptides—MD01-005-MANA7 and MD01-004-MANA12—
displayed comparably high MHC class 1 affinity (measured dissociation
constants (K,;) =5.1nM and 17.5 nM, respectively) and stability (Extended
DataFig.4d, e).

We next evaluated the transcriptional programming of MANA-
and viral-specific CD8" T cells. Refined clustering of all CD8" T cells
(n=235,851) identified 15unique clusters (Fig.2b, Extended Data Fig. 5a,
Supplementary Data 1.2). Clusters were named on the basis of previ-
ously defined T cell states from single-cell transcriptomic studies™. Six
clusters had gene expression programs consistent with TRM T cells,
characterized by high expression of HOBIT, LINCO2446, CD103 and
apreviously published TRM gene set (Extended Data Fig. 5b). Selec-
tive genes and linkage to the global CD3 T cell clusters shown in Fig. 1
were visualized (Extended Data Figs. 5¢, d). The six TRM subsets were
heterogenousin their expression of an exhaustion gene set described
previously in NSCLCY (Extended Data Fig. 5e, Supplementary Data
2.2). None of the most frequent tumour-infiltrating clonotypes were
restricted to asingle cluster (Extended DataFig. 5f). Among all tested
individuals, a total of 28 MANA-specific CD8 clonotypes (1,350 total
cells from 3 patients with MPR and 3 patients without MPR) as identi-
fied by MANAFEST were detected in the single-cell data, of which 20
clonotypes (890 cells) were in the tumour (Fig. 2¢, Supplementary
Table 8). Of the viral-specific T cell clonotypes, 23 influenza-specific
(866 cells) and 2 EBV-specific (281 cells) clones were found in the CD8
single-cell analysis.

Overlay of these clonotypes onto the CD8" T cellUMAP demonstrated
amarked distinction between the clonotypes with different antigen
specificities (Fig. 2c, Extended Data Fig. 6a-c). EBV-reactive T cells
primarily resided ineffector T (T,) cell clusters, whereas influenza- and
MANA-specific T cells largely occupied distinct TRM clusters. Notably,
because influenzaisarespiratory virus, influenza-specific T cells may be
considered the archetypal lung-resident memory T cells’. None of the
patientsin our study were symptomatic for influenza in the six weeks
preceding surgery. Itis therefore not surprising thatinfluenza-specific
CDS8 cells were TRM rather than T, cells. By contrast, EBV-specific
T cellsexclusively occupied T, clusters, consistent with periodic acute
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Fig.1|Profilingsingle T cellsinNSCLC treated with neoadjuvant PD-1
blockade. Twenty patients with resectable NSCLC were treated with two doses
of PD-1blockade before surgical resection.a, Anoverall schematic of the
clinical trial, biospecimen collection (top) and study design (bottom).
scRNA-seq-TCR-seqwas performed on T cellsisolated fromresected tumour
(n=15),adjacentnormallung (NL;n=12), TDLN (n=3), and aresected brain
metastasis (n=1) from patients with NSCLC treated with two doses of
neoadjuvant anti-PD-1(bottom). The MANAFEST and ViraFEST assays were
used toidentify MANA-and viral (EBV and influenza)-specific TCRs,
respectively. WES, whole-exome sequencing. b, UMAP projection of the
expression profiles of the 560,916 T cells that passed quality control. Immune
cellsubsets, defined by 15 unique clusters, are annotated and marked by colour

stimulation upon latent EBV reactivation. Whereas influenza-specific
cells were the most abundant in normal lung, MANA-specific CD8 cells
were more numerous in the tumour (Extended Data Fig. 6d, e).

There was considerable shared expression of selective cytotoxic T
lymphocyte (CTL) activation genes between MANA- and EBV-specific
Tcells, in particular genes encoding T cell activation and CTL activity,
suchas HLA-DRA, GZMH, IFNG and NKG7 (Fig. 2d, Supplementary Data
1.3). However, genes encoding certain canonical cytolytic molecules,
such as GZMK, were expressed at low levels in MANA-specific TIL. Most
notably, EOMES, which encodes a transcription factor that is critical
for CTL activity™, was expressed in EBV-specific CDS cells but was mini-
mally expressed in most MANA-specific cells. Multiple checkpoints
were significantly upregulated in MANA-specific TIL compared with
EBV-specific TIL. Notably, MANA-specific cells expressed higher levels
of PRDM1, whichencodes BLIMP-1and hasbeen reported to participate
incoordinated transcriptional activation of multiple checkpoint genes,
including PD-1 (also known as PDCDI), LAG3, TIGIT and HAVCR2®. TOX,
which encodes a chromatin modifier important for exhaustion pro-
grams of chronic virus-specific and tumour-specific T cells in mouse
models*??, was only marginally increased in MANA-specific cells,
whereas its homologue, TOX2, which has also been reported to drive
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status: 0.35; P = 0.50

code. ¢, Relative expression of the top-3 most differentially expressed genes.
Five-thousand cells (or all cellsin the cluster if the cluster size was fewer than
5,000 cells) were randomly sampled from each cluster for visualization. MAIT,
mucosal-associated invariant T cells; Ty, T follicular helper cells; T,,,
regulatory T cells.d, Expression of T cell subset-defining genes, T cell
subset-selective genes and major T cell checkpoint genes. CD39is also known
asENTPDI.e, PCA of cell-cluster-level pseudobulk gene expression for
individual samples for tumour (yellow, n=15) and adjacent normal lung (dark
blue, n=12). One-sided permutation test. f, PCA of cell-cluster-level
pseudobulk gene expression for non-MPR (red, n=9) and MPR (light blue, n=6)
tumours. One-sided permutation test.

T cell exhaustion®, showed much higher upregulationin MANA-specific
versus EBV-specific CD8 TIL. HOBIT, which is selectively upregulated
in TRM T cells**, was also upregulated in MANA-specific TIL, even
relative to influenza-specific TRM (Fig. 2e). Indeed, MANA-specific
T cells demonstrated the highest immune checkpoint and exhaus-
tionsignatures” (Extended DataFig. 6f). These findings demonstrate
that MANA-specific CD8T cellsinthe tumour have anunconventional
hybrid transcriptional program characterized by incomplete activa-
tion of effector programs and significant upregulation of checkpoint
moleculessuchas PD-1, CTLA-4, TIM3, TIGIT and CD39. Genes encoding
each ofthese checkpoint molecules were more highly expressed among
MANA-specific CD8 cellsthan either influenza- or EBV-specific CD8 cells,
with CD39 being the most highly differentially expressed (Fig. 2d, e),
congruent with previous flow cytometry findings on MANA-specific
lung cancer TIL?,

Influenza-specific TRM were distinguished from MANA-specific
TRM by low levels of both activation and effector CTL programs and
had lower expression of multiple checkpoint molecules, but had the
highest levels of genes associated with T memory stem cells, such
as TCF7 and IL-7R (Fig. 2e, ). Indeed, IL-7R expression was 4.6-fold
higher on influenza-specific TIL relative to MANA-specific TIL. In TIL
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Fig.2|Characterization of antigen-specific T cellsinNSCLC treated with
neoadjuvant PD-1blockade. The MANAFEST assay was performed on four
patients with MPR and five patients without MPR. Results are shownin
Extended DataFig.2 and Supplementary Data5. a, Four TCRs recognizing
p53(R248L)-derived MDO1-004-MANA12 were identified in patient without
MPRMDO1-004. Their frequency was tracked in serial peripheral blood. Mut,
mutant. b, Refined clustering was performed on 235,851CD8" T cells from
tumour (n=15),adjacent normallung (n=12), TDLN (n=3) and oneresected
brain metastasis (MD043-011). Fourteen unique clusters were visualized and
wereusing T cell gene programs described in previous studies'.
Cluster-defining genes are shown in Extended Data Fig. 5a. ¢, MANA-specific
(red), influenza-specific (blue) and EBV-specific (purple) clonotypes were
visualized onthe CD8 UMAP.d, Antigen-specific gene programsin the TIL were
visualized as aheat map. Comparisons were performed at the individual cell
level using atwo-sided Wilcoxon rank-sum test with P-value adjustment using
Bonferronicorrection. e, Expression levels of key markers are shown. TBET is
alsoknown as TBX21; 4-1BBis also known as TNFRSF9.f, Transcriptional

obtained from patient without MPR MD01-004, culture with titrat-
ing concentrations of IL-7 in vitro induced much higher levels of
IL-7R-regulated genes (Supplementary Data 2.3) in influenza-specific
TIL thanin MANA-specific TIL (Fig. 2g, Extended Data Fig. 7). Nonethe-
less, supraphysiological levels of IL-7 induced appreciable upregula-
tion of IL-7R-induced genes in MANA-specific TIL. Given the distinct
transcriptional programs of the identified MANA-specific CD8 cells, we
hypothesized that other CD8 T cells in the same TRM cluster showing
differential expression relative to influenza-specific T cells (Fig. 2g)
may also recognize MANA that were not detected by the MANAFEST
assay. We cloned seven TCRs corresponding to CD8 T cells with highly
differential gene expression relative to influenza-specific T cells. We

programs of influenza-specificand MANA-specific TIL were compared. The
top-15significantly upregulated genes ininfluenza-specific T cells (blue) and
in MANA-specific T cells (yellow) are shown. g, TIL from MD01-004 were
cultured withMDO01-004-MANA-12 or influenza peptide and titrating
concentrations of IL-7, followed by scRNA-seq-TCR-seq. In total, 814
influenza-specific TIL (410 co-cultured with influenza peptide and 404
co-cultured with MANA peptide) and 581 MANA-specific TIL (366 co-cultured
withinfluenza peptide and 215 co-cultured with MANA peptide) were detected
fromasingle experiment and were analysed. Composite expression of an IL-7
genesetbyinfluenza-specificand MANA-specific TIL (as determined by their
TCRVPB CDR3)was analysed. Dose-response curve of the IL-7-upregulated gene
set-score is shown (mean ts.e.m.). h, TCRs corresponding to seven
MANA-specific clonotypes from two patients without MPR (red lines), three
MANA-specific clonotypes froma patient with MPR (yellow lines), two
influenza-specific TCRs, and one EBV-specific TCR (orange lines) were tested
forligand-dependent TCR-signalling capacity. Ctrl, control; RLU, relative
luminescence units.

screened each TCR with alibrary of candidate MANA (Supplemen-
tary Table 6) and confirmed MANA recognitioninthree of these TCRs,
one TCR each from patients MD01-004, MDO01-005 and MD043-011
(Extended Data Fig. 8a-d).

Tonextinvestigate the ligand-dependent TCR signalling capacity of
antigen-specific T cells, we performed a dose-response curve with cog-
nate peptides matched to the ten totalJurkat-validated MANA-specific
TCRa-TCRp pairs (Supplementary Table 10). Peptide dose-response
curves of MPR-derived TCRs were comparable to those of EBV- and
influenza-specific TCRs, suggesting that these TCRs were capable of
strong ligand-dependent signalling (sometimes referred to as func-
tional avidity). However, the peptide dose-response curves of TCRs
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(Supplementary Table 8). Differential gene expression analysis was performed
onthe MANA-specific T cells detected in MPR (n=3) and non-MPR (n=3)
tumours. a, The top differential genes and selectiveimmune markers of
tumour-infiltrating MANA-specific T cells from MPR and non-MPR tumours.
Comparisons were performed at the individual cell level using two-sided
Wilcoxon rank sum test. P-value adjustment was performed using Bonferroni
correction. Side bar shows the adjusted Pvalue (greenscale) and response

derived from patients without MPR were markedly lower (approxi-
mately 2log,, leftward shiftin peptide dose-response curve) (Fig. 2h,
Extended Data Fig. 8e). Together, our data show that despite similar
measured MANA-HLA binding affinities (Extended Data Fig. 4c, d),
TCRfrom expandable MANA-specific clones from the patient with MPR
had significantly higher functional avidity than MANA-specific clones
from patients without MPR.

MANA-specific TIL programs correlate with MPR

To explore determinants of ICB sensitivity, we examined differ-
ences in gene expression patterns between MPR and non-MPR
MANA-specific TIL. The neoadjuvant clinical trial format enabled us
to make this distinction through pathological analysis of surgically
resected tissue. In total, we compared 45 MPR TIL transcriptomes
(39 from MDO01-005, 2 from MD043-003 and 4 from NY016-025)
with 885 non-MPR TIL transcriptomes (782 from MD043-011, 62
from MDO01-004 and 22 from NY016-014; Extended Data Fig. 9, Sup-
plementary Table 8). We observed highly significant differences
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status (red, TIL from MPR; light blue, TIL from non-MPR). b, Histograms show
the expression of key genes among MANA-specific T cells from MPR (light blue)
and non-MPR (red) tumours. ¢, A violin plot shows IL-7R expression by each
MANA-specific CD8 T cellin MPR (red) and non-MPR (light blue) tumours.
Comparisons were performed at the individual cell level using two-sided
Wilcoxonrank-sumtest.d, AT cellimmune checkpoint score was calculated for
each MANA-specificCD8 T cell detected in MPR (red) and non-MPR (light blue)
tumours. This checkpoint score was compared between MPR and non-MPR
using two-sided Wilcoxon rank-sum test. e, The relative correlation coefficient
(MPRMANA-specific TIL versus non-MPRMANA-specific TIL) with theimmune
checkpointscoreis shown for genes more highly correlated innon-MPR
(yellow) and MPR (blue) TIL.

between pathologic MPR and non-MPR tumours (Fig. 3a, Supple-
mentary Data 1.4). Significantly higher levels of genes associated
with T cell dysfunction such as TOX2, CTLA4, HAVCR2 and ENTPDI
were observed for non-MPR MANA-specific T cells, whereas MPR
MANA-specific T cells had higher expression of genes associ-
ated with memory (/L7R and TCF7) and effector function (GZMK)
(Fig. 3a-c). Both the checkpoint score and exhaustion score were
higher in MANA-specific TIL from patients without MPR (Fig. 3d,
Extended Data Fig.10a, b). Of note, CXCL13is one of the genes most
highly correlated with checkpoint-associated genes in non-MPR
MANA-specific TIL, and was also found to be highly expressed in
MANA-specific cells relative to virus-specific cellsamong CD8 TIL
(Fig. 2d-f).

A number of genes encoding T cell inhibitory molecules were
more highly correlated with a composite immune checkpoint score
of MANA-specific TIL from patients without MPR than those from
patients with MPR (Fig. 3e, Extended Data Fig. 10c). In two patients
without MPR (MD01-004 and MD043-011) and one patient with MPR
(MDO01-005), we also detected MANA-specific cells upon single-cell
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Fig.4 |Neoadjuvant PD-1blockade promotes systemic transcriptional
reprogrammingin MANA-specific T cells from a patient with complete
pathologicresponse. a, Longitudinal peripheral blood mononuclear cells
were collected from complete pathologic responder MDO1-005 (0% residual
tumour) during treatmentand in post-surgery follow up. Peripheral blood CD8*
Tcellswere sorted using FACS on the basis of expression of TCRV2, which
corresponds to the MANA-specific CDR3 CASNKLGYQPQHF, as identified by
the MANAFEST assay (Extended Data Fig.2a). scRNA-seq-TCR-seq was
performed onthe sorted population from each time point. b, UMAP projection
of expression profiles of 4,409 peripheralblood CD8 TCRVB2* T cells. ¢, Heat
map of the top-5 differential genes, ranked by average fold change, for each
Tcellcluster.d, UMAP projection of MANA-specific T cells, identified viathe
CASNKLGYQPQHF or CASSLLENQPQHF TCRVP CDR3, isshown for each time
point. Clusters were coloured using the same colour scheme asin

profiling of CD8 T cells from TDLN (Extended Data Fig.10d, e). Track-
ing the MANA-specific CD8 clonotypes from the primary tumour, we
detected those clones among TIL from a brain metastasis resected
from patient MD043-011 24 months after primary tumour resection
(Extended DataFig.10f). Relative to the primary tumour, even-higher
levels of three checkpoints—LAG3, TIGIT and HAVCR2—were expressed
on MANA-specific TIL in the metastasis (Extended Data Fig. 10g,
Supplementary Datal.5).

Going back to overall TIL transcriptomic patterns, we hypoth-
esized that MANA-specific T cells and/or a MANA-specific T cell-like
signature might correlate with response to ICB, even though total
TIL single-cell transcriptomic patterns did not (Fig. 1e). Among CD8
TIL from six MPR tumours and nine non-MPR tumours, the greatest
correlation with pathologic response status was observed by com-
bining four TIL clusters most highly enriched in MANA-specific cells,
whereas the expression profile of total CD8 TIL did not distinguish
MPR from non-MPR (Extended Data Fig. 11). These data suggest that
additional T cells with this profile may contribute to the anti-tumour
response.

ol® ol
IL7R ——>» Pseudotime

b. MANA-specific T cells are highlighted as triangles. e, The proportions of cells
ineach T cell cluster among all MANA-specific cellsidentified at week 2 and
week 4 were compared (two-sided Fisher’s exact test and a two-sided test
accounting for background cell proportion, both smaller than 0.021; Methods).
f, Diffusion plot with RNA velocity for clusters inwhich MANA-specific T cells
were detected. Cells wererandomly downsampled to100 cells (or all cellsin the
clusterif cluster size was smaller than100 cells) for each cluster for
visualization. g, Heat map of the top differential genes along the pseudotime
trajectory from T,.,(3) to T.+(3). h, Pseudotemporal expression of genes that
significantly change along the pseudotime from T,,.,(3) to T.«(3). Red curves
represent the mean temporal function estimates of the three samples from this
individual (Methods). Cells with gene expression levels above the top one
percentile were removed as outliers.

Systemicreprogramming of MANA-specific T cells

We next performed scRNA-seq-TCR-seq of serial peripheral blood T cells
from patient with MPRMDO1-005 after enriching for expression of the
TCR-VB genes correspondingto this patient’s MANA-specific TCRs using
fluorescence-activated cell sorting (FACS) (Fig. 4a-c, Extended Data
Fig.12a). Nine out of ten MANA-specific clones mapped to a TRM-like
cluster (Tem(3); Tmem, memory T cell), with some transcriptional features
of TRM, such as expression of HOBIT) two weeks after the initiation of
anti-PD-1treatment (Fig. 4d). By four weeks (time of tumour resection),
asignificant diversification of phenotype was observed (P< 0.021; Meth-
ods). Half of the MANA-specific cells were in T, clusters (Fig. 4e). By 11
weeks (7 weeks after tumour resection), the MANA-specific cells were
below the limit of detection in the blood, consistent with known TRM
patterns in the peripheral blood®. Using RNA velocity, we observed a
clear bidirectional flow of TRM-like memory MANA-specific T cellsinthe
Tem(3) cluster towards either an activated effector (T.(3)) or a Tpem(2)
transcriptional profile (Fig. 4f). Genes associated with T, cell function
and activation, T cellhoming and migration, and tissue retention were
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upregulated along the pseudotime from T,,,.,(3) to T.(3), whereas there
was adecrease in genes associated with resting memory T cells (Fig. 4g,
h). Gene Ontology (GO) analysis revealed significant enrichment of an
IFNy-mediated signalling pathway along the differentiation trajectory
(Extended Data Fig. 12b-f). Although all these tissue compartments
were only available for one MPR, these findings are consistent with our
hypothesis that, upon activation, functional effector MANA-specific
T cells enter the blood and traffic into tissues, including normal lung,
insearch of micro-metastatic tumour®, and are compatible with a pre-
vious study showing that TRM cell plasticity can influence systemic
memory T cell responses?.

Discussion

Here we describe the transcriptional programming of MANA-specific
TIL after ICB in lung cancer, and further, differential gene programs
between patients whose tumours show MPR versus those that do not.
Using the MANAFEST platform, MANA-specific CD8 T cellsin peripheral
blood were detected in the majority of patients who were treated with
anti-PD-1; these were also found among TIL in roughly a third of these
individuals. Detection of these T cells was independent of tumour
response, suggesting that factors in the tumour microenvironment
affecting T cell function probably contribute to anti-tumour respon-
siveness. Indeed, the most frequent MANA-specific clonotype, repre-
senting 782 TIL, was observed in a patient with no MPR. This tumour
had dual KRAS and STK11 oncogenic mutations, which are known to be
highly associated with non-response to PD-1blockade?®. Consistent
with an earlier study?, CD39 expression was a key difference between
MANA-specific and viral-specific T cells. Among MANA-specific CD8
TIL, roughly 90% were TRM with high expression of HOBIT that also
displayed a partial butincompletely activated T, program, along with
upregulation of several targetable checkpointsin non-MPR tumours.
MANA-specific T cells also express far less IL-7R relative to influenza
TRM, translating functionally into poor IL-7 responsiveness. These
features may all contribute to their limited tumour-specific responsive-
ness in contrast to anti-viral responses. Future studies are warranted to
assess the diminished functional capacity of MANA-specific T cells that
was suggested by the transcriptomic profiles observed in our study.

One hypothesis for the lack of ICB response in some patientsis that
tumour-specific T cells exhibit low activity owing to poor avidity or
affinity of their TCR for its cognate peptide MHC. Our finding compar-
ingtheligand-induced TCRsignalling of three MANA-specific TCRs from
MPR TIL with seven from patients without MPR supports this notion,
although additional studies of this type are necessary to definitively
testthe hypothesis. An overall limitation of these studies is the modest
number of MANA-specific cellsamong TIL that we were able to detect,
representing three responders and three non-responders. Indeed, iden-
tification of MANA-specific cells is experimentally challenging, and only
afew studies have successfully identified these cells in NSCLC>38%3°,
yet none of these profiled the transcriptome of MANA-specific T cells
at single-cell resolution. Among the 930 MANA-specific transcrip-
tomes that we identified in TIL, there was high consistency among
cells from each response group in highly differential expression of
key genesknownto regulate T cell function. These findingsinform on
potential ICB combination therapies to overcome anti-PD-1resistance
that occurs even in the presence of potent MANA-specific T cells. For
example, our datademonstrated reduced activation of transcriptional
programs downstream of IL-7 ligation in MANA-specific TIL relative to
influenza-specific TIL, but the MANA-specific TIL retain their ability
torespond to supraphysiologicallevels of IL-7. Because IL-7 signalling
is arequisite for maintenance of T cell homeostasis and long-lived
memory, itisconceivable that targeting the IL-7 pathway could enhance
ICBresponse. Our findings thus provide a platform for follow-up studies
to more rigorously test the generalizability of our conclusions in the
setting of resectable and metastatic NSCLC.
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Methods

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.

Patients and biospecimens

This study was approved by the Institutional Review Boards (IRB) at
Johns Hopkins University (JHU) and Memorial Sloan Kettering Can-
cer Center and was conducted in accordance with the Declaration of
Helsinki and the International Conference on Harmonization Good
Clinical Practice guidelines. The patients described in this study pro-
vided writteninformed consent. All biospecimens were obtained from
patients with stage I-1IIANSCLC who were enrolled to a phasell clinical
trial evaluating the safety and feasibility of administering two doses of
anti-PD-1(nivolumab) before surgical resection. Pathological response
assessments of primary tumours were reported previously®*. Tumours
with no more than 10% residual viable tumour cells were considered
tohaveaMPR.

scCRNA-seq-TCR-seq

Cryobanked T cells were thawed and washed twice with pre-warmed
RPMI with 20% FBS and gentamicin. Cells were resuspended in PBS
and stained with a viability marker (LIVE/DEAD Fixable Near-IR; Ther-
moFisher) for 15 min at room temperature in the dark. Cells were the
incubated with Fc block for 15 min onice and stained with antibody
against CD3 (BV421, clone SK7) for 30 min oniice. After staining, highly
viable CD3" T cells were sorted into 0.04% BSA in PBS using a BD FAC-
SAriall Cell Sorter. Sorted cells were manually counted using a hemo-
cytometer and prepared at the desired cell concentration (1,000 cells
per ul), when possible. The Single Cell 5 V(D)J and 5’ DGE kits (10X
Genomics) were used to capture immune repertoire information and
gene expression from the same cell in an emulsion-based protocol at
thesingle-cell level. Cells and barcoded gel beads were partitioned into
nanolitre-scale droplets using the 10X Genomics Chromium platform
to partition up to 10,000 cells per sample followed by RNA capture
and cell-barcoded cDNA synthesis using the manufacturer’s standard
protocols. Libraries were generated and sequenced on an Illumina
NovaSeq instrument using 2 x 150-bp paired end sequencing. 5’ VDJ
libraries were sequenced to adepth of -5,000 reads per cell, for a total
of 5millionto 25 millionreads. The 5’ DGE libraries were sequenced to
atarget depth of ~-50,000 reads per cell.

Whole-exome sequencing, mutation calling and neoantigen
prediction

Genomic data for most individuals in our study were reported previ-
ously?, and whole-exome sequencing, variant calling and neoantigen
predictions forindividuals MD043-003 and NY016-025 were performed
prospectively for the present study. Whole-exome sequencing was
performed on pre-treatment tumours unless otherwise noted (Sup-
plementary Table 4) and matched normal samples. DNA was extracted
from tumours and matched peripheral blood using the Qiagen DNA
kit (Qiagen). Fragmented genomic DNA from tumour and normal
samples was used for Illumina TruSeq library construction (Illu-
mina) and exonic regions were captured in solution using the Agilent
SureSelect v.4 kit (Agilent,) according to the manufacturers’instruc-
tions as previously described®. Paired-end sequencing, resulting in
100 bases from each end of the fragments for the exome libraries was
performed using lllumina HiSeq 2000/2500 instrumentation (Illu-
mina). The depth of total and distinct coverage is shown in Supple-
mentary Table 4. Somatic mutations, consisting of point mutations,
insertions, and deletions across the whole exome were identified using
the VariantDx custom software for identifying mutations in matched
tumour and normal samples as previously described®***. Somatic
mutations, consisting of nonsynonymous single base substitutions,

insertions and deletions, were evaluated for putative MHC class |
neoantigens using the ImmunoSelect-R pipeline (Personal Genome
Diagnostics) as previously described®. Somatic sequence alterations
are listed in Supplementary Table 5.

Identification of neoantigen-specific TCRV CDR3 clonotypes
We used the MANAFEST assay” to evaluate T cell responsiveness to
MANA and viral antigens. In brief, pools of MHC class I-restricted CMV,
EBV andinfluenza peptide epitopes (CEFX, jpt Peptide Technologies),
pools representing the matrix protein and nucleoprotein from HIN1
and H3N2 (jpt Peptide Technologies), and putative neoantigenic pep-
tides defined by the ImmunoSelect-R pipeline (jpt Peptide Technolo-
gies; Supplementary Table 6) were each used to stimulate 250,000
T cells in vitro for 10 days as previously described®. The time point of
peripheral blood collection used for each MANAFEST assay is described
in Supplementary Tables 2, 7. In brief, on day O, T cells were isolated
from PBMC by negative selection (EasySep; STEMCELL Technologies).
The T cell-negative fraction was co-cultured with an equal number
of selected T cells in culture medium (IMDM/5% human serum with
50 pg ml™ gentamicin) with 1 pg ml* relevant neoantigenic peptide,
1pg ml™ of an MHC class I-restricted CMV, EBV, and influenza peptide
epitope pool (CEFX, jpt Peptide Technologies), 1 pug ml™ of pools rep-
resenting the matrix protein and nucleoprotein from HIN1and H3N2
(jpt Peptide Technologies), or no peptide (to use as areference for
non-specific or background clonotypic expansion). On day 3, halfthe
medium was replaced with fresh medium containing cytokines for a
final concentration of 50 IU mI IL-2 (Chiron), 25 ng mI™ IL-7 (Milte-
nyi) and 25 ng mI IL-15 (PeproTech). On day 7, half the medium was
replaced with fresh culture medium containing cytokines for a final
concentration of 100 IU mI™ IL-2 and 25 ng mI" IL-7 and IL-15. On day
10, cellswere harvested, washed twice with PBS, and the CD8" fraction
wasisolated usinga CD8" negative enrichmentkit (EasySep; STEMCELL
Technologies). DNA was extracted from each CD8-enriched culture
condition using the Qiamp micro-DNA kit according to the manufac-
turer’sinstructions. TCR sequencing was performed on eachindividual
peptide-stimulated T cell culture using survey-level sequencing (max
depth-~60,000 reads) by Adaptive Biotechnologies using their estab-
lished platform** or by the Sidney Kimmel Comprehensive Cancer
Center FEST and TCR Immunogenomics Core (FTIC) facility using the
Oncomine TCR Beta short-read assay (Illumina) and sequenced onan
llluminaiSeq 100 using unique dualindexes, foramaximum of -40,000
reads per sample.

Data pre-processing was performed to eliminate non-productive TCR
sequences and toalign and trim the nucleotide sequences to obtain only
the CDR3 region. Sequences not beginning with C or ending with F or
W and having less than seven amino acidsinthe CDR3 were eliminated.
TCR sequencing samples with less than 1,000 productive reads were
excluded from downstream analysis. MD043-011-MANA_22 was the
only such sample in the present study (see Supplementary Table 7).
Resultant processed data files were uploaded to our publicly available
MANAFEST analysis web app (http://www.stat-apps.onc.jhmi.edu/
FEST) to bioinformatically identify antigen-specific T cell clonotypes.

Bioinformatic analysis of productive clones was performed toiden-
tify antigen-specific T cell clonotypes meeting the following criteria:
(1) significant expansion (Fisher’s exact test with Benjamini-Hochberg
correctionfor false discovery rate (FDR), P<0.05) compared to T cells
cultured without peptide, (2) significant expansion compared to every
other peptide-stimulated culture (FDR <0.05) except for conditions
stimulated with similar neoantigens derived from the same mutation,
(3) an odds ratio >5 compared to the no peptide control, and (4) pre-
sentin at least 10% of the cultured wells to ensure adequate distribu-
tion among culture wells. A lower read threshold of 300 was used for
assays sequenced by the FTIC and a lower threshold of 30 was used
for samples sequenced by Adaptive Biotechnologies. In MANAFEST
assays testing less than 10 peptides or peptide pools, cultures were
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performed intriplicate and reactive clonotypes were defined as being
significantly expanded relative to T cells cultured without peptide (FDR
<0.05) in two out of three triplicates, and not significantly expanded
in any other well tested. When available, TCRseq was also performed
on DNA extracted from tumour, normal lung, and lymph node tissue
obtained before treatment and at the time of surgical resection, as
well as serial peripheral blood samples. The assays performed on each
biospecimen are outlined in Supplementary Table 2.

Peptide affinity and stability measurements

Peptide affinity for cognate HLA molecules was assessed using a lumi-
nescent oxygen channeling immunoassay (LOCI; AlphaScreen, Per-
kin EImer) as previously described®. This is a proximity-based system
usingadonorand acceptor bead, each conjugated with an epitope tag.
When the donor bead is excited with light at 650 nm and can activate
an acceptor bead, resulting in a signal at 520-620 nm, which can be
quantified per second as a surrogate of affinity. A higher number of
counts per second indicates higher affinity of the peptide:HLA pair.
The stability of peptide loaded complexes was measured by refold-
ing MHC with peptide and subsequently challenging complexes with
atitration of urea. The denaturation of MHC was monitored by ELISA
as described previously>®.

TCRreconstruction and cloning

Ten MANAFEST+ TCR sequences for which the TCRa chain could be
enumerated (>3 cellsin single-cell data with the same TCRa-TCRp pair)
were selected for cloning. Inaddition, seven clones (fromthree individ-
uals: MDO01-004, MDO01-005 and MD043-011) that have high composite
signature (using the AddModuleScore function) consisting of differen-
tial gene programs of MANA-specific T cell relative to influenza-specific
T cells in the TRM were selected for cloning. Relevant TCRs were
analysed with the IMGT/V-Quest database (http://www.imgt.org).
The database allows ustoidentify the TRAV and TRBV families with the
highestlikelihood to contain theidentified segments whichmatch the
sequencing data. To generate the TCRs, the identified TCRA V-J region
sequences were fused to the human TRA constant chain, and the TCRB
V-D-J regions to the human TRB constant chain. The full-length TCRA
and TCRB chains were then synthesized asindividual gene blocks (IDT)
and cloned into the pCI mammalian expression vector, containing
a CMV promoter, and transformed into competent Escherichia coli
cells according to the manufacturer’s instructions (NEBuilder HiFi
DNA Assembly, NEB). Post transformation and plasmid miniprep, the
plasmids were sent for Sanger sequencing to ensure no mutations were
introduced (Genewiz).

T celltransfection, transient TCR expression and
MANA-recognition assays

To generate aJurkat reporter cell in which we could transfer our TCRs
of interest, the endogenous TCR a- and 3-chains were knocked out
of aspecific]Jurkat line that contains a luciferase reporter driven by
an NFAT response element (Promega) using the Alt-R CRISPR system
(Integrated DNA Technologies, IDT). Two sequential rounds of CRISPR
knockout were performed using crDNA targeting the TCRa constant
region (AGAGTCTCTCAGCTGGTACA) and the TCRf constant region
(AGAAGGTGGCCGAGACCCTC). Limiting dilution was then used to
acquiresingle cell clones and clones withboth TCRa and TCR knocked
out, as confirmed by Sanger sequencing and restoration of CD3 expres-
sion only by the co-transfection of TCRa or TCRp chains, were chose.
CD8a and CD8f chains were then transduced into the TCRa TCR3~
Jurkat reporter cells using the MSCV retroviral expression system
(Clontech).Jurkat reporter cells were then co-electroporated with the
pCl vector encoding the TCRB and TCRA gene blocks, respectively,
using ECM830 Square wave electroporation system (BTX) at 275V
for10 msin OptiMem media in a4-mm cuvette. Post electroporation,
cells were rested overnight by incubating inin RPMI110% FBS at 37 °C,

5% CO,. TCR expression was confirmed by flow cytometric staining for
CD3onaBDFACSCelestaand 50,000 CD3" T cells were plated in each
well of a 96-well plate. Reactivity of the TCR-transduced Jurkat cells
was assessed by co-culturing with1x10° autologous EBV-transformed
B cells, loaded with titrating concentrations of MANA peptides, viral
peptide pools or negative controls. After overnightincubation, activa-
tion of the NFAT reporter gene was measured by the Bio-Glo Luciferase
Assay per manufacturer’s instructions (Promega). Jurkat cells were
routinely tested for mycoplasma contamination. No cell line authen-
tication was performed.

COS-7 transfection with HLA allele and p53 plasmids

gBlocks (IDT) encoding HLA A*68:01, p53(R248L) and wild-type p53
were cloned into pcDNA3.4 vector (Thermo Fisher Scientific, A14697).
COS-7 cellswere transfected with plasmids at 70-80% confluency using
Lipofectamine 3000 (Thermo Fisher Scientific, L3000015) and incu-
bated at 37 °C overnightin T75 flasks. A total of 30 pg plasmid (1:1ratio
of HLA plasmid per target protein plasmid in co-transfections) was
used. Post transfection, COS-7 cells were plated with TCRa3-transfected
JurkaT cells containing NFAT reporter gene atal:1ratio. After overnight
incubation, activation of the NFAT reporter gene was measured by the
Bio-Glo Luciferase Assay per manufacturer’s instructions (Promega).

Single-cell data pre-processing and quality control

CellRanger v3.1.0 was used todemultiplex the FASTQreads, align them
tothe GRCh38 human transcriptome, and extract their celland unique
molecular identifier (UMI) barcodes. The output of this pipelineis a
digital gene expression (DGE) matrix for each sample, which records
the number of UMIs for each gene that are associated with each cell
barcode. The quality of cells was then assessed based on (1) the number
of genes detected per celland (2) the proportion of mitochondrial gene/
ribosomal gene counts. Low-quality cells were filtered if the number
of detected genes was below 250 or above 3x the median absolute
deviation away from the median gene number of all cells. Cells were
filtered outifthe proportion of mitochondrial gene counts was higher
than10% or the proportion of ribosomal genes was less than 10%. For
single-cell VD] sequencing, only cells with full-length sequences were
retained. Dissociation/stress associated genes®*®, mitochondrial genes
(annotated with the prefix ‘MT-"), highabundance lincRNA genes, genes
linked with poorly supported transcriptional models (annotated with
the prefix ‘RP-")* and TCR (TR) genes (TRA/TRB/TRD/TRG, to avoid
clonotype bias) were removed from further analysis. Inaddition, genes
that were expressed in less than five cells were excluded.

Single-cell dataintegration and clustering

Seurat*° (3.1.5) was used to normalize the raw count data, identify
highly variable features, scale features, and integrate samples. PCA
was performed based on the 3,000 most variable features identified
using the vst method implemented in Seurat. Gene features associ-
ated with typelInterferon (IFN) response, immunoglobulin genes and
specific mitochondrial related genes were excluded from clustering to
avoid cell subsets driven by the above genes®. Dimension reduction
was done using the RunUMAP function. Cell markers were identified
by using a two-sided Wilcoxon rank sum test. Genes with adjusted
P <0.05 were retained. Clusters were labelled based on the expres-
sion of the top differential gene in each cluster as well as canonical
immune cell markers. Global clustering on all CD3 T cells and refined
clustering on CD8 T cells were performed using same procedure. To
select for CD8" T cells, SAVER* was used to impute dropouts by bor-
rowing information across similar genes and cells. A density curve
was fitted to the log,-transformed SAVER imputed CD8A expression
values (using the ‘density’ functionin R) of all cells from all samples. A
cut-offis determined as the trough of the bimodal density curve (that
is, the first location where the first derivative is zero and the second
derivative is positive). All cells with log,-transformed SAVER imputed
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CD8A expression larger than the cut-off are defined as CD8' T cells.
TRBamino acid sequences were used as abiological barcode to match
MANA, EBV or influenza A-specific T cell clonotypes identified from
the FEST assay with single-cell VD) profile and were projected onto
CDS8' T cell refined UMAP.

Single-cell subset pseudobulk gene expression analysis

PCA was performed on a standardized pseudobulk gene expression
profile, where each feature was standardized to have amean of zero and
unit variance. In global CD3 and CD8 TIL PCA, for each cell cluster we
firstaggregated read counts across cells within the cluster to produce
apseudobulk expression profile for each sample and normalized these
pseudobulk expression profiles across samples by library size. Combat
functioninthe svaR package**** was applied to address potential batch
effects on the normalized pseudobulk profile. Highly variable genes
(HVGs) were selected for each cell cluster by fitting a locally weighted
scatterplot smoothing (LOESS) regression of standard deviation against
the mean for each gene and identifying genes with positive residuals.
For each sample, all cell clusters were then concatenated by retaining
eachcluster’s HVGs to construct a concatenated gene expression vector
consisting of all highly variable features identified from different cell
clusters. Eachelementinthis vector represents the pseudobulk expres-
sion of aHVG in a cell cluster. Samples were embedded into the PCA
space based on these concatenated gene expression vectors. Canonical
correlation*** between the first two PCs (that is, PCland PC2) and a
covariate of interest (that s, tissue type or response status) was calcu-
lated. Permutation test was used to assess the significance by randomly
permuting the sample labels 10,000 times. In the MANA-specific PCA
(Extended DataFig.11), MANA-enriched cell clusters, defined by clus-
ters with MANA-specific T cell frequency at least two fold higher than
randomly expected, were aggregated as one combined cell cluster.
Then, a similar procedure by first identifying HVGs, computing the
first2PCs and then calculating the canonical correlation was repeated
for the combined MANA-enriched cell cluster and each of the other
CDS8 clusters.

Differential analysis comparing MPR and non-MPR by total CD8
or CD4 TIL and by cell cluster

The gene expressionread counts were adjusted by library size. SAVER*
was used to impute the dropouts, and further log2-transformed the
imputed values after adding a pseudocount of 1. Alinear mixed-effect
model*® was constructed to identify genes that are significantly dif-
ferential between MPR and non-MPR among total CD8/CD4 TIL and by
each cell cluster, respectively. The B-H procedure* was used to adjust
the Pvalues for multiple testing, and the statistical significance is deter-
mined using a cut-off of FDR <0.05.

Differential-expression tests and antigen-specific T cell

marker genes

Differential-expression tests for antigen-specific T cells were per-
formed using FindAlIMarkers functions in Seurat with Wilcoxon
rank-sum test on SAVER imputed expression values. Genes with
>0.25log,-fold changes, at least 25% expressed in tested groups, and
Bonferroni-corrected p values <0.05 were regarded as significantly
differentially expressed genes (DEGs). Antigen-specific (MANA versus
influenza versus EBV) T cell marker genes were identified by applying
the differential expression tests for upregulated genes between cells
of one antigen specificity to all other antigen-specific T cells in the
dataset. MANA-specific T cell genes associated with response to ICB
were identified by applying the differential expression tests compar-
ing MANA-specific T cells from MPR versus those from non-MPR. Top
ranked DEGs (by log-fold changes) with a log,-fold changes >0.8 and
DEGsrelatingto T cell function were extracted for further visualization
in a heat map using pheatmap package. SAVER-imputed expression
values of selective marker genes (transcriptional regulators, memory

markers, tissue-resident markers, T cell checkpoints, effector and acti-
vation markers) were plotted using the RidgePlot function in Seurat.

Invitro short-term TIL stimulation with IL-7

Cryopreserved TIL from patient MD0O1-004 were thawed, counted,
and stained with the LIVE/DEAD Fixable Aqua (ThermoFisher) viabil-
ity marker and antibodies specific for CD3 (PE, clone SK1) and CD8
(BV786, clone RPA-T8). Thirty-thousand CD8"T cells per condition were
sorted ona BD FACSAriall Cell Sorter into a 96-well plate. Autologous
T cell-depleted PBMC were added as antigen presenting cells (APC)
atl:1ratio. The cells were stimulated with either influenza A or MDO1-
004-MANA 12 peptide and titrating concentrations of recombinant
human IL-7 (Miltenyi) for 12 hin a round-bottomed 96-well plate.

Gene expression analysis of IL-7-stimulated MANA- and
influenza-specific TIL

Following 12 h of antigen and IL-7 stimulation, cells were spun down,
counted and re-suspended in 1% BSA at desired concentration.
scRNA-seq and VD] libraries were prepared using 10X Chromium
single cell platform using 5" DGE library preparation reagents and
kits according to manufacturer’s protocols (10X Genomics) and as
described above. MANA- or influenza-specific T cell clonotypes from
the single-cell dataset were identified by using the TRB amino acid
sequences asabiological barcode. SAVER imputed gene expression was
scaled and centred using the ScaleData functionin Seurat. A composite
score for the IL-7-upregulated gene set*® (Supplementary Data 2.3)
expression was computed using the AddModuleScore function and
subsequently visualized using ridgeplot. Mean + standard error was
used to show the dose-response curve of the IL-7-upregulated gene-set
score by antigen-specific T cells and peptide-stimulation groups.

Immune checkpoint and exhaustion score generation and
highly correlated genes

To characterize dysfunctional CD8 MANA TIL, six best-characterized
(and clinically targeted) checkpoints: CTLA4, PDCD1, LAG3, HAVCR2,
TIGIT and ENTPD1, were used to compute the T cell checkpoint score,
and apublished gene list from exhausted T cells was used to compute
the T cell exhaustion score, using AddModuleScore functionin Seurat.
Applying T cell checkpoint score as an anchor, genes that were maxi-
mally correlated to the score were identified using linear correlation
in MANA-specific TIL from MPR and non-MPR, respectively. Top-30
genes (from HVG selected using FindVariableGenes function in Seu-
rat and excluded the 6 genes included inimmune checkpoint score
generation) with the highest correlation coefficients were plotted as a
bar plot. The difference of correlation coefficients of the above genes
was additionally computed between MPR and non-MPR and visualized
using waterfall plot.

Evaluation of peripheral MANA-specific T cell transcriptome
changes during treatment

Peripheral blood T cells from patient MD01-005 were sorted based on
expression of CD8 and TCRV[32, followed by scRNA-seq-TCR-seq and
clustering on conventional CD8" T cells (MAIT cells excluded). To
evaluate whether there was a statistically significant change in the cell
types of MANA cells between week 2 (W2) and week 4 (W4) samplesin
Fig. 4d, e, we first conducted a Fisher’s exact test, which yields a
P=0.021, indicating a statistically significant phenotype change in
MANA-specific cells (Fig. 4e). We also conducted a more sophisticated
test that adjust for potential background differencesin cell type abun-
dance between W2 and W4 samples. In this test, we let m_, denote the
probability thata MANA-specific T cell collected at time point ¢ (W2 or
W4) comes fromcell typec, andlet p.. denote the proportion of all cells
in time point ¢ that come from cell type c. We evaluated the ratio
R.. = m./p.., which characterizes the relative abundance of
MANA-specific T cells in each cell type. We compared the null model



Article

where this ratio does not change over time (Ho: R, = R for all cell
type ¢) versus the alternative model where W2 and W4 T cells have
different ratios (H;: R, # R. ). To do this, we computed the test sta-
tistic S=Y . (R, — Rc,w4)? using the observed data and compared it
to its null distribution obtained using Monte Carlo simulations. To
construct the null distribution for S, we pooled cells from W2 and W4
together and treated them as one sample to estimate the common ratio
R.y>=R.uw,=R.sharedby W2 and W4, and then derived the probability
that a MANA-specific T cell collected at time point ¢ comes from cell
type c under the null model Hy, which is proportional to p., R, (that s,
the product of the sample-specific background cell type proportion
p..and the common MANA-abundance ratio R, shared between sam-
ples). The MANA-specific T cells at time point t were then redistributed
to different cell types randomly based on a multinomial distribution
with this expected MANA-specific T cell type proportion (that is, the
expected probability that a MANA-specific T cell at time point t comes
fromcelltypecunderH,is p, ,R./(Xc p,. [R.)), while keeping the total
number of MANA-specific T cells at each time point the same as the
observed MANA-specific T cell number at that time point. The test
statistic Swas then computed using this simulated sample. We repeated
this simulation 10,000 times to derive the null distribution of S. Com-
paring the observed Sto its null distribution yieldsa P<10™.

RNA velocity-based differentiation-trajectory tracing

The RNA velocity analysis was performed by first recounting the spliced
readsand unspliced reads based on aligned bam files of scRNA-seq data
using the velocyto Python package. The calculation of RNA velocity
values for each gene in each cell and embedding RNA velocity vector
to low-dimension space were done using the SeuratWapper workflow
for estimating RNA velocity using Seurat (https://github.com/satijalab/
seurat-wrappers/blob/master/docs/velocity.md). The first two diffusion
components from Diffusion map were used to construct the coordinates
alongwithvelocity. TSCAN (v.1.7.0) was used to reconstruct the cellular
pseudotime on diffusion maps space for the PBMC T cells from three
time points (samples) of one patient (MD01-005). Based on velocity
analysis, the T,,.,(3) cluster was specified as the starting cluster for the
pseudotemporal trajectory which has branches. For each branch,
log,-transformed and library size-normalized SAVER-imputed gene
expression values were used for analysing gene expression dynamics
alongthe pseudotime. 10,325 genes with normalized expression > 0.01
inatleast1% of cells were retained. For each gene g, the gene expression
along pseudotime tin each sample s was described as afunction ];S ()
which was obtained by fitting B-spline regression to the gene’s normal-
ized expression values in single cells. The red curves in Fig. 4h are the
meanofthefunction fg . (t)of thethree samples. Inorder totest whether
the gene expression shows a significant change along pseudotime,
we compared the above model with a null model in which Jfgs (t)is
assumed to be a constant over time. The likelihood ratio statistic
between the two models was computed. To determine the Pvalue, the
null distribution of the likelihood ratio statistic was constructed by
permuting the pseudotime of cellsin each sample, refitting the models
and recomputingthelikelihood ratio statistic. The Pvalue was calculated
as the number of permutations out of a total of 1,000 permutations
that produce a likelihood ratio statistic larger than the observed one.
The Pvalues fromall genes were converted to FDR by Benjamini-Hoch-
berg procedure to adjust for multiple testing. Genes with FDR < 0.05
were considered as dynamic genes with statistical significance. k-Means
clustering was applied to group genes with similar dynamic expression
patternsinto clusters. topGO (v.2.42.0) was used to identify the enriched
Gene Ontology terms by comparing the genesin each cluster toall10,325
genes as background.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Bulk TCRVp sequencing data generated by Adaptive Biotechnologies
areavailablein the Adaptive Biotechnologies InmuneACCESS reposi-
tory under DOI10.21417/JC2021N, at https://clients.adaptivebiotech.
com/pub/caushi-2021-n. Bulk TCRV[ raw and processed sequencing
data generated by the Sidney Kimmel Comprehensive Cancer Center
FTIC are available in the Gene Expression Omnibus with accession
number GSE173351. Raw scRNA-seq-TCR-seq data reported in this
paper are availablein the European Genome-phenome Archive under
controlled access with accessionnumber EGAS00001005343. Owing to
the personal, sensitive and inherently identifying nature of raw genomic
data, access toraw RNA-seq-TCR-seq datais controlled and full instruc-
tions to apply for dataaccess canbe found at https://ega-archive.org/
access/data-access. Approvals will be granted immediately upon con-
firmation that all requirements are met. Processed and de-identified
single-cell data are available in the Gene Expression Omnibus with
accession number GSE176022.

Code availability

Scripts to reproduce the analyses used in this study are available at
https://github.com/BKI-immuno/neoantigen-specific-T-cells-NSCLC.
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Extended DataFig.1|See next page for caption.




Extended DataFig.1|Defining CD3* T cell subsets in patients with non-
small cell cancer treated with anti-PD-1.a, FACS gating strategy for sorting
CD3+T cells. The gating strategy is shown for sorting live CD3" T cells from
tumour, normal lung, lymph node, or metastasis, when available,onaBD
FACSAria.b, Patientand tissue compartment variability across clusters on
UMAP.scRNA-seq-TCR-seqwas performed on availableresected biospecimens
(tumour, adjacent NL, TDLN, and abrain metastasis) from 16 patients treated
withneoadjuvant PD-1blockade. CD3" T cells stratified by patient are
visualized using UMAP. Each clusterisannotated and marked by colour code.
c,Barplots show the proportion ofeach T cell clusterinthe TDLN, brain
metastasis, tumour, and adjacent NL of each patient. Each cluster asshown on
the UMAPis denoted by colour code. No clusters weredriven by a particular
patientbased. d, A density plot of all CD3" T cells on the UMAP, stratified by
tissue compartment, isshown. Cells were obtained from 15 tumours, 12
adjacentNLspecimens,and 3 TDLN. Because a metastasis was sequenced in
only one patient, this specimenis notincluded in this analysis. e, The
proportion (%) of total CD3" T cellsmade up by each T cell cluster was compared
betweentumour (n=15biologicallyindependent samples), adjacentNL (n=12
biologicallyindependent samples),and TDLN (n=3biologically independent

samples). Pvalues were obtained using Kruskal-Wallis Test and were adjusted
for multiple comparisons using Benjamini-Hochberg method. Each dot
represents apatientand all data points are shown. Individual data points are
superimposed over aBox and Whiskers plot summarizing the data. The middle
bar shows the median, with the lower and upper hinges correspondingto the
25Mand 75" percentiles, respectively (interquartile range, IQR). The upper
whisker extends from the hinge to the largest value no further than1.5*IQR
from the hinge. The lower whisker extends from the hinge to the smallest value
atmost1.5*IQR of the hinge. f, Tissue-resident defining genes and core TRM
gene setsignature ondifferent T cell cluster. The top and middle violin plots
show the expression of TRM-defining genes (ITGAE, ZNF683) by each cellin
eachcluster. The dashedlineindicates the meanexpression of the respective
geneamongallCD3" T cells. Expression values were log,, transformed for
visualization. The bottom violin plot shows the TRM gene-set score for each
cluster. This gene-setis comprised of TRM-associated genes as published
previously (Supplementary Data 2.1). The dashed line shows the mean TRM
gene-setscoreamongall T cells. Because the proliferating cluster is driven by
proliferation-associated genes and is comprised of mixed cell types, this
cluster was not shownin the violin plots.
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Extended DataFig.2|MANA-specific TCRs detectedin patient without
MPRMDO01-004 using MANAFEST and ViraFEST assays. Antigen-specific
responsesidentified usingthe MANAFEST assay are shown for patient without
MPRMDO1-004. MANAFEST assays for all other patients are shownin
Supplementary Data 5. Each antigen-specific clonotypic expansionis colour
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detectedinthesingle-cell dataand validated with TCR cloning (red). Dataare
shown asthe percent of MANAFEST+ clonotypes among CD8+ T cells after
10 day culture.
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Extended DataFig. 3 | Peripheral dynamics and cross-compartment
representation of antigen-specific T cells. Bulk TCRseq was performed on
pre-and post-treatment tissue (left panels) and peripheral blood (right panels)
for each patientinwhom antigen-specific TCRs were identified by ViraFEST/
MANAFEST (as shown in Extended Data Fig. 2 and Supplementary Data 5). Data
areshownasthe frequency of each influenza-, CEF-,and MANA-specific TCR

clonotype amongall TCRs detected by bulk TCR sequencing of theindicated
tissue or peripheral blood time point. Antigen-specific clonotypes were not
detected by bulk TCRseq of any available tissue/peripheral blood time pointin
patient NY016-025. TDLN, tumour draining lymph node; DLN, draining lymph

node.
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3 MDO043-011 MANA36, wild type

predicted to bind C*02:02,
not tested by MANAFEST

MANA 12 MANA 12 p53mut p53 WT no peptide/
peptide peptide plasmid plasmid no plasmid
R248L R248L R248L

HLA-A*68:01 COS-7 transfected with HLA-A*68:01
APC

[Urea] M




Extended DataFig.4|TCR cloning validation of MANA-specific TCRsand
MANA bindingkinetics. Ten TCRs identified viathe MANAFEST assay were
selected for TCR cloning and transferinto our NFAT/luciferase Jurkat reporter
system. Seven of these TCRs recognized the cognate MANA. a,InMDO01-005,
three TCR VB clonotypesrecognizing the ARVCF H497L-derived EVIVPLSGW
MANA were identified by MANAFEST. Single-cell analysis determined that the
VB CDR3s CASNKLGYQPQHF and CASSLLENQPQHF were consistently
detectedinthesame cell and paired with the same Vot CDR3, CALSMGGNEKLTF,
likely the result ofincomplete allelic exclusive at the beta locus. To validated
thatthese TCRsrecognized MD01-005-MANA7, and to determine which V
CDR3 wasresponsible for recognitionin the case ofincomplete allelic
exclusion, allthree TCRs were cloned into the Jurkat NFAT luciferase reporter
systemand tested against autologous LCL loaded with titrating concentrations
of MDO1-005-MANA7. Data are shown as relative luminescence units (RLU) for
MDO01-005-MANA7 (solid red square), the cognate wild-type peptide (openred
square), or MD01-005-MANAS, which was predicted to bind A*25:01, for each
individual TCR. b, In patient without MPR MDO01-004, four TCRs recognizing
the p53 R248L-derived NSSCMGGMNLR MANA (MDO01-004-MANA12) were
identified by MANAFEST and were detected in the single-cell data. Each VB
chain paired exclusively with asingle Va chain. These four TCRs were cloned
intotheJurkat NFAT/luciferase reporter system and tested against autologous
LCLloaded withtitrating concentrations of MD01-004-MANA12. Dataare
shownasrelatively luminescence units (RLU) in response to MD01-004-
MANA12 (solid blue square) or the cognate wild-type peptide (openblue
square). ¢, In patient without MPRMDO043-011, a TCR recognizing the CARM1
R208W-derived FAAQAGAWKIY MANA (MD043-011-MANA36) was a candidate
for positivity by MANAFEST and was detected in the single-cell data. This Vf
chain paired exclusively with asingle Va chain. This TCRwas cloned into the
Jurkat NFAT/luciferase reporter system and tested against autologous LCL
loaded with titrating concentrations of MD043-011-MANA36. Data are shown

asrelatively luminescence units (RLU) inresponse to MD01-004-MANA12
(solid greensquare) or the cognate wild-type peptide (opengreensquare).

d, The affinity of MD0O1-005-MANA7 for HLA A*25:01 was assessed using a
luminescent oxygen channelingimmunoassay (LOCI, left). Thisis a proximity-
based systemusinga“donor” and “acceptor” bead, each conjugated withan
epitope tag. When the donor bead is excited with light at 650nm and can
activateanacceptorbead, resultinginasignal at 520-620nm, whichcanbe
quantified per second as asurrogate of affinity. A higher number of counts
persecond indicates higher affinity of the peptide:HLA pair. Dataare shown as
the number of counts per second for titrating concentrations of MD01-005-
MANA7 (solid blue square), the cognate wild-type (openblue square), MDO1-
005-MANAS, whichis predicted to bind HLA A*68:01 (black circle), or no
peptide (star). Stability of these same peptidesin the HLA A*68:01 complex was
also evaluated using a urea-based assay, whereby the stability of the
peptide:HLA complex is measured atincreasing concentrations of urea (right).
Dataareshownasthe absorbance at 450nm. Data points represent the mean
+/-s.d.oftwoindependent experiments. e, Binding (top left) and stability (top
right) assays were conducted as in (b) for the p53 R248L-derived MD01-004-
MANAI12 (solid green square), the cognate wild-type peptide (opengreen
square), a positive control peptide for HLA A*68:01 (orange diamond), the
YTAVPLVYV peptide whichis predicted to bind A*68:01 (black circle), or no
peptide (black star). Data points represent the mean +/-s.d. of two
independent experiments. To determine if MD01-004-MANA12 is
endogenously processed and presented by HLA A*68:01, COS-7 cells were
transfected with HLA-A*68:01 plasmid and p53 R248L mutant plasmid or p53
wild type plasmid. HLA- and p53-transfected COS-7 cells, autologous APC
loaded withMDO1-004-MANA12, and HLA-A*68:01-transfected COS-7 were co-
cultured with CD8+Jurkat reporter cells expressing the MD01-004-MANA12-
reactive TCR, VB: CATTGGQNTEAFF, Va: CILSGANNLFF. Data are shown as
relative luminescence units (RLU) for each condition (bottom).
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Extended DataFig. 5|Refined clusteringon CDS8 T cells. a, A heat map shows
thetop differential genes, ranked by average fold change, for each refined CD8
Tcell cluster.5,000 cells (or all cellsin the cluster if cluster size <5000 cells)
wererandomly sampled from each cluster for visualization (n =16 patients).

b, Violin plots show the logl0 expression of the TRM-defining genes, ITGAE
(top) and ZNF683 (HOBIT, middle), and aTRM gene-set score (bottom) for each
CD8Tcellcluster. The dashed lineindicates the mean expression of the
respective gene or gene-set scoreamong all CD8 T cells. Because the
proliferating clusteris driven by proliferation-associated genes and represents
mixed cell types, this cluster was not shownin the plot. c, 2D UMAP red-scale
projection of canonical T cell subset marker genes, cell subset selective genes,
andimmune checkpointson CD8 T cell subsets.d, Aheat map shows the

proportion of each refined CD8 T cell cluster (Fig. 2b) thatis found within each
global UMAP T cell cluster (Fig. 1b). This enables visualization of the “parent”
cluster for therefined CD8T cell clusters. e, Aviolin plot shows the exhaustion
gene-setscore, comprised of a published exhaustion gene list (Supplementary
Data2.2),foreachrefined CDST cell cluster. The dashed line shows the mean
exhaustion gene-set scoreamongall CD8 T cells. Because the proliferating
clusterisdriven by proliferation-associated genes and represents mixed cell
types, this cluster was not shownin the plot.f, CD8" T cell clonotypic cluster
composition. The top 50 CD8" TCR clonotypesin the tumour are shown for
each patient, and the proportion of each clonotype that was found withineach
clusterisdesignated by the colour code.
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Extended DataFig. 6 | Distinct phenotype of antigen-specific T cells.

a, Distribution of MANA-specific T cells on UMAP. Individual MANA-specific
clonotypes are shown on the UMAP, stratified by tissue compartment and
patientID. Each colour represents a unique MANA-specific clonotype, and
eachsymbol represents a patient. b, Distribution of EBV-specific T cellson
UMAP. Individual EBV-specific clonotypes are shown on the UMAP, stratified by
tissue compartment. Each colour represents a unique EBV-specific clonotype
and each symbol represents a patient. ¢, Distribution of influenza-specific
Tcellson UMAP. Individual influenza-specific clonotypes are shown on the
UMARP, stratified by tissue compartment and patient ID. Each colour represents
auniqueinfluenza-specific clonotype, and each symbol represents a patient.
The CD8T cellclustersare annotated according to the designationin Fig. 2b.

d, Thebarplot (upper) shows the proportion of antigen-specific T cellsamong
total CD8 T cells by tissue compartment (blue bar, adjacent NL; yellow bar,
tumour). The dotplot (bottom) shows the proportion of antigen-specific T cells
stratified by subset, with the size of the dot representing the proportionamong
total CD8 T cells (blue dot, adjacent NL; yellow dot, tumour). e, TILand adjacent
NL CD8T cellswere downsampled to equal numbers of cells on UMAP before
visualization of antigen-specific clonotypesin tumour (left) and adjacent
normal lung (right). f, Theimmune checkpoint score and exhaustion score of
antigen-specific T cells. Aviolin plot shows acompositeimmune checkpoint
score (left) and exhaustion score (right) for EBV(purple)-, influenza (blue)-, and
MANA (red)-specific T cells.
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Extended DataFig.7|IL-7-induced gene signature between MANA-specific
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IL7 titration (ng/ml)

andinfluenza-specific TIL. TIL from patient MD01-004 were cultured with
MDO01-004-MANA-12 orinfluenza A peptide and titrating concentrations of
recombinant humanIL-7, followed by coupled scRNA-seq-TCR-seq. A total of
814 influenza-specific (410 co-cultured with influenza peptide, 404
co-cultured with MANA peptide) and 581 MANA-specific TIL (366 co-cultured
withinfluenza peptide, 215 co-cultured with MANA peptide) were detected in

thesingle-cell datafromasingle experiment and were analysed. a, Composite

expression of anIL-7 gene set by influenza-specificand MANA-specific TIL (as
determined by their TCR V[ CDR3) stimulated with cognate or non-cognate
antigenisshown.b, Dose-response curve showingthe fold change of averaged
expression of IL-7-induced genes (Supplementary Data 2.3) that significantly
changed from baseline (no IL-7 vs 0.1 ng/ml) ininfluenza-specific (red) or
MANA-specific (blue) T cells. Comparisons were performed using two-sided
Wilcoxon rank sum test and adjusted for multiple comparisons using BH

method.
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Extended DataFig. 8| Cloning and dose response of antigen-specific
Tcells.a-c, Cloningand screening of TCRs corresponding to CD8 T cells with
highly differential gene expression relative to influenza-specific T cells. Seven
TCRswereselected from the refined CD8 sc data based on highly differential
gene expression relative to influenza-specific T cells. These TCRs were cloned
intothe Jurkat/NFAT luciferase reporter systemand first screened against
autologous LCL pre-loaded with pools of putative MANA peptides (10pg/ml)
based ontherespective patient’s WES and MANA predictions. Three TCRs

recognized aMANA peptide pool, one each from patients MD01-005 (a), MDO1-

004 (b), and MD043-011(c). Thereactive MANA was then mapped from the
reactive peptide pool by stimulating the TCR-transfected Jurkat cell with
autologous LCL pre-loaded with 10pg/ml of each individual MANA within the
reactive pool (centre). Dose-response curves were then generated for each
MANA-specific TCR (right). Data are shown as relative luminescence units. A (+)
signindicates the positiveresponse. d, Functional characterization of
MANAFEST-identified and screening-identified TCRs. 2D projection of clones
identified from the MANAFEST assay (red) and clones identified via cloning of
TCRs correspondingto T cells with differential gene expression relative to

influenza-specific T cells (green) isshown for patients MD01-004, MD01-005,
and MDO043-011. CD8T cell clusters are marked with the same colour code as
Fig.2b.e, Viral-specific TCRs and MANA-specific TCRs from one patient

with MPR and two patients without MPR were cloned into the Jurkat reporter
system and tested against titrating concentrations of relevant peptide. The
average log,, relative luminescence of viral-specific TCRs (blue, 3 clonotypes
from 3 different patients), MANA-specific MPRTCRs (green, 3 clonotypes from
1patient with MPR), and MANA-specificnon-MPR TCRs (red, 7 clonotypes from
2 patients without MPR) was compared at each peptidetitration. Dataare
shown as aBox and Whiskers plot. The middle bar shows the median, with the
lower and upper hinges corresponding to the 25" and 75" percentiles,
respectively (interquartilerange, IQR). The upper whisker extends from the
hinge to the largest value no further than1.5*IQR from the hinge. The lower
whisker extends from the hinge to the smallest value at most 1.5*IQR of the
hinge. Comparisons of relative luminescence units for viral-specific vs MANA-
specific T cell clonotypes at different titrations were performed using
two-sided Wilcoxon rank sum test.ns: P>0.05;* 0.01<P<0.05.
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Extended DataFig. 9 |Patientrepresentation of antigen-specific
clonotypes.a, b, Barplots summarize the total number of unique
tumour-infiltrating clonotypes (a) and cells (b), stratified by antigen specificity
and method of detection (MANAFEST or based on the TRM gene signature and
cloning/peptide screen). Different colours represent the patientidentity.

¢, Visualization of clonotypesincluded in the MANA-specific analysis. The
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individual UMAP projections of clonotypes that were validated (left) and were
notvalidated (right) by TCR cloning are shown. Of the cells that corresponded
toaMANAFEST-identified, MANA-specific clonotype that was detected in the
single-cell data, >94% were validated by the jurkat/luciferase TCR cloning
system.
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Extended DataFig.10|Signatures of MANA-specific T cellsaccording to
response and tissue compartment. a, Exhaustion score and co-expression of
immune checkpoints/effector/memory function gene on MANA-specific TIL.
Violin plot shows the exhaustion gene-setscore (Supplementary Data 2.2) of
MANA-specific TIL of non-MPR (red, n=3) and MPR (light blue, n=3) tumours.
Comparisons were performed at the individual cell level using two-sided
Wilcoxon rank sum test without multiple comparison adjustment. b, Heat map
shows co-expression ofimmune checkpoints and effector/memory genes on
MANA-specific TIL. Each columnrepresent acell. The exhaustionscore,
response status, and patient IDs are designated by the relevant colour bar. For
visualization, MANA-specific T cells were downsampled to the same number of
cellsfrom MPR (n=3) and non-MPR (n=3). ¢, Top ranked genes correlated with
theimmune checkpointscorein MANA-specific TIL. Barplots show the
correlation coefficients of the top ranked genes highly correlated with the
immune checkpointscorein MPR (left) and non-MPR (right) MANA-specific

TIL.d, MANA-specific T cells found in the tumour (red triangles) and TDLN
(blue triangles) of patients MD01-004, MD01-005, and MD043-011 were
projected ontherefined CD8 UMAP. e, Expression of selective genes is shown
for MANA-specific T cellsin the tumour and TDLN (n=3).f, MANA-specific
Tcells found in the tumour (red triangle) and brain metastasis (purple triangle)
areshownonthe UMAP for patient MD043-011. g, The scatterplot shows the
average expression of genes comparingall refined CD8 T cells from the primary
tumour and metastatic brainresection in patient MD043-011. The top
differential genes enriched in the brain metastasis arelabelledinred.
Comparisons were performed at the individual cell level using two-sided
Wilcoxon rank sum test. P-value adjustment was performed using bonferroni
correction. Acompletelist of differential genes comparing primary tumour at
resectionvs. the distant brain metastasisisshownin Supplementary Data1.5.
CDS8T cell clusters are marked by the same colour code as Fig. 2b.
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Extended DataFig.12|Phenotypic characteristics of FACS-sorted
peripheralblood CD8+/VB2+T cells from MPRMDO1-005. a, Selective gene
expression of 2D UMAP red-scale projectionis shown of canonical T cell subset
marker genes, cell subset selective genes, and immune checkpoints on CD8
Tcellsubsets sorted from longitudinal peripheral blood of one patient (MDO1-
005) withcomplete pathologicresponse. b-d, Pseudotime reconstructionand
pseudo-temporaldynamic geneidentificationin peripheralblood CD8T cells
fromacomplete pathologic responder. Longitudinal PBMC were collected
from complete pathologic responder MD01-005 (0% residual tumour) during
treatmentand in post-surgery follow up. Peripheral blood CD8" T cells were

FACS sorted based on expression of TCRV[2, which corresponds to the MANA-
specific CDR3 CASNKLGYQPQHF as identified previously viathe MANAFEST
assay (Extended DataFig.2a). scRNA-seq-TCR-seq was performed onthe
sorted population from each time point. b, Constructing the pseudotime axis
on the diffusion map from T,,.,(3) to T.(3) as trajectory 1. ¢, GO analysis for
genes that significantly change alongtrajectory1, ranked by FDR.

d, Constructing the pseudotime axis on the diffusion map from T,,.,(3) to
Tmem(2) astrajectory 2. e, GO analysis for genes that significantly change along
trajectory 2, ranked by FDR. f, Heat map showing genes that significantly
changealongtrajectory 2 (FDR<0.05).
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
2N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

{| A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection

Data analysis Alignment and preprocessing was performed using cellranger 3.1.0 (10X Genomics).
Data were processed using Seurat 3.1.5 in R 4.0.3. Gene expression heatmap was generated using heatmap3 1.1.7 package. Plots were
generated using PRISM 8.2.0 and ggplot2 3.3.2 package in R. Bioinformatic identification of antigen specific T cells in bulk TCR sequencing was
performed in http://www.stat-apps.onc.jhmi.edu/FEST/. Scripts to reproduce the analyses used in this study are available at: https://
github.com/BKI-immuno/neoantigen-specific-T-cells-NSCLC.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Bulk TCR Vbeta sequencing data generated by Adaptive Biotechnologies is available in the Adaptive Biotechnologies ImmuneACCESS repository under DOI
10.21417/JC2021N, at clients.adaptivebiotech.com/pub/caushi-2021-n. Bulk TCR Vbeta raw and processed sequencing data generated by the SKCCC FTIC are
available in GEO with accession number GSE173351. Raw scRNAseq/TCRseq data reported in this paper are available in the European Genome-phenome archive
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under controlled access with accession number EGASO0001005343. Due to the personal, sensitive and inherently identifying nature of raw genomic data, access to
rawRNAseq/TCRseq data are controlled and full instructions to apply for data access can be found at https://ega-archive.org/access/data-access. Approvals will be
granted immediately upon confirmation that all requirements are met. Processed and de-identified single cell data are available in GEO with accession number
GSE176022. Somatic mutations, predicted neoantigens, and the identity of all antigen-specific TCR Vbeta clonotypes are shown in the Supplementary Tables.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size 21 patients with non-small cell lung cancer were recruited to a prospective phase 2 clinical trial that investigated the safety and feasibility of
administering two doses of anti-PD-1 (nivolumab) prior to surgical resection. Twenty patients had surgical resection of their primary tumor.
Major pathologic response (MPR) was defined as < 10% residual tumor as assessed by two independent pathologists. All participants signed
the informed consent. In total, we performed combined single cell RNA/TCR sequencing of 16 patients (7 MPR, 9 non-MPR) and 9 patients
were tested for MANA reactivity (4 MPR, 5 non-MPR).

Data exclusions  Single cell sequencing was performed on all tumor and normal lung specimens with sufficient viably banked T cells. MANAFEST/ViraFest was
performed on all patients with adequate blood samples and available WES. Single cell TCRseq/RNAseq was performed on peripheral blood T
cells sorted for positive expression of the TCR Vb2 gene. Unconventional/MAIT CD8+ T cells were excluded from this analysis to enable better
visualization of canonical CD8+ T cell subsets.

Replication Epidemiological replication/validation: In this study, we included all NSCLC patients enrolled at two academic cancer centers in the US, who
were willing to participate in this study and signed the informed consent. For replication purposes an additional validation cohort would have
been desirable. However, due to the limited number of patients in a phase 2 study per study design and increased interests to test
combinational regimens in the neoadjuvant setting, we were not able to perform an independent replication trial.

Technical replication: We performed single-cell RNA sequencing experiments with high numbers of cells per patient and, in general, high
quality sequencing libraries. Sample replicates were performed for 4 patients and showed high consistency in RNA expression profile, and
were subsequently merged as one single sample for downstream analysis.

Randomization | Randomization was not relevant for our study

Blinding Blinding was not relevant for our study

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.
Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the

rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.
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Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.
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Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.
Timing and spatial scale | Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? [ |Yes [ |No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).
Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
™| Antibodies [] chip-seq
Eukaryotic cell lines |:| & Flow cytometry
Palaeontology and archaeology & |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Antibodies

Antibodies used LIVE/DEAD™ Fixable Near-IR; ThermoFisher
CD3-BV605, clone SK7; BD Bioscience
LIVE/DEAD™ Fixable Aqua; ThermoFisher
CD3-PE, clone HIT3a; BD Bioscience
CD8-BV786, clone RPA-T8; BD Bioscience
Anti-TCR Vb2-PE, clone REA654; Miltenyi
Anti-TCR Vb5-FITC, clone MEM-262, Biolegend

Validation All new antibodies were titrated to determine the optimal working concentration. Specificity was validated using control primary cells
or cell lines. Isotype controls were used to gate on cells staining with the antibody of interest.

Eukaryotic cell lines
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Policy information about cell lines

Cell line source(s) Jurkat cell line - Promega

Authentication TCRa/b knockout of the jurkat cell line was confirmed by Sanger sequencing and restoration of CD3 expression only by the
co-transfection of TCRa or TCRB chains.

Mycoplasma contamination The jurkat cell line used in this study tested negative for mycoplasma contamination

Commonly misidentified lines  we did not use any commonly misidentified cell lines
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information).

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species, sex and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics No patient was excluded from the original clinical trial on the basis of sex, ethnic background, or socio-economic status. Only
patients greater than age 18 were eligible for the study. Patients ranged in age from 55 to 84. Health status was good to
excellent and the breakdown for race was 5.7% Hispanic, 5.7% African American, 8.6% Other, and 80% Caucasian. Special
classes of subjects such as pregnant women, children, prisoners, or other institutionalized individuals were not included in




the original trial and are therefore not included in our present study.
Recruitment Participants were not prospectively recruited for this study. The original clinical trial was performed on 21 patients with
resectable NSCLC. Twenty of these patients underwent successful surgical resection of their primary tumor. Patients included

in the present study were selected solely based on the availability of biospecimens for analysis.

Ethics oversight This study was approved by the Institutional Review Boards of Johns Hopkins and MSKCC

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT02259621

o)
Q
=:
C
=
D
=
D
w
D
Q
=
(@)
>
=
(D
i}
©)
=
=
(@)
(%)
C
3
3
Q
=
=

Study protocol The results from this clinical trial and associated study protocol have been published previously (Forde PM, et al, N Engl J Med, 2018).
The study protocol can be accessed at: https://www.nejm.org/doi/suppl/10.1056/NEJMoal716078/suppl_file/
nejmoal716078_protocol.pdf

Data collection All biospecimens were obtained between 2015 and 2018 from patients enrolled to a phase Il study of neoadjuvant PD-1 blockade in
resectable lung cancer at Johns Hopkins Sidney Kimmel Comprehensive Cancer Center and Memorial Sloan Kettering Cancer Center.
Analyses on these biospecimens were continuously performed between 2017 and 2021.

Outcomes Primary lung tumor and lymph-node surgical specimens were staged according to the criteria of the American Joint Committee on
Cancer (seventh edition) for evaluating tumor size, affected lymph nodes, and metastases.7 Primary tumors were assessed for the
percentage of residual viable tumor that was identified on routine hematoxylin and eosin staining, and tumors with no more than
10% viable tumor cells were considered to have had a major pathological response. These methods and clinical outcomes have been
reported previously (Forde PM, et al, N Engl J Med, 2018).

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

|:| Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area

X X XXX &

Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

X X X X X X X X &
Ooooooogdno

Any other potentially harmful combination of experiments and agents




ChlP-seq

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC) enable peer review. Write "no longer applicable" for "Final submission" documents.

o)
Q
=:
C
=
(@)
=
(D
v
D
Q
=
(@)
>
=
()
i}
©)
=
=
(@)
(%2]
C
3
3
aY)
=
=

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChiP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot

number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

g The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were resuspended in PBS and stained with a viability marker (LIVE/DEAD™ Fixable Near-IR; ThermoFisher) for 15mins at
RT in the dark. Cells were the incubated with FC block for 15 mins on ice and stained with antibody against CD3 (BV605, clone
SK7) for 30mins on ice. After staining, highly viable CD3+ T cells were sorted into 0.04% BSA in PBS using a BD FACSAria Il Cell
Sorter. Sorted cells were manually counted using a hemocytometer and prepared at the desired cell concentration (1000
cells/ul), when possible. CD3+ cells were then sorted and immediately used in single cell experiments.

Instrument FACS Aria Il

Software FACS Diva

Cell population abundance Cells that were FACS sorted were immediately used in single cell TCRseq/RNAseq experiments. Only T cells were sequenced
in this platform, and the cells analyzed were validated using gene expression programs, so there is no risk of contaminating
cell types/phenotypes.

Gating strategy Gating was based on staining with negative isotype control antibodies

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.




Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state, event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] used [ ] Notused

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).
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Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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