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Abstract

Background: There is strong evidence that immunotherapy-mediated tumor rejection can be driven by tumor-specific
CD8+ T cells reinvigorated to recognize neoantigens derived from tumor somatic mutations. Thus, the frequencies or
characteristics of tumor-reactive, mutation-specific CD8+ T cells could be used as biomarkers of an anti-tumor
response. However, such neoantigen-specific T cells are difficult to reliably identify due to their low frequency in
peripheral blood and wide range of potential epitope specificities.

Methods: Peripheral blood mononuclear cells (PBMC) from 14 non-small cell lung cancer (NSCLC) patients were
collected pre- and post-treatment with the anti-PD-L1 antibody atezolizumab. Using whole exome sequencing and
RNA sequencing we identified tumor neoantigens that are predicted to bind to major histocompatibility complex class
I (MHC-I) and utilized mass cytometry, together with cellular ‘barcoding’, to profile immune cells from patients with
objective response to therapy (n = 8) and those with progressive disease (n = 6). In parallel, a highly-multiplexed
combinatorial tetramer staining was used to screen antigen-specific CD8+ T cells in peripheral blood for 782 candidate
tumor neoantigens and 71 known viral-derived control peptide epitopes across all patient samples.

Results: No significant treatment- or response associated phenotypic difference were measured in bulk CD8+ T cells.
Multiplexed peptide-MHC multimer staining detected 20 different neoantigen-specific T cell populations, as well as T
cells specific for viral control antigens. Not only were neoantigen-specific T cells more frequently detected in
responding patients, their phenotypes were also almost entirely distinct. Neoantigen-specific T cells from responder
patients typically showed a differentiated effector phenotype, most like Cytomegalovirus (CMV) and some types of
Epstein-Barr virus (EBV)-specific CD8+ T cells. In contrast, more memory-like phenotypic profiles were observed for
neoantigen-specific CD8+ T cells from patients with progressive disease.
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Conclusion: This study demonstrates that neoantigen-specific T cells can be detected in peripheral blood in non-small
cell lung cancer (NSCLC) patients during anti-PD-L1 therapy. Patients with an objective response had an enrichment of
neoantigen-reactive T cells and these cells showed a phenotype that differed from patients without a response. These
findings suggest the ex vivo identification, characterization, and longitudinal follow-up of rare tumor-specific
differentiated effector neoantigen-specific T cells may be useful in predicting response to checkpoint blockade.

Trial registration: POPLAR trial NCT01903993.

Keywords: Immunotherapy, Atezolizumab, NSCLC, Tumor neoantigen-specific T cells

Background
Blockade of immune checkpoints such as PD-L1 or PD-1
can induce cancer regression through activation of T cell
responses directed against the tumor. Clinical trials with
PD-1 and PD-L1 inhibitors have demonstrated consistent
therapeutic responses in patients with advanced melanoma
and NSCLC and are currently being tested in many other
cancer types. However, despite these encouraging results,
typically only a fraction of patients show a durable response
to therapy and most patients do not derive any benefit at
all [1–4]. The lack of response upon anti-PD-1/L1 therapy
has been attributed to the absence of pre-existing anti-
tumor T cell response, which is thought to be a prerequisite
for the checkpoint blockade-mediated restoration of anti-
tumor T cell activity [5, 6]. The cellular mechanisms under-
lying activation of anti-tumor T cell responses through PD-
1/L1 blockade are not completely clear. It has been hypoth-
esized that blockade of PD-1 and PD-L1 reinvigorates
neoantigen-specific T cells resulting in killing of tumor cells
[7–10]. Neoantigens derived from tumor-specific mutations
can be presented on the surface of tumor cells and could
drive tumor-specific T cell responses. Indeed, high muta-
tional burden has been correlated with clinical response to
checkpoint blockade in multiple indications [10–13]. How-
ever, direct evidence to link induction of neoantigen-
specific T cell responses to clinical benefit during check-
point blockade is scarce [7, 10, 14]. In fact, anti-tumor T
cell responses that form the basis of checkpoint blockade-
mediated immune activation are not well-established. In
tumor infiltrates, co-expression of CD103 and CD39 has
been shown on tumor-reactive T cells in cancer patients,
and the presence of these T cells has been linked to re-
sponse to immunotherapy [15–17]. Several groups have
also attempted to investigate anti-tumor T cell responses
in peripheral blood by measuring quantitative and qualita-
tive changes in peripheral CD8+ T cells during checkpoint
blockade. For instance, expression of PD-1 has been
shown to enrich for tumor-reactive cells derived from per-
ipheral blood in some contexts [18, 19]. Others have ob-
served that pharmacodynamic changes, such as increased
Ki-67 expression in T cells in the peripheral blood, can be
suggestive of an anti-tumor T cell response. Wherry and

Ahmed groups showed that treatment with anti-PD-1 re-
sults in an increase in proliferation of CD8+ T cells in the
periphery which, however, is not completely specific to pa-
tients responding to immunotherapy [8, 9].
Despite these reports, it has been challenging to quantita-

tively and qualitatively define the characteristics of an effect-
ive anti-tumor T cell response during immunotherapy. The
presence of neoantigen-specific T cells could be one way to
measure the quality of the T cell response. However, our
understanding of neoantigen-specific T cells in human can-
cers is fairly limited. Though it has been extensively studied
in preclinical mouse models, prevalence of neoantigen-
specific T cell responses in human cancers is still poorly
understood. Their detection in human cancers has mostly
been limited to tumor tissues - an analysis that is difficult to
universally implement owing to limited availability of patient
tumor samples. In fact, the extent to which neoantigen-
reactive T cells circulate in the peripheral blood of cancer
patients and whether their phenotype and frequency change
during immunotherapy remains unclear and further insight
has been hampered due to the challenge of analyzing rare T
cell populations potentially reactive for hundreds of putative
antigen specificities [7, 10, 14]. The detection of circulating
neoantigen-specific CD8+ T cells in cancer patients has
been historically challenging due to many factors, including
the rarity of these cells in the circulation (they are likely
enriched within tumors but may or may not recirculate),
and the limitations of neoepitope candidate prediction algo-
rithms, which may result in identification of epitopes that
are not presented by the tumor cells and not immunogenic
[20, 21]. In this study, we investigated quantity and quality
of CD8+ T cell responses associated with anti-PD-L1 anti-
body (atezolizumab) treatment in PBMCs from NSCLC pa-
tients using mass cytometry and highly-multiplexed
combinatorial tetramer staining to longitudinally monitor
neoantigen-specific CD8+ T cells in patients with partial re-
sponse or progressive disease upon treatment.

Methods
Study design and patient samples
A total of 28 samples of frozen peripheral blood mono-
nuclear cells (PBMC) from 14 patients with NSCLC
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treated with atezolizumab from the POPLAR trial
NCT01903993 were used in this study [22] (POPLAR
trial, Additional file 4: Table S1). POPLAR
(NCT01903993) was a multicenter, open-label, random-
ized, phase 2 study of atezolizumab compared with do-
cetaxel in patients with NSCLC after platinum
chemotherapy failure [22]. The trial was sponsored by
Genentech, Inc., a member of the Roche Group, which
provided the study drug, atezolizumab. The protocols
and their amendments were approved by the relevant in-
stitutional review boards or ethics committees, and all
participants provided written informed consent. The
clinical trial was conducted in accordance with the Dec-
laration of Helsinki and International Conference on
Harmonization Guidelines for Good Clinical Practice:
ClinicalTrials.gov: NCT01903993 (https://clinicaltrials.
gov/ct2/show/NCT01903993). All patients had measur-
able disease at baseline. RECIST v1.1 was used to assess
response to therapy. Fourteen patients were randomly
chosen based on the availability of PBMCs for ana-
lysis and clinical response, to yield roughly equal
numbers of those who had an objective response, as
assessed by RECIST v1.1, and those who progressed
on atezolizumab therapy.

Neoantigen prediction
Whole exome sequencing data was generated from tu-
mors of 14 NSCLC patients and neoantigens were pre-
dicted as described previously [23]. Briefly, DNA for
sequencing was extracted from both tumor and PBMCs
using the Agilent SureSelect v5 (51MB) kit on a HiSeq
2500 (Illumina®) sequencer.
Somatic variants were called using a union of

Lofreq v2.1.2 [24] and Strelka calls [25]. Somatic mu-
tations were annotated for effects on transcripts using
Ensembl Variant Effect Predictor [26] on RefSeq-
based gene models.
In order to identify expressed mutations, RNAseq

alignments were tallied for somatic mutations identified
in the exome data using the tallyVariants function from
the R package VariantTools (v1.12.0; Bioconductor).
Mutations with 2 or more RNA reads concordant with
the mutation were retained, while other mutations that
did not have any evidence in RNA-seq data were dis-
carded. HLA genotyping was done on whole exome data
from PBMCs, using Polysolver [27]. For each somatic
mutation resulting in an amino acid change in a protein,
all 8-11mer peptides from the protein that contain the
mutation were considered as candidate neoepitopes. The
binding affinity of each of these candidate neoepitopes
to each HLA allele from the subject was predicted using
NetMHCcons-1.1. We chose to use NetMHCcons for
prediction because at the time of analysis of this study,
NetMHCcons performed among the best prediction

algorithms, as benchmarked by IEDB on a weekly basis.
Other methods like IEDB_consensus performed compar-
ably but not better than NetMHCcons. Neoantigen po-
tential of each mutation was predicted after identifying
HLA genotypes of the subjects, and assigning the opti-
mal HLA-neoepitope pair across all HLA alleles and 8-
11mer peptides containing the mutation, based on mini-
mum IC50 values predicted by NetMHCcons [28].

Peptide selection for tetramer generation
For tetramer generation we selected peptides predicted
to bind to the alleles expressed by selected patients that
could be tested in our system (“HLA-A*02:01”, “HLA-
A*01:01”, “HLA-A*03:01”, “HLA-A*11:01”, “HLA-A*24:
02”, “HLA-B*07:02”). An IC50 cutoff of 500 nM was
used to identify all candidate neoepitopes that may bind
to these alleles. Thus, the optimal predicted neoepitopes
may not necessarily be included in this set of peptides,
due to the specific set of alleles considered. All peptides
resulting from the predicted binding affinity IC50 value
of less than 500 nm were selected for the generation of
tetramers (Additional file 5: Table S2).

Tetramer generation
A total of 782 neoantigen peptides, synthetized by
Mimotopes, Australia, with a purity above 85%, were
used for tetramer construction (Additional file 5: Table
S2). For each of the HLA alleles in the present study, up
to 19 different control peptides (virus or patient tumor-
unrelated epitopes) were also tested (Additional file 5:
Table S2).
To screen for neoantigen-specific CD8+ T cells, a

three-metal combinatorial tetramer staining approach
was used, as described previously [29, 30]. This approach
allowed us to simultaneously analyze hundreds of mul-
tiple candidate neoantigen peptides in a single patient
sample using limited amount PBMCs without the need
to stimulate or culture the cells (outlined in Additional
file 1: Figure S1). Briefly, specific peptide-MHC class I
complexes were generated by incubating UV-cleavable
peptide–MHC class I complexes in the presence of indi-
vidual candidate antigens. For the generation of a triple-
coded tetramer staining mixture, three out of 12 differ-
ently heavy metal-labelled streptavidins were randomly
combined resulting in a total of 220 unique barcode
combinations. For internal validations we set-up a sec-
ond configuration staining using a completely different
barcoding scheme [30]. For tetramerization, these mix-
tures were incubated with the exchanged peptide–MHC
complexes at a final molar ratio of 1:4 (total streptavidin:
peptide–MHC). The tetramerized peptide–MHC com-
plexes were combined, concentrated (10 kDa cutoff fil-
ter) and exchanged into cytometry buffer (PBS, 2% fetal
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calf serum, 2 mM EDTA, 0.05% sodium azide) before
staining the cells.

Phenotypic panel set-up
Purified antibodies lacking carrier proteins (100 μg/anti-
body) were conjugated to MAXPAR® DN3 metal chelat-
ing polymers loaded with heavy metal isotopes
according to the manufacturer’s recommendations (Flui-
digm). A specific antibody staining panel was set up con-
sisting of lineage markers (CD45, CD14, TCRγδ, CD3,
CD4, CD8, CD56, CD16), descriptive markers (CD57,
HLA-DR, CD49a, CD69, CD45RO, OX40, CD103,
CD38, KLRG-1, ICOS, TIGIT, CD27, PD-1, Tim-3,
CD127, CD161, CCR7, CD25, 2B4, CD28, CD39) (Add-
itional file 6: Table S3), labels for live/dead discrimin-
ation (cisplatin) and DNA (iridium intercalator), as well
as five channels for different palladium metals used for
sample barcoding. All labelled antibodies were titrated
and tested by assessing the relative marker expression
intensity on relevant immune cell subsets in PBMC from
healthy donors.

Sample staining and acquisition
Samples were thawed at 37 °C and transferred into
complete RPMI medium 10% hiFCS (fetal calf serum), 1%
penicillin/streptomycin/glutamine, 10mM HEPES, 55 μM
2-mercaptoethanol (2-ME) supplemented with 50U/ml
Benzonase (Sigma) and immediately processed for stain-
ing. Since considerable variation in sample quality was ob-
served, a sorting step was implemented for some of the
samples to overcome poor sample quality, which may re-
sult in higher background or cell loss during sample stain-
ing. Therefore, cells were stained with fluorescently-
conjugated (allophycocyanin, APC) anti-human CD45
antibodies (BioLegend) and Live/Dead (ThermoFisher)
cell stain on ice for 20min. Subsequently cells were
washed twice and live CD45-positive lymphocytes were
sorted using an ARIA II flow cytometry cell sorting device
(Beckton Dickinson). Sorted cells were then added to
healthy donor PBMC to reach a minimum of 3 × 106 cells
per staining condition. To discriminate live from dead
cells, each sample was incubated for 5min on ice in
200 μM cisplatin. Cells were then washed and stained with
100 μl of tetramer cocktail for 1 h at room temperature
(RT). For antibody staining, samples were stained with a
primary fluorescently-labelled anti-TCRγδ antibody for
30min on ice, washed twice, then incubated with 50 μl of
metal-labelled antibody cocktail for 30min on ice,
followed by fixing in 2% paraformaldehyde in PBS over-
night at 4 °C. Samples were then washed once in
permeabilization buffer and barcoded with a unique com-
bination of two distinct barcodes for 30min on ice. Cells
were washed once, incubated in cytometry buffer for 5
min, and then resuspended in 250 nM iridium intercalator

(DNA staining) in 2% paraformaldehyde/PBS at RT. Cells
were washed and samples from each patient were pooled
together with 1% polystyrene bead standards (EQ™ Four
element calibration beads, Fluidigm) for acquisition on a
HELIOS mass cytometer (Fluidigm).

Data and statistical analyses
Signals for each parameter were normalized based on
equilibration beads (EQ™ Four Element Calibration
Beads, Fluidigm) added to each sample [31]. Since mass
cytometry provides absolute quantitation of isotopic
metal labels bound to each cell, metal-conjugated anti-
bodies that are not detected on single cells are measured
as zero value. To improve visualization of cells displayed
in a compressed 2-dimensional dot plot, we randomized
the signal of zero into values between − 1 and 0 using R
with flow Core package; this data processing does not
affect further downstream analysis. Each sample was
manually de-barcoded followed by gating on live CD8+
T cells (CD45+,DNA+,cisplatin-,CD3+ cells) after gating
out Natural killer (NK) cells (CD56+,CD16+), monocytes
(CD14+) and TCRγδ cells (CD3+,TCRγδ+) using FlowJo
software (Tree Star Inc). APC-CD45-sorted patient sam-
ples could be distinguished from healthy donor PBMCs
used for buffering through the inclusion of a heavy
metal-labeled anti-APC antibody in the antibody staining
cocktail (Additional file 6: Table S3). Patient samples
were identified by gating on positive events in the anti-
APC channel.
For the detection of triple-tetramer-positive cells we

used an automated peptide-MHC gating strategy as pre-
viously described [30]. A cut off threshold (detection
threshold based on total CD8+ T cell counts in each in-
dividual sample) was defined for the numbers of events
to be detected in each staining configuration (≥2 for 2
configurations, ≥4 for 1 configuration staining). Events
that did not pass the detection threshold were not taken
into consideration for the subsequent criteria. For the
analysis provided in the main figures, hits were consid-
ered when the frequencies of specific CD8+ T cell were
greater than events from the CD4+ T cell gate or when
we observed a high degree of correspondence between
the two tetramer staining configurations (less than two-
fold difference in ratio between the frequencies). To ob-
jectively assess the degree of confidence in calling each
of these hits, we used additional metrics that are sum-
marized below. The results of this analysis for each of
the hits are summarized in Additional file 7: Table S4.

(i) Phenotypic homogeneity. To assess phenotype
skewing of antigen-specific T cells we assessed
phenotypic uniformness of target cells against a ran-
dom set of unspecific bulk T cells through their
position in the high dimensional space.
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(ii) Frequency in patient samples versus healthy donor
PBMC background (for neoantigens only). The
frequencies of neoantigen-specific CD8+ T cell
events in the patient sample were compared to the
number of events in the corresponding gate in
healthy donor PBMCs that were included in the
same staining approach.

Phenotypic profiles were displayed using t-Distributed
Stochastic Neighbor Embedding (t-SNE) for high-
dimensionality reduction and heat-maps. For t-SNE, the
cell events of all samples were down-sampled to a max-
imum number of 20,000 CD8+ T cells per sample. t-
SNE analysis was carried out by using an R script that
uses the “flowCore” and “Rtsne” CRAN R packages for
an efficient implementation of t- SNE via the Barnes-
Hut approximations as previously described [29]. In R,
all data were transformed using the “logicleTransform”
function by using the “flowCore” package (parameters:
w = 0.25, t = 16,409, m = 4.5, a = 0). Bar graphs were gen-
erated using Graphpad Prism software and heat maps
were generated using custom R-scripts. Dot plots and t-
SNE plots were displayed using Flowjo.

Results
No significant treatment- or response-associated
differences in profile of bulk CD8+ T cells in NSCLC
patients treated with atezolizumab
To investigate the effects of PD-L1 blockade on overall T
cell responses during cancer immunotherapy, we per-
formed a mass cytometry-based analysis of CD8+ T cells
derived from PBMCs from a cohort of 14 NSCLC patients
treated with atezolizumab. Of these patients, eight and six
were objectively classified as responders and non-
responders, respectively [22]. PBMC samples from indi-
vidual patients taken at baseline and/or during treatment
were thawed, stained and barcoded together using a panel
of up to 29 markers dedicated to T cell identification and
profiling, including several markers of activation and co-
stimulation, as well as inhibitory molecules and markers
associated with T cell dysfunction. After acquisition, sam-
ples were de-barcoded into individual patient time points
and gated on live CD8+ T cells followed by downstream
analysis of marker expression profiles.
For those patients with samples taken both pre-

and on-treatment with atezolizumab (six responders
and three non-responders), we assessed whether pre-
treatment phenotypic profiles of CD8+ T cells dif-
fered between responding and non-responding pa-
tients. As summarized in Fig. 1a, frequency of most
of the markers on CD8+ T cells did not significantly
differ between the two groups.
We next separated T cells into subpopulations based on

stages of T cell differentiation and activation and compared

their frequencies at baseline and post atezolizumab treat-
ment in responder and non-responder groups. Comparison
of naïve (CD45RO-,CCR7+), central memory (CD45RO+,
CCR7+), effector memory (CD45RO+,CCR7-), effector
(CD45RO-,CCR7-), and activated cells (CD38+,CCR7-)
from both groups did not show any significant differences
(Fig. 1b), which could however be due to the relatively small
numbers of samples.
We next applied the t-SNE algorithm [32, 33] for a

high-dimensional visualization of the total phenotypes
from the two groups before and after therapy initiation
(Fig. 1c, Additional file 2: Figure S2). Consistent with
previous findings [8, 9], we observed that CD8+ T cells,
whether from responders or non-responders, are com-
prised of heterogeneous cell populations based on differ-
ential expression intensities for each phenotypic marker
across the total CD8+ T cell population. Representative
results from patients in the responder and non-
responder groups are shown in Fig. 1c. To study poten-
tial treatment-associated changes within the responder
and non-responder group, we compared frequencies of
expression of all markers at both time points (baseline
and on-treatment). In this dataset we did not detect sig-
nificant differences in pre- versus on-treatment pheno-
types of CD8+ T cells derived from individual patients
treated with atezolizumab (Fig. 1d), and it is possible
that the current dataset is too limited to reach statistical
significance and that future studies will be needed to as-
sess the robustness of these observations. Nonetheless,
our results underline the challenges of using broad
phenotypic profiling of bulk CD8+ T cells to identify
correlates of clinical response at baseline or to assess
biological activity of atezolizumab in NSCLC patients.

Neoantigen-specific peripheral CD8+ T cells are enriched
in NSCLC patients responding to treatment with
atezolizumab
We investigated presence of neoantigen-specific CD8+ T
cells in PBMC from responders and non-responders to
better understand the effects of atezolizumab treatment
on these cells. Accurate prediction of immunogenic
neoepitopes has proven challenging, and typically only a
fraction of predicted neoantigens are ultimately validated
as truly immunogenic [14, 30, 34]. To sensitively detect
neoantigen-specific CD8+ T cells ex vivo without an in
vitro culture or stimulation bias, we used a mass
cytometry-based combinatorial triple-coded multiplexed
peptide-MHC tetramer staining approach, as previously
described [29, 30, 35]. We conducted whole exome se-
quencing (WES) of DNA from tumor and matched nor-
mal blood samples from all 14 atezolizumab-treated
patients. Tumor neoepitopes were predicted based on
potential for MHC class I binding to patient-specific
HLAs and selected for testing based on confirmed gene
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Fig. 1 (See legend on next page.)
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expression in the tumor (see Methods). This pipeline
yielded MHC-tetramers for 782 peptides predicted to
bind to 6 different patient HLA alleles: HLA-A*02:01,
HLA-A*03:01, HLA-A*11:01, HLA-A*01:01, HLA-A*24:
02 and HLA-B*07:02. In addition, we tested up to 19 dif-
ferent non-tumor control peptides per HLA for each
sample (Additional file 5: Table S2). The average num-
ber of neoepitopes screened in responder and non-
responder patient samples were 61 and 50, respectively,
with a range of 1 to 139 neoepitopes per patient.
For the identification of antigen-specific T cells we

used an automated combinatorial peptide-MHC gating
strategy and defined objective criteria based on the de-
tection limit, background noise, and consistency of tech-
nical replicates for a bona fide hit calling (see methods
for details). Figure 2a shows an example of the identifi-
cation of antigen-specific CD8+ T cells using two differ-
ent tetramer staining configurations in NSCLC patient
responding to atezolizumab therapy (Patient 3). PBMC
samples from this patient obtained before and during
treatment were screened for a total of 126 neoantigen
candidates and 30 viral-specific nontumor control pep-
tides. We detected a significant fraction of CD8+ T cells
specific for an HLA-A*03:01-restricted neoantigen
(RLDSTLLLY) present at initiation of the treatment
(cycle 1, day 1) and also during treatment (cycle 4,
day1), 0.65 and 0.5%, respectively). In addition, we de-
tected T cells specific for one HLA-A*02:01-restricted
EBV epitope at both cycles (BRFL-1, 0.039 and 0.037%
of CD8+ T cells, respectively) and for one HLA-A*03:
01-restricted influenza epitope at cycle 1 day 1 (NP,
0.018% of CD8+ T cells) in the same patient (Fig. 2b and
see also Additional file 8: Table S5).
Amongst all 782 candidate tumor epitopes screened,

we identified T cells reactive for 13 different neoantigens
across all responders (five out of eight responders) and 7
neoantigen specificities across the non-responders (three
out of six non-responders) (Fig. 2c, Additional file 9:
Table S6). The frequency of neoantigen-specific CD8+ T
cell ranged from as low as 0.01% to as high as 0.65% of
CD8+ T cells (Fig. 2d) with a range of 1 to 8 neoepitope
hits per patients. In most cases, we were able to reach a
limit of detection of 0.02%; in some cases, T cells against
neoepitopes could have been missed because of the

higher limit of detection due to acquisition of fewer vi-
able PBMC.
In summary, these data show a trend toward greater

abundance of neoantigen-specific T cells in patients
responding to atezolizumab treatment, with 13 out of 20
hits detected in responders. Also, neoantigen-specific T
cell responses are further enriched post treatment in re-
sponders. Although validation in a larger study will be
required, these findings do suggest that the presence of
neoantigen-specific T cell responses at baseline or their
expansion post-treatment could be associated with clin-
ical response to checkpoint blockade.

Neoantigen-specific CD8+ T cells in responder patients
show a highly differentiated effector phenotype
Information on immune profiles of neoantigen-specific
T cells is scarce as technical difficulties have impeded
in-depth phenotyping of rare antigen-specific T cells in
the past. Utilizing an antibody panel designed for CD8+
T cell profiling, we analyzed the phenotypes of all
neoantigen-reactive T cells detected in either patient
group in order to unravel potential qualitative differ-
ences in the nature of tumor-specific T cell responses.
To objectively compare the phenotypes of antigen-
specific T cells derived from different patients and time
points, we determined the frequencies of cells expressing
22 distinct markers, using virus-specific T cells identified
in these patients as benchmarks (Fig. 3a, Additional file
9: Table S6). Across patients, T cells specific for neoanti-
gens displayed diverse phenotypic profiles with varying
frequencies of cells expressing activation, co-stimulatory
or inhibitory marker molecules. Interestingly, T cell phe-
notypes were mostly similar when pre- versus post-
treatment samples from the same patient were com-
pared (viz., Patients 3, 6, and 10, Fig. 3a and Additional
file 3: Figure S3). However, among responders, CD8+ T
cell phenotype was skewed toward higher expression of
KLRG-1, 2B4, CD57, CD161, TIGIT, and CD25 than
seen in non-responders, reflecting a late-differentiated
effector phenotype. In contrast, the majority of antigen-
specific T cells detected in non-responders showed a
trend toward a higher expression of CD127, CD28,
CD27, and CCR7 (Fig. 3b). Notably, amongst the re-
sponders we also detected neoantigen-specific T cells in

(See figure on previous page.)
Fig. 1 No difference in bulk CD8+ T cells phenotype at baseline or following treatment between atezolizumab responders and non-responders.
a Frequencies of CD8+ T cells positive for all assessed marker molecules at baseline. b Frequencies of major CD8+ T cell subsets (naïve: CD45RO-
,CCR7+; central memory: CD45RO+,CCR7+; effector memory: CD45RO+,CCR7-; effector: CD45RO-,CCR7-; and activated cells: CD38+/CCR7-) at
baseline and on atezolizumab treatment. Each dot represents a patient. c Representative t-SNE map visualizing CD8+ T cells from one responder
and one non-responder at baseline and on atezolizumab treatment with related plots showing relative position of cells expressing CD45RO, CCR7
and CD38. d Frequencies of CD8+ T cells positive for all analyzed markers at baseline and on atezolizumab treatment. Data shown from
responders (green, n = 6) and non-responders (blue, n = 3)
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one patient that were characterized by an activated
phenotype (high HLA-DR and CD38 expression) as well
as a high expression of PD-1 and CD39 (Fig. 3c). The
expression of PD-1 and CD39 has recently been de-
scribed in neoantigen-specific tumor-infiltrating lympho-
cytes (TILs) from colorectal cancer patients, and CD39
has been proposed as a marker for tumor-specific T cells
[17, 29]. In addition, the expansion of CD39+ cells in
the blood of patients receiving checkpoint blockade ther-
apy has been reported [8], suggesting the CD39 expres-
sion we observed may be linked to recent treatment
with atezolizumab.
In order to meaningfully compare the phenotypes of

neoantigen-specific T cells with benchmark cancer-
unrelated, virus-specific T cells derived from responder
and non-responder patients, we reduced the high dimen-
sionality of the dataset and plotted the phenotypic infor-
mation from Fig. 3a as principal component analysis
(PCA) showing the first two principal components in a
two-dimensional graph. In this analysis, we also included
data points from cancer-unrelated virus-specific T cells
that were identified in all patients from the cohort (with
or without detectable neoantigen specificities). The phe-
notypes of all antigen-specific T cells detected in this co-
hort could be segregated into three distinct arbitrary
clusters with different degrees of overlap between the
neoantigen and virus antigen-specific T cell populations
(Fig. 4a). We found that 80% of the neoantigen-specific
T cells from the responder group mapped within Cluster
1 and Cluster 3, while 75% of the neoantigen-specific T
cells from non-responder patients were detected in Clus-
ter 2 (Fig. 4b and c). Interestingly, Cluster 1 also con-
sisted mainly of CMV-specific T cells, whereas Cluster 3
only included EBV-specific T cells. In contrast, a mix-
ture of EBV- and influenza-specific T cells mapped
within Cluster 2 (Fig. 4b and c).
The phenotypic segregation of neoantigen-specific T

cells according to patients’ clinical response to atezolizu-
mab treatment suggests these different functional char-
acteristics could be critical to the response. Specifically,

the late-differentiated CMV-specific T effector like
phenotype (CD57-high, KLRG-1-high and 2B4-high, Fig.
4d) also seen in the majority of the neoantigen-specific
T cells from atezolizumab responders may be associated
with senescent cells with highly cytotoxic and strong
anti-tumor activity [36]. In contrast, the neoantigen-
specific T cells found within the non-responder group
more often displayed a memory-like phenotype (CD27-
high, CD28-high, and CD127-high) and may be less ef-
fective in carrying out an anti-tumor response.

Discussion
This study was conducted to evaluate treatment-
associated and response-associated changes in circulat-
ing neoantigen-specific T cells in NSCLC patients
treated with atezolizumab. We used a multiplexing
method for ex vivo identification and profiling of
antigen-specific CD8+ T cells. We measured both quan-
titative (number of unique neoantigens hits, frequency of
neoantigen-specific T cells) and qualitative (phenotype
of neoantigen-specific T cells) properties of neoantigen-
specific T cells and compared them phenotypically with
CMV, EBV and influenza virus-specific CD8+ T cells
found in the same group of patients.
Our findings bring new insight into the development

of neoantigen-specific responses in cancer immunother-
apy. In responder patients, we identified a heterogeneous
population of neoantigen-specific CD8+ T cells with a
late effector-like phenotype, which may be indicative of
the functional state necessary to target antigens in the
tumor. The observation that neoantigen-specific T cells
are skewed towards specific functional phenotypes in pa-
tients with clinical response suggests that mere presence
of endogenous tumor-reactive T cells may not be suffi-
cient and that the quality of neoantigen-specific T cells
could be a critical factor in predicting clinical outcome
upon immunotherapy.
One of the advantages of our approach is to be able to

screen for numerous antigen specificities with an ex-
tremely sensitive level of detection. This is critical

(See figure on previous page.)
Fig. 2 Neoantigen-specific T cells are enriched in patients responding to atezolizumab treatment. a Schematic overview of the multiplexed
tetramer staining approach and corresponding example of identification of triple positive neoantigen and virus-specific T cells from a
representative responder patient at baseline levels (cycle 1 day 1) in two staining configurations. Screening for antigen-specific CD8+ T cells was
performed by using a mass cytometry-based multiplex triple coding tetramer staining approach assessing 153 candidate antigens, 126
neoantigens, and 30 cancer-unrelated control antigens for this patient. Each peptide-MHC was labelled with a unique combination of three heavy
metal-streptavidin labels. b Same patient before (detection threshold 0.007%) and post atezolizumab treatment (detection threshold 0.009%). T
cells specific for one neoantigen and two viral epitopes were identified based on the detection criteria set (see also Methods). t-SNE plots are
based on the expression of all phenotypic markers. Relative expression levels of CCR7 and CD45RO are shown. c Total number of unique
neoantigen-specific CD8+ T cells (hits) detected from a total of 782 neoantigen candidates within the responders (n = 8 patients) and non-
responders (n = 6 patients) groups. d Frequencies of all neoantigen-specific CD8+ T cells detected within the responders (13 neoantigens) and
non-responders (7 neoantigens) group pre- and post- atezolizumab treatment. The frequencies of T cells specific for neoantigens ranged from as
low as 0.01% to as high as 0.65% of total CD8+ T cells. For patients where baseline sample was available but no antigen-specific T cells were
detected are shown as N.D. Abbreviations: N.D., not detected; PR, responders; PD, non-responders
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because first only a minor fraction of tumor mutations
are truly immunogenic [20, 37, 38] and second their fre-
quencies are extremely low in peripheral blood [10, 12,
14]. In most previous studies, detection of neoantigen-
specific cells was feasible only after cell expansion or re-
stimulation [37, 38]; however, although functional assays
are useful, ex vivo stimulation/culture is likely to lead to
alteration of surface markers on the T cells and thus
may not be able to inform on the true phenotype of T
cells in vivo The ex vivo approach used here was sensi-
tive enough to detect and characterize several
neoantigen-specific T cell populations in patient PBMC,
in most cases achieving a threshold of detection < 0.01%
of CD8+ T cells. In our study, the patient-wide discovery
rate was 20 unique hits out of 782 total neoantigen can-
didates tested, or 2.5%. This is within the range of previ-
ously reported studies analyzing ex vivo neoantigen-
specific T cells, including those in TILs (for example, 0.5
to 2%, [39, 40]. The detection of some of these hits in
multiple samples from the same patients, supports the
reliability of the method and findings.
Although the number of neoantigen candidates pre-

dicted did not differ between responders and non-
responders, the majority of CD8+ T cell responses against
these neoantigens were found in patients with objective
response to treatment. Overall, most of the phenotypic
differences in neoantigen-specific cells observed in this
study were reflective of patient clinical response to atezoli-
zumab. Somewhat surprisingly, other than a few de novo
hits detected post checkpoint inhibition in a couple of pa-
tients with partial response, we did not find many
treatment-associated changes in those patients where a
longitudinal follow-up was possible. Circulating frequen-
cies of those neoantigen-specific T cells detected both be-
fore and after treatment were also similar, and we saw
only minor changes in their phenotype, namely an in-
crease in the activation markers CD57 and KLRG1 (see
for example patient 3 and patient 6, Additional file 3: Fig-
ure S3). It is possible that the impact of treatment with re-
spect to frequency and phenotype of tumor-reactive T
cells is more prominent in the tumor microenvironment.
In fact, pharmacodynamic changes in peripheral T cells
during checkpoint blockade have not been clearly defined.

Our previous study in preclinical tumor models aimed at
characterizing the biological activity of checkpoint inhibi-
tors showed that neoantigen-specific T cells in the tumor
were reinvigorated and expanded upon treatment, where
these specific T cells were previously most exhausted [29].
Observations from our current study may indicate that
pre-existing, effector, tumor-reactive CD8+ T cells could
be a prerequisite for anti-PD-L1 clinical efficacy, and
blockade of PD-1/PD-L1 engagement may enable activa-
tion of CD8+ T cells in the tumor tissue, without radically
perturbing their profile in the periphery.
The neoantigen-specific T cells in responder patients

were universally characterized by relatively high expres-
sion of the activation markers CD161, TIGIT, 2B4 and
KLRG1. CCR7 expression was also significantly lower than
in non-responders. The expression of CD28 and CD27
has previously been shown to distinguish subsets of differ-
entiated CD8+ T cells where downregulation of CD27 and
CD28 was associated with late-differentiated CD8+ T cells
[41]. Interestingly, some of the neoantigen-specific T cells
from patients responding to atezolizumab in this study,
also showed low level of expression of CD27, CD28 and
CD127. Furthermore, these late-effector and effector-
memory phenotypes have also been previously described
in tumor-reactive TILs during T cell therapy [42]. Con-
versely, recent studies have also demonstrated that adop-
tively transferred transgenic T cells shift from a memory
to a terminally differentiated effector phenotype over time
[43]. These characteristics are indicative of functional,
cytotoxic T cell populations like those capable of control-
ling persistent viral infections [41]. They imply recent
antigen experience and suggest that an effective anti-
tumor T cell response may be ongoing in these patients as
suggested in previous studies in Hepatitis B virus infected
patients [35]. Because of their limited proliferative abilities,
however, differentiated effector T cells could be difficult
to detect using assays and markers which rely on T cell
expansion, and therefore might have been previously
under-reported, yet critical for response to
immunotherapy.
One limitation of our study is the small number of

paired pre- and post-treatment patient samples. The small
sample size prevented a statistically robust assessment of

(See figure on previous page.)
Fig. 3 Neoantigen-specific T cells in atezolizumab responder patients show a more differentiated effector phenotype. a Heatmap representing
frequency of antigen-specific CD8+ T cells positive for all phenotypic markers analyzed. Results for all neoantigen-specific and virus-specific CD8+
T cells detected in individual patients are shown, grouped by responders and non-responders. Markers are ordered based on unsupervised
hierarchical clustering. Numbers in brackets correspond to unique neoantigens detected in each patient. b The first two components obtained
from PCA of percentages of neoantigen-specific T cells for each marker are plotted for each hit (left). Boxplots show the trends toward a higher
number of neoantigen-specific T cells positive for CD27, CD28, CD127, and CCR7 in the non-responder group and 2B4, KLRG-1, CD57, CD161,
TIGIT, and CD25 in the responder group, respectively (Wilcoxon signed rank test). c Biaxial dot plots showing an example of neoantigen-specific T
cells displaying an activated phenotype with co-expression of PD-1 and CD39. t-SNE plots are based on the expression of all phenotypic markers.
Relative expression levels of CCR7 and CD45RO are shown. Data shown from Patient 4 (red, neoantigen-specific T cells; blue, EBV-specific T cells;
grey, bulk CD8+ T cells)
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treatment and/or response-associated changes within cir-
culating bulk CD8+ T cells and the limited availability of
PBMC samples made it difficult to perform any additional
functional assessment of the antigen-specific T cells. A
direct comparison between nature and number of
neoantigens-specific T cells in TILs and circulating PBMC
in treated patients also remains of great interest but was
not feasible in our settings.

Conclusions
In conclusion, we have shown that neoantigen-specific T
cells can be detected in peripheral blood in NSCLC pa-
tients during anti-PD-L1 therapy. Patients with an ob-
jective response had an enrichment of neoantigen-
reactive T cells and these cells showed a phenotype that
differed from patients without a response. Specifically,
neoantigen-reactive T cells in patients with an objective
response to atezolizumab have a differentiated effector
phenotype, similar to that of CMV and/or EBV-specific
CD8+ T cells. These observations imply that the unique
phenotype of neoantigen-specific T cells and their re-
semblance to CMV-reactive T cells in responding pa-
tients may reflect the functional state of these T cells
and their ability to attack tumor cells. Should further
validation extend and confirm these findings, detection
of effector, tumor-reactive T cells in the periphery could
be developed to support patient selection for immune
checkpoint inhibition strategies.

Additional files

Additional file 1: Figure S1. Outline of methodology used for
generating peptide-MHC tetramers and staining patient PBMCs. 1) Prepar-
ation of patient-specific peptide set and UV-cleavable peptide-MHC
monomers. 2) UV-induced peptide exchange. 3) Preparation of randomly
mixed triple streptavidin combinations. 4) Tetramerization of individual
patient-specific peptide MHC monomers. 5) Combination of tetramerized
peptide-MHC complexes and preparation of antibody mixture. 6) Sample
thawing and direct staining with tetramers and antibody mixture for
CyTOF analysis. (PDF 252 kb)

Additional file 2: Figure S2. High-dimensional immune profiles of
CD8+ T cells from atezolizumab treated responders and non-responders.
t-SNE maps display relative expression intensities of all phenotypic
markers assessed. Shown are representative plots for CD8+ T cells and
total CD45+ immune cells from one responder and one non-responder
combined at baseline and on atezolizumab treatment. (PDF 25443 kb)

Additional file 3: Figure S3. Phenotypic profiles of neoantigen-specific T
cells in patients pre- and post atezolizumab treatment. Heatmaps show me-
dian expression intensities of all phenotypic markers probed in samples de-
rived from the same patients. Markers are ordered based on unsupervised
hierarchical clustering. (PDF 510 kb)

Additional file 4: Table S1. Patient characteristics and list of PBMC
samples selected for the current analysis from the POPLAR trial. (XLSX 11 kb)

Additional file 5: Table S2. Tab 1, Number of neoantigen and viral
specific tetramers generated for each patient sample. Tab 2, Complete list
of peptides used to generate tetramers with their corresponding HLA
alleles and predicted binding affinity. (XLSX 41 kb)

Additional file 6: Table S3. List of antibodies, their clone information
and heavy metal tags used in the staining panel for CyTOF. (XLSX 12 kb)

Additional file 7: Table S4. Complete list of tetramer hits for CD8+ T
cells and information on additional metrics that were monitored for each
hit. (XLSX 11 kb)

Additional file 8: Table S5. Neoantigen and virus epitope hits detected
for patient 3. (XLSX 10 kb)

Additional file 9: Table S6. Complete list of all tetramer positive hits
detected for neoantigens and viral epitopes for all patients in the current
study. (XLSX 12 kb)

Acknowledgements
We would like to thank Jessica Li and Leesun Kim (Oncology Biomarker
Development, Genentech) for their valuable inputs in designing of the study
and help with the data interpretation.

Authors’ contributions
MY conceived and supervised the study. MY, MF, AN and EN planned the study
with support from WEO and PSH. MY, MF, AN and EN wrote the manuscript. MF,
HS and BHL conducted experiments. MF, AN and EN analyzed data. SJ and EB
provided bioinformatics support. SF, MK and MB Provided clinical data and study
operations support. All authors provided critical feedback and helped shape the
research, analysis and manuscript. All authors read the paper and concur with
the submission. All authors read and approved the final manuscript.

Funding
The trial was sponsored by Genentech, Inc., a member of the Roche Group,
which provided the study drug, atezolizumab and funded the whole study.

Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article and its additional files.

Ethics approval and consent to participate
Participants provided informed consent to participate in the study. The trial
was sponsored by Genentech, Inc., a member of the Roche Group, which
provided the study drug, atezolizumab. The protocols and their amendments
were approved by the relevant institutional review boards or ethics
committees, and all participants provided written informed consent. The
clinical trial was conducted in accordance with the Declaration of Helsinki
and International Conference on Harmonization Guidelines for Good Clinical
Practice: ClinicalTrials.gov: NCT01903993 (https://clinicaltrials.gov/ct2/show/
NCT01903993).

(See figure on previous page.)
Fig. 4 Neoantigen-specific T cells in atezolizumab responders are skewed towards a late differentiated CMV-like phenotype. a PCA of all
neoantigen-and virus-specific CD8+ T cells hits identified in this study. PCA is based on phenotypic profiling (percent of antigen-specific CD8+ T
cells positive for the markers shown in Fig. 3a). The distribution pattern of all hits across the first two principal components allows for an
annotation of three distinct clusters. b The majority of the neoantigen-specific T cells from the responder group are located within Cluster 1 and
3, whereas most of the neoantigen-specific T cells from non-responder patients are detected in Cluster 2. CMV-specific T cells were mostly found
in Cluster 1, EBV- and influenza-specific T cells mapped within Cluster 2 and 3. Labels are according to patient response and virus-specificity. c Pie
chart summarizing the data shown in 4B: top, number of neoantigen hits; bottom, number of viral hits for each PCA cluster. d Graphical
representation of the most differentially expressed markers of all virus-specific CD8+ T cells in the three PCA clusters; Bubble size is proportional
to mean frequencies of all virus-specific CD8+ T cells positive for the indicated marker in any given cluster

Fehlings et al. Journal for ImmunoTherapy of Cancer           (2019) 7:249 Page 13 of 15

https://doi.org/10.1186/s40425-019-0695-9
https://doi.org/10.1186/s40425-019-0695-9
https://doi.org/10.1186/s40425-019-0695-9
https://doi.org/10.1186/s40425-019-0695-9
https://doi.org/10.1186/s40425-019-0695-9
https://doi.org/10.1186/s40425-019-0695-9
https://doi.org/10.1186/s40425-019-0695-9
https://doi.org/10.1186/s40425-019-0695-9
https://doi.org/10.1186/s40425-019-0695-9
http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT01903993
https://clinicaltrials.gov/ct2/show/NCT01903993


Consent for publication
All authors read the paper and concur with the submission.

Competing interests
M.Y., S.J., B.O., M.B., S.F. and P.H. are employees and stockholders of
Genentech/Roche.
A.N., M.F., H.S. and B.H.L. are employees and stockholders of immunoSCAPE
Pte Ltd. A.N. and E. N. are stockholders and Board Directors of
immunoSCAPE Pte Ltd.

Author details
1Genentech, 1 DNA way, South San Francisco, CA 94080, USA.
2immunoSCAPE Pte Ltd, Singapore, Singapore. 3Agency for Science,
Technology and Research (A*STAR), Singapore Immunology Network (SIgN),
Singapore, Singapore.

Received: 23 April 2019 Accepted: 25 July 2019

References
1. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.

Science. 2018;359(6382):1350–5.
2. Sanmamed MF, Chen L. A paradigm shift in Cancer immunotherapy: from

enhancement to normalization. Cell. 2018;175(2):313–26.
3. Sharma P, Allison JP. The future of immune checkpoint therapy. Science.

2015;348(6230):56–61.
4. Topalian SL, Drake CG, Pardoll DM. Immune checkpoint blockade: a

common denominator approach to cancer therapy. Cancer Cell. 2015;
27(4):450–61.

5. Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, et al.
Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in
cancer patients. Nature. 2014;515(7528):563–7.

6. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al. PD-
1 blockade induces responses by inhibiting adaptive immune resistance.
Nature. 2014;515(7528):568–71.

7. George S, Miao D, Demetri GD, Adeegbe D, Rodig SJ, Shukla S, et al. Loss of
PTEN is associated with resistance to anti-PD-1 checkpoint blockade therapy
in metastatic uterine Leiomyosarcoma. Immunity. 2017;46(2):197–204.

8. Huang AC, Postow MA, Orlowski RJ, Mick R, Bengsch B, Manne S, et al. T-cell
invigoration to tumour burden ratio associated with anti-PD-1 response.
Nature. 2017;545(7652):60–5.

9. Kamphorst AO, Pillai RN, Yang S, Nasti TH, Akondy RS, Wieland A, et al.
Proliferation of PD-1+ CD8+ T cells in peripheral blood after PD-1-
targeted therapy in lung cancer patients. Proc Natl Acad Sci U S A.
2017;114(19):4993–8.

10. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al.
Cancer immunology. Mutational landscape determines sensitivity to PD-1
blockade in non-small cell lung cancer. Science. 2015;348(6230):124–8.

11. Lee CH, Yelensky R, Jooss K, Chan TA. Update on tumor Neoantigens
and their utility: why it is good to be different. Trends Immunol. 2018;
39(7):536–48.

12. Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, et al.
Genetic basis for clinical response to CTLA-4 blockade in melanoma. N Engl
J Med. 2014;371(23):2189–99.

13. Yarchoan M, Johnson BA 3rd, Lutz ER, Laheru DA, Jaffee EM. Targeting
neoantigens to augment antitumour immunity. Nat Rev Cancer. 2017;
17(4):209–22.

14. van Rooij N, van Buuren MM, Philips D, Velds A, Toebes M, Heemskerk B,
et al. Tumor exome analysis reveals neoantigen-specific T-cell reactivity in
an ipilimumab-responsive melanoma. J Clin Oncol. 2013;31(32):e439–42.

15. Djenidi F, Adam J, Goubar A, Durgeau A, Meurice G, de Montpreville V, et al.
CD8+CD103+ tumor-infiltrating lymphocytes are tumor-specific tissue-
resident memory T cells and a prognostic factor for survival in lung cancer
patients. J Immunol. 2015;194(7):3475–86.

16. Duhen T, Duhen R, Montler R, Moses J, Moudgil T, de Miranda NF, et al.
Co-expression of CD39 and CD103 identifies tumor-reactive CD8+ T cells in
human solid tumors. Nat Commun. 2018;9(1):2724.

17. Simoni Y, Becht E, Fehlings M, Loh CY, Koo SL, Teng KWW, et al. Bystander
CD8(+) T cells are abundant and phenotypically distinct in human tumour
infiltrates. Nature. 2018;557(7706):575–9.

18. Gros A, Parkhurst MR, Tran E, Pasetto A, Robbins PF, Ilyas S, et al. Prospective
identification of neoantigen-specific lymphocytes in the peripheral blood of
melanoma patients. Nat Med. 2016;22(4):433–8.

19. Gros A, Robbins PF, Yao X, Li YF, Turcotte S, Tran E, et al. PD-1 identifies the
patient-specific CD8(+) tumor-reactive repertoire infiltrating human tumors.
J Clin Invest. 2014;124(5):2246–59.

20. Bjerregaard AM, Nielsen M, Jurtz V, Barra CM, Hadrup SR, Szallasi Z, et al. An
analysis of natural T cell responses to predicted tumor Neoepitopes. Front
Immunol. 2017;8:1566.

21. Vitiello A, Zanetti M. Neoantigen prediction and the need for validation.
Nat Biotechnol. 2017;35(9):815–7.

22. Fehrenbacher L, Spira A, Ballinger M, Kowanetz M, Vansteenkiste J, Mazieres
J, et al. Atezolizumab versus docetaxel for patients with previously treated
non-small-cell lung cancer (POPLAR): a multicentre, open-label, phase 2
randomised controlled trial. Lancet. 2016;387(10030):1837–46.

23. Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen K, Wang Y, et al.
TGFbeta attenuates tumour response to PD-L1 blockade by contributing to
exclusion of T cells. Nature. 2018;554(7693):544–8.

24. Wilm A, Aw PP, Bertrand D, Yeo GH, Ong SH, Wong CH, et al. LoFreq: a
sequence-quality aware, ultra-sensitive variant caller for uncovering cell-
population heterogeneity from high-throughput sequencing datasets.
Nucleic Acids Res. 2012;40(22):11189–201.

25. Saunders CT, Wong WS, Swamy S, Becq J, Murray LJ, Cheetham RK. Strelka:
accurate somatic small-variant calling from sequenced tumor-normal
sample pairs. Bioinformatics. 2012;28(14):1811–7.

26. McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GR, Thormann A, et al. The
Ensembl variant effect predictor. Genome Biol. 2016;17(1):122.

27. Shukla SA, Rooney MS, Rajasagi M, Tiao G, Dixon PM, Lawrence MS, et al.
Comprehensive analysis of cancer-associated somatic mutations in class I
HLA genes. Nat Biotechnol. 2015;33(11):1152–8.

28. Karosiene E, Lundegaard C, Lund O, Nielsen M. NetMHCcons: a consensus
method for the major histocompatibility complex class I predictions.
Immunogenetics. 2012;64(3):177–86.

29. Fehlings M, Simoni Y, Penny HL, Becht E, Loh CY, Gubin MM, et al.
Checkpoint blockade immunotherapy reshapes the high-dimensional
phenotypic heterogeneity of murine intratumoural neoantigen-specific
CD8(+) T cells. Nat Commun. 2017;8(1):562.

30. Newell EW, Sigal N, Nair N, Kidd BA, Greenberg HB, Davis MM. Combinatorial
tetramer staining and mass cytometry analysis facilitate T-cell epitope
mapping and characterization. Nat Biotechnol. 2013;31(7):623–9.

31. Finck R, Simonds EF, Jager A, Krishnaswamy S, Sachs K, Fantl W, et al.
Normalization of mass cytometry data with bead standards. Cytometry A.
2013;83(5):483–94.

32. Amir ED, Davis KL, Tadmor MD, Simonds EF, Levine JH, Bendall SC, et al.
viSNE enables visualization of high dimensional single-cell data and reveals
phenotypic heterogeneity of leukemia. Nat Biotechnol. 2013;31(6):545–52.

33. van der Maaten L, Hinton G. Visualizing data using t-SNE. J Mach Learn Res.
2008;9:2579–605.

34. Yadav M, Jhunjhunwala S, Phung QT, Lupardus P, Tanguay J, Bumbaca S, et al.
Predicting immunogenic tumour mutations by combining mass spectrometry
and exome sequencing. Nature. 2014;515(7528):572–6.

35. Cheng Y, Zhu YO, Becht E, Aw P, Chen J, Poidinger M, et al.
Multifactorial heterogeneity of virus-specific T cells and association with
the progression of human chronic hepatitis B infection. Sci Immunol.
2019;4(32):eaau6905.

36. Kared H, Martelli S, Ng TP, Pender SL, Larbi A. CD57 in human natural killer
cells and T-lymphocytes. Cancer Immunol Immunother. 2016;65(4):441–52.

37. Bobisse S, Genolet R, Roberti A, Tanyi JL, Racle J, Stevenson BJ, et al. Sensitive
and frequent identification of high avidity neo-epitope specific CD8 (+) T cells
in immunotherapy-naive ovarian cancer. Nat Commun. 2018;9(1):1092.

38. Tran E, Robbins PF, Rosenberg SA. ‘Final common pathway’ of human
cancer immunotherapy: targeting random somatic mutations. Nat Immunol.
2017;18(3):255–62.

39. Cohen CJ, Gartner JJ, Horovitz-Fried M, Shamalov K, Trebska-McGowan K,
Bliskovsky VV, et al. Isolation of neoantigen-specific T cells from tumor and
peripheral lymphocytes. J Clin Invest. 2015;125(10):3981–91.

40. McGranahan N, Furness AJ, Rosenthal R, Ramskov S, Lyngaa R, Saini SK, et al.
Clonal neoantigens elicit T cell immunoreactivity and sensitivity to immune
checkpoint blockade. Science. 2016;351(6280):1463–9.

41. Strioga M, Pasukoniene V, Characiejus D. CD8+ CD28- and CD8+ CD57+ T
cells and their role in health and disease. Immunology. 2011;134(1):17–32.

Fehlings et al. Journal for ImmunoTherapy of Cancer           (2019) 7:249 Page 14 of 15



42. Powell DJ Jr, Dudley ME, Robbins PF, Rosenberg SA. Transition of late-stage
effector T cells to CD27+ CD28+ tumor-reactive effector memory T cells in
humans after adoptive cell transfer therapy. Blood. 2005;105(1):241–50.

43. Nowicki TS, Berent-Maoz B, Cheung-Lau G, Huang RR, Wang X, Tsoi J, et al.
A pilot trial of the combination of transgenic NY-ESO-1-reactive adoptive
cellular therapy with dendritic cell vaccination with or without Ipilimumab.
Clin Cancer Res. 2019;25(7):2096–108.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Fehlings et al. Journal for ImmunoTherapy of Cancer           (2019) 7:249 Page 15 of 15


	Abstract
	Background
	Methods
	Results
	Conclusion
	Trial registration

	Background
	Methods
	Study design and patient samples
	Neoantigen prediction
	Peptide selection for tetramer generation
	Tetramer generation
	Phenotypic panel set-up
	Sample staining and acquisition
	Data and statistical analyses

	Results
	No significant treatment- or response-associated differences in profile of bulk CD8+ T cells in NSCLC patients treated with atezolizumab
	Neoantigen-specific peripheral CD8+ T cells are enriched in NSCLC patients responding to treatment with atezolizumab
	Neoantigen-specific CD8+ T cells in responder patients show a highly differentiated effector phenotype

	Discussion
	Conclusions
	Additional files
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

