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Abstract

To understand prognostic factors for outcome between
differentially sequenced nivolumab and ipilimumab in a
randomized phase II trial, we measured T-cell infiltration
and PD-L1 by IHC, T-cell repertoire metrics, and mutational
load within the tumor. We used next-generation sequencing
(NGS) and assessed the association of those parameters
with response and overall survival. Immunosequencing of
the T-cell receptor b-chain locus (TCRb) from DNA of 91
pretreatment tumor samples and an additional 22 pairs of
matched pre- and posttreatment samples from patients who
received nivolumab followed by ipilimumab (nivo/ipi), or
the reverse (ipi/nivo), was performed to measure T-cell
clonality and fraction. Mutational and neoantigen load were
also assessed by NGS in 82 of the 91 patients. Tumors were
stained using IHC for PD-L1þ and CD8þ T cells. Pretreat-

ment tumor TCR clonality and neoantigen load were mar-
ginally associated with best response with nivo/ipi (P¼ 0.04
and 0.05, respectively), but not with ipi/nivo. Amalgamated
pretreatment mutational load and tumor T-cell fraction
were significantly associated with best response with
nivo/ipi (P ¼ 0.002). Pretreatment PD-L1 staining intensity
and CD8þ T-cell counts were correlated with T-cell fraction
and clonality, but not mutational or neoantigen load.
Patients with increased T-cell fraction posttreatment at
week 13 had a 30-fold increased likelihood of survival
(P ¼ 0.002). Mutational and neoantigen load, and T-cell
infiltrate within the tumor, were associated with outcome of
sequential checkpoint inhibition using nivolumab then
ipilimumab, but not when ipilimumab was administered
before nivolumab.

Introduction
Immunotherapy with checkpoint inhibitors as single agents or

in combination has altered the landscape of cancer treatment,
resulting in high response rates and impressive long-term survival
for many patients with melanoma as well as other tumors (1–6).
In contrast, rates of progression-free survival remainmodest at less
than 12 months, and the majority of patients treated with these
drugs will eventually die of their disease (1–6). Defining predic-
tive markers associated with outcome with these agents will be
instrumental in choosing patients for the optimal therapy, as well

as determining the mechanisms of action and development of
resistance to treatment. Expressionof programmeddeath-ligand 1
(PD-L1) on the surface of tumor cells and/or tumor-infiltrating
immune cells has been associated with overall survival and
response to treatment with PD-1 antibodies in melanoma but
has not been consistently observed with other tumor types (7–9).
However, PD-L1 expression in melanoma is not an optimal
predictive marker because it is inducible, varies in expression
between lesions, and its detection is prone to error. Patientswhose
tumors are PD-L1– may still benefit from PD-1 blockade (10).
Previous work using small numbers of samples from patients
receiving either the CTLA-4 blocking antibody ipilimumab or the
PD-1 blocking antibody pembrolizumab demonstrated that
mutational and neoantigen load were associated with response
and overall survival (11–14). The data for ipilimumab have been
somewhat less certain, whereas data for pembrolizumab in mel-
anoma and lung cancer have shown a consistent association with
outcome (11–14). Published work with pembrolizumab has
examined the pretreatment tumor microenvironment T-cell infil-
trate using IHC to establish an association between CD8þ/PD-1þ

T-cell infiltrate and outcome (15). Data from TCR repertoire
immunosequencing have demonstrated an association between
pretreatment tumor T-cell clonality and T-cell fraction and
response to pembrolizumab (15). The composition of the micro-
biome has also been suggested to impact on the benefit of therapy
with checkpoint inhibition, both in animal models and
patients (16, 17). Tumor microenvironmental factors, including
PTEN deletion, altered beta-catenin signaling, absence of
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b2-microglobulin, and the presence of uncommon inactivating
JAK–STATmutations, have also been shown to be associated with
an inadequate antitumor immune response and poor outcome
with checkpoint inhibition (18–23).

We analyzed pretreatment tumor samples from a randomized
phase II trial of nivolumab followed by ipilimumab (nivo/ipi)
compared with the reverse sequence (ipi/nivo), both followed by
maintenance nivolumab. In that trial, the former sequence
resulted in a higher response rate and a significantly longer
survival than the latter sequence (24). We assessed if mutational
and neoantigen loads and intratumoral TCR repertoire were
associated with best response in either arm, and with overall
survival. A small cohort of patients with pre- and posttreatment
biopsies also had mutational load and intratumoral TCR reper-
toire assessed. Tumor PD-L1 scoring and CD8þ T-cell infiltrate
were measured by IHC for their relationship to mutational load
and TCR repertoire.

Materials and Methods
CheckMate 064 was a randomized, open-label, phase II

study (24). Eligibility criteria have been described (24). The
protocol, amendments, and patient informed consent were
approved by each institution's institutional review board, and
written informed consent was obtained from each patient.
Patients were randomly allocated 1:1 to arm A (nivo/ipi) or arm
B (ipi/nivo) as first-line therapy. No prior DNA-damaging
chemotherapeutic agents were administered to any patient.

Procedures
Dosing, treatment modification, outcomes, and definition of

adverse events have previously been described (24). Patients were
evaluated for tumor response (per investigator assessment) using
modified Response Evaluation Criteria in Solid Tumors version
1.1 (RECIST v1.1; ref. 24) with computed tomography and/or
magnetic resonance imaging prior to dosing at weeks 13, 25, 33,
and 41, and then every 12 weeks beginning at week 49.

Whole-exome sequencing
For each subject, tumor and normal matched DNA samples

were processed for whole-exome sequencing. One normal and
two tumor libraries, each with 500 ng of DNA input and con-
structed with individual barcoded adapters, were used. These
libraries were combined into an exome-capture sequencing
library using Roche NimbleGen EZ Exome v3.0 (Roche Sequenc-
ing), following the manufacturer's instructions. Exome sequence
data were generated as 2 � 100 base-pair reads on an Illumina
HiSeq 2000 instrument (Illumina). Alignment of exome reads
was performed using the Genome Modeling System processing-
profile (25), which uses BWA (v0.5.9; ref. 26) for alignment with
default parameters except for "-t 4 -q 5." Sequences were aligned
against human reference genome GRCh37-lite-build37, before
merging and deduplicating with Picard (v1.46). The VCF files
resulting from the whole-exome sequencing are deposited in the
online European Variation Archive database at https://www.ebi.
ac.uk/ena/data/view/PRJEB28604.

Determination of mutational and neoantigen load
Somatic mutations were identified using the MuTect and

Strelka algorithms by comparing tumor exome sequencing data
with matched normal peripheral blood mononuclear blood

samples. Mutations called by either algorithm were pooled
together, annotated using SnpEff and filtered by quality and
matches to known germline polymorphisms from public data-
bases. For mutation-load analyses, onlymissense mutations were
counted. For neoantigen analyses, HLA-class 1 types were first
inferred for each patient from exome data of the matched normal
sample using OptiType software (v1.0; ref. 27). Mutated peptides
were derived from missense mutations, and their binding
affinities to corresponding HLA-class 1 types were predicted
using NetMHCpan (28) from the Immune Epitope Database.
Those with predicted affinities < 500 nmol/L were considered
neoantigens.

T-cell receptor variable beta-chain sequencing
After extracting genomic DNA, immunosequencing of the

CDR3 regions of human TCRb chains was performed using the
ImmunoSEQTM Assay (Adaptive Biotechnologies). Extracted
genomic DNA was amplified in a bias-controlled multiplex
PCR, followed by high-throughput sequencing. Sequences were
collapsed and filtered in order to identify and quantitate the
absolute abundance of eachunique TCRbCDR3 region for further
analysis as previously described (28, 29).

Statistical analyses of TCRb sequencing results
Clonality was defined as 1- Pielou's evenness and was calcu-

lated onproductive rearrangements as 1þ
N
i pilog2ðpiÞ
log2ðNÞ , where pi is the

proportional abundance of rearrangement I and N is the total
number of rearrangements. The fraction of T cells in FFPE tissue
samples was calculated by normalizing TCRb template counts to
the total amount of DNAusable for TCR sequencing (29–31). The
amount of usable DNA was determined by comparison with
several housekeeping genes present in all nucleated cells. Statis-
tical analysis was performed in R v3.2. TCR sequence data are
publicly available at https://clients.adaptivebiotech.com/pub/
weber-2018-CIR.

Flow cytometry sorting
Peripheral blood mononuclear cells (PBMC) were collected

by leukapheresis, Ficoll-Paque purified (GE Healthcare Bio-
Sciences), frozen in 90% human serum (Omega Scientific, Inc.),
10% DMSO (Sigma-Aldrich) until analysis, then thawed and
washed. Phenotypic T-cell markers were evaluated by flow cyto-
metry using isotype controls with a gated lineage-negative popu-
lation excludingCD19- andCD56-expressing cellsusingantibodies
against CD19 (clone SJ25C1), CD56 (clone B159), CD3 (UCHT1),
andCD8(cloneRPA-T8) fromBDBiosciences. PBMCswere stained
with Live/Dead violet dye (Invitrogen) to gate on live CD3þ/CD8þ

cells. Cells were sorted on an FACSAria II flow cytometer (BD
Biosciences) and analysis was performed using FlowJo version 10
software (FloJo LLC). Flow-sorted purity was verified at > 98%
immediately after sorting, followed by DNA extraction. Represen-
tative gating strategy is shown in Supplementary Fig. S6.

IHC staining
Paraffin-embedded tumor sections were stained for PD-L1

using the DAKO 28-8 antibody as previously described (24) and
scored continuously as percent staining of tumor. The CD8
(mouse clone C8/144B) antibody (Lot# 00089958, Expiration
Date November 30, 2015) was purchased from Dako. The pro-
cedure for IHC analysis of CD8 (mouse clone C8/144B) with red
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chromogen was performed using manual detection. Staining of
CD8 (mouse clone C8/144B) was evaluated by image analysis of
percent positive staining within a region of interest (ROI). The
ROI was circled manually to include cancer cells and intervening
bands of stroma. The ROI was circled up to themargin, if present.
Large bands of stroma were not included. Regions of necrosis,
folds in tissue, and other artifacts were excluded. The Nuclear v9
Mosaic Red-Melanin algorithm from Aperio was used, and the
percent positive expression was calculated.

Statistical analysis
All statistical analyses were performed in R v3.2.4 (R Founda-

tion for Statistical Computing). Comparisons between responder
or treatment groups were conducted with the nonparametric
Mann–Whitney U test (Wilcoxon rank-sum test). To predict
responses from tumor pretreatment metrics, we used a multivar-
iate logistic regression model with T-cell fraction, clonality, and
mutation burden as covariates:

P ¼ e�

1þ e�
where u ¼ b0 þ b1

�T-cell fraction þ b2
�clonality þ

b3
�mutation burden
We characterized its accuracy through receiver operator

characteristics analysis and an exhaustive leave-one-out cross-
validation (LOOCV). Identification of expanded clones with
significantly greater frequencies in on-treatment versus baseline
samples was performed as previously described (32).

Results
Mutational and neoantigen load

DNAextracted frompretreatment tumorandperipheral bloodof
91 patients was subjected to whole-exome sequencing to assess
mutational and neoantigen load. Median single-nucleotide var-
iants were 151.5 for the whole group (171 variants for arm A and
159 variants for arm B, P ¼ 0.41; Supplementary Table S1), with a
median of 70 neoantigens detected per tumor sample overall
(interquartile range ¼ 29–153). Mutational and neoantigen
load were significantly associated with one another (r ¼ 0.93,
P < 0.001, Pearson correlation; Supplementary Fig. S1). No signif-
icant association between pretreatment mutational load and
tumor-infiltrating lymphocyte (TIL) clonality or T-cell fraction was
observed (Table 1). Within arm A (nivo/ipi), mutation burden at
baseline was marginally associated with best response at week 33
defined by CR/PR versus SD/PD (N ¼ 30, P ¼ 0.06; Fig. 1A), and
neoantigen burden at baselinewas associated with best response at
week 33 (N ¼ 30, P ¼ 0.05; Fig. 1B). No associations with best
response for eithermutationalorneoantigen loadwere seenfor arm
B (ipi/nivo), for which a lower response rate and shorter survival
was observed compared with arm A (24).

T-cell fraction and TIL clonality
CDR3 regions of the TCR Vb beta chains (TCRb) were

sequenced, and clonality was calculated for the productive rear-
rangements as described inMaterials andMethods. T-cell fraction
was calculated as the proportion of rearranged TCRb relative to
the total number of assayed cells. T-cell fraction and TIL clonality
in pretreatment tumors were significantly correlated (R2 ¼ 0.18,
P < 0.001 by Pearson method, N ¼ 91; Table 1). There were no
significant differences in the pretreatment T-cell clonality or T-cell
fraction between arms A and B (Supplementary Fig. S2; Supple-
mentary Table S1).

No significant association between mutational load and
TIL clonality or T-cell fraction was observed (Supplementary
Fig. S3).

Association of T-cell fraction and TIL clonality with response
For arm A (nivo/ipi), the pretreatment TIL clonality was asso-

ciated with response (P ¼ 0.04; Fig. 2A). T-cell fraction was
also correlated with response in the combined data set of both
arms (P ¼ 0.02, N ¼ 89; Fig. 2B); however, likely due to reduced
statistical power, it was not significantly correlated with response
in armA(P¼0.21,N¼39)or B (P¼0.07,N¼50; Supplementary
Fig. S4).

Because pretreatment T-cell fraction and clonality were
independent of mutation burden, we performed an ad hoc
analysis to assess whether the combination of the three genetic
molecular profiling methods led to a specific and sensitive
prediction of response. We performed a multivariate logistical
regression analysis of samples from arm A patients (N ¼ 30),
all with baseline tumor assessments of TIL clonality, T-cell
fraction, and total mutation burden. Figure 3A shows the
receiver operating characteristic (ROC) curve of specificity
versus sensitivity in an exhaustive, LOOCV procedure to
predict clinical benefit, and Fig. 3B shows the resulting fit of
the regression model for the tripartite analysis. This analysis
suggests that at a false-positive rate of approximately 10%
(falsely predicting response rather than progression 10% of
the time), roughly 50% (derived from LOOCV) to 70%
(derived from the full data set) of responders are correctly
predicted. As seen in previous reports (5–7), PD-L1 status
correlated with clinical benefit (PD-L1 � 5%, P ¼ 0.009, OR ¼
14.7 by Fisher exact test). Performing a univariate logistic
regression on 34 patients with PD-L1 data showed similar
specificity and sensitivity to the molecular profiling techniques
(AUROC of 0.67 vs. 0.70 in the LOOCV, Fig. 3A and C,
likelihood ratio test P ¼ 0.12). PD-L1 expression equal to or
larger than 5% corresponded to a 10% false-positive rate
and led to classifying approximately 55% of responders
correctly. Figure 3D to F shows scatter plots of pair-wise
combinations for T-cell fraction, TIL clonality, and mutation
burden, as well as the values obtained from patients who were
correctly (filled circles) and incorrectly (open circles) classified
in the LOOCV. The performance of this classification model
will need to be validated with larger numbers of patients and
in a separate validation cohort. Eight patients who achieved
clinical benefit but had PD-L1 values lower than or equal to
5% were identified; of these, four would have been correctly
classified with the trivariate biomarker model comprising
mutation load, T-cell fraction, and TIL clonality. We also
assessed the performance of mutation, T-cell fraction, and TIL
clonality in univariate models and found the combined

Table 1. Associations between baseline tumor characteristics

Variable Pearson rho P value

CD8 versus PD-L1 0.440 <0.001
CD8 versus clonality 0.418 <0.001
CD8 versus T-cell fraction 0.784 <0.001
CD8 versus mutation load �0.058 0.657
PD-L1 versus clonality 0.291 0.013
PD-L1 versus T-cell fraction 0.320 0.006
PD-L1 versus mutation load 0.026 0.848
Clonality versus mutation load 0.024 0.841
T-cell fraction versus mutation load 0.036 <0.001
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tripartite model to have the highest specificity and sensitivity
for predicting clinical benefit (CR/PR vs SD/PD; see Fig. 3A;
Supplementary Fig. S5 shows each model individually with
AUC values).

Association of changes in T-cell fraction and TIL clonality with
response

Twenty-two matched pairs of tumors from pretreatment and
13-week posttreatment biopsies after either nivolumab alone
(arm A) or ipilimumab alone (arm B), respectively, were
obtained, of which 80% were from the same lesion. At week
13, individuals in either arm that showed increased T-cell fraction
and TIL clonality were 30 times more likely to achieve a best

clinical response at week 33 than those without evidence of
change (P ¼ 0.002; OR ¼ 30, Fisher exact test; Fig. 4).

Tumor staining for T cells and PD-L1
We also assessed whether the parameters of pretreatment

mutation load, T-cell fraction, and TIL clonality were correlated
with IHC staining for CD3þ T cells, CD8þ T cells, and PD-L1
staining. The data in Table 1 suggest that there was an interde-
pendence of CD8þ T-cell counts or PD-L1 IHC staining with the
measures of both T-cell clonality and T-cell fraction. In contrast,
there was no clear association of quantitation of CD8þ T cells or
PD-L1 by IHC staining, with mutational load (Pearson coeffi-
cients ¼ �0.058 and 0.026, respectively). These results are

Figure 1.

Mutational burden and neoantigen
load versus clinical benefit in arm A
(nivo/ipi). A,Mutational burden
(P¼ 0.06, n¼ 30). B, Neoantigen
load (P¼ 0.05, n¼ 30) for all
patients calculated as described in
Materials and Methods is shown on
a log scale on the ordinate, and
benefit defined as complete and
partial response as well as stable
disease (CRþ PR) versus stable
plus progressive disease (SDþ PD)
shown on the abscissa. The box
plots showmedian (horizontal
middle line), the interquartile range
(IQR; shaded box region), and the
minimum andmaximum (lines
extended above and below the
box). P values were obtained from a
Mann–Whitney U test.

Figure 2.

Pretreatment TIL clonality in tumor
samples of arm A, and pretreatment
T-cell fraction in tumor samples
from both arms A and B, correlated
with clinical benefit (P¼ 0.04 with
N¼ 30 and P¼ 0.02 with N¼ 89,
respectively). A, Pretreatment
T-cell clonality. B, T-cell fraction
calculated as described in Materials
and Methods is shown on a linear
scale on the ordinate with response
(CRþ PR) versus nonresponse
(SDþ PD) shown on the abscissa.
P values are determined from a
Mann–Whitney U test.
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consistent with the independence of TIL clonality and T-cell
fraction from mutational load described above.

Associations with survival
An assessment of the association of the above tumor micro-

environment parameters with overall survival was also per-
formed.Data from89patientswere available for survival analysis.
We fit overall survival data with a Cox proportional hazards
model conditional on treatment arm and showed the resulting
hazard ratios [�95%confidence interval (CI)] and P values froma
Wald test for analysis with mutation burden, PD-L1 expression,
TIL clonality, and TIL infiltration in pretreatment tumor as single
covariates in themodel (Table 2). The results in Table 2 show that
increasing mutation burden, PD-L1 expression, TIL clonality, and
TIL infiltrate are associated with a reduced hazard ratio and
increased overall survival in patients treated sequentially with
PD-1 blockade before CTLA-4 blockade (arm A).

Association of T-cell fraction and mutational burden with
survival

Because the NGS-based tumor microenvironment parameters
(TcR clonality and mutational burden) were not correlated with

one another, we hypothesized that the combination of mutation
burden and TIL assessments could provide a superior prognostic
model compared with any single variate. There were 68 patients
with 33 events that had data for mutation burden, T-cell fraction,
and TCRVß clonality. In an aggregate analysis of both arms A and
B, T-cell fraction was significantly associated with better survival
(P ¼ 0.003, likelihood ratio test) as seen in Supplementary Table
S2. This result is biased toward outcomes in arm B, in which 64%
of patients died during the observation period compared with
23% in arm A and is consistent with the single variate analysis
shown in Table 2. Results from patients within arm A (N ¼ 30, 7
events) suggested that the combination of T-cell fraction and
mutation burden could best predict survival in patients who
received PD-1 antibody but did not have prior ipilimumab
exposure (P¼ 0.08, likelihood ratio test). In Fig. 5, survival curves
are shown for those same patients stratified by whether the
parameters were above or below the median: for example, both
parameters above; both parameters below; above-median T-cell
fraction and below-medianmutational burden; or below-median
T-cell fraction and above-median mutational burden. These data
suggest that the best survival was associated with high T-cell
fraction and high mutational burden.

Figure 3.

Mutation, T-cell fraction, and TIL clonality in pretreatment tumors predict clinical benefit in arm A. A, ROC curves generated from an exhaustive LOOCV
procedure with a trivariate model (red line) with mutation, T-cell fraction, and TIL clonality compared with a univariate model (black line) using PD-L1 expression.
B,Outcome of the multivariate logistic regression model, which included data from 34 patients. C,Outcome of the univariate logistic regression model, including
data from 30 patients. Two-dimensional projections of the TIL clonality and mutation burden in D, T-cell fraction andmutational burden in E, and T-cell fraction
andmutation burden in F. The color of the point or circle indicates clinical benefit, with closed circles indicating patients correctly classified and open circles
indicating patients incorrectly classified in the LOOCV procedure.
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Discussion
The definition of useful predictive and pharmacodynamic

biomarkers for the clinical efficacy of checkpoint blockade has
remained elusive. Blockade of PD-1 to restore a dysfunctional
antitumor immune response is thought to act primarilywithin the
tumormicroenvironment. The presence of a CD8þ T-cell infiltrate
detected by IHCwithin tumors and tumor T-cell clonality prior to
treatment was associated with a favorable outcome with pem-
brolizumab (15). A tumor signature of genes from the interferon-
gamma signaling pathway was associated with outcome for
pembrolizumab (33). An emerging concept is that of the "hot"
versus the "cold" tumor, in which a hot tumor is defined by an
inflamed microenvironment associated with expression of genes
in the interferon-gamma pathway, and decreased expression of
epithelial mesenchymal transition and wound-healing pathway
genes (34, 35). Genetic alterations in tumors have been identified
that promote a "cold" microenvironment, including PTEN
deletions and mutations in the beta-catenin pathway (18, 19).
Alterations or deletions in beta-2 microglobulin may lead to
inadequate recognition of tumors by T cells due to deficient
antigen presentation (21). Nonsynonymous tumor mutations

are associated with clinical outcome using checkpoint blockade
and may provide potential neoantigen targets for T-cell recogni-
tion (10–13, 36–38). No single biomarker, however useful for
stratification, has been adequate as a predictive biomarker for the
efficacy of checkpoint blockade.

To understand how PD-1 and CTLA-4 blockade promotes
immune recognition of tumors, we analyzed tumor samples from
a randomized sequential trial of PD-1 and CTLA-4 blockade
whose clinical results have been reported (24). The week 13 data
from that trial allowed an assessment of response to either drug
alone, and the data on best overall response at week 33 demon-
strated the effects of both drugs sequentially. In that trial,
the response rates and overall survival were superior in arm A
(NIVO/IPI) compared with arm B (IPI/NIVO; ref. 24). Immuno-
sequencing of 91 pretreatment tumor TcRVb segments was per-
formed, followed by assessment of clonality and T-cell fraction, as
well as IHC staining for CD8þ T cells and PD-L1. Whole-exome
sequencing was performed on 82 tumors and matched normal
tissue to assess mutational and neoantigen load.

The data herein indicate that an amalgamated biomarker
of T-cell fraction, TIL clonality, and mutational load, which
were independent variables, were significantly associated with
response for patients receiving nivolumab followed by ipilimu-
mab, but not ipilimumab followed by nivolumab. T-cell fraction
and mutation load were also associated with overall survival for
those treated with nivolumab followed by ipilimumab, but not
ipilimumab followed by nivolumab. The area under the ROC

Figure 4.

Increased on-treatment TIL clonality and T-cell fraction in tumor samples
correlate with clinical benefit (P¼ 0.002, OR¼ 30). Changes in TIL clonality
and T-cell fraction were determined by subtracting values determined at
baseline from those determined in week 13 biopsies. P value was obtained
from a Fisher exact test of CR/PR versus SD/PD comparing the top right
quadrant to the remaining three quadrants.

Table 2. Association of baseline tumor characteristics and survival by arm

Arm A Arm B
Unit for HR HR (95% CI) P value HR (95% CI) P value

Mutation burdena Log(x) mutations 0.44 (0.17–1.11) 0.080 1.03 (0.73–1.43) 0.887
PD-L1 expressionb 1% 0.65 (0.34–1.24) 0.194 0.96 (0.92–1.01) 0.125
TIL clonalityc 0.1 value 0.40 (0.15–1.10) 0.075 0.89 (0.56–1.42) 0.634
T-cell fractionc Log(1%) 0.64 (0.36–1.13) 0.121 0.73 (0.57–0.95) 0.017
aMutation burden: Arm A (N ¼ 30, 7 events); arm B (n ¼ 38, 26 events).
bPD-L1: Arm A (N ¼ 34, 8 events); arm B (N ¼ 37, 27 events).
cTIL clonality and T-cell fraction: Arm A (N ¼ 39; 9 events); arm B (N ¼ 50, 32 events).

Figure 5.

Overall survival curves for patients in arm A (30) with high T-cell fraction and
mutational burden shown in orange, high T-cell fraction, and lowmutational
burden in blue and low T-cell fraction andmutational burden in brown. High
versus lowwas determined by the medians for each parameter.
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curve for the amalgamatedmarker of T-cell fraction, TIL clonality,
andmutational load for armAwere as good as or better than those
for PD-L1 staining, seen in Fig. 3. Clonality and T-cell fraction
wereweakly associatedwithone another in this cohort. The ability
to predict a responder or long-term survivor using only the
mutational or neoantigen load was inadequate, because some
responders had a low mutational load, and some nonresponders
displayed ahigh load (10–13). Therewas no statistical association
between the mutational load and the following biomarkers:
intratumoral T-cell fraction, TIL clonality, PD-L1, orCD8 staining.
The lower response rate in arm B could not account for the lack of
association of mutational load and clonality with outcome,
because baseline clonality, mutational load, and T-cell fraction
were fairlywell-balanced between the arms (Supplementary Table
S1), and mutational load was previously shown to be associated
with ipilimumab alonewith a response rate of less than 20%(11).
There was a modest imbalance, but not statistically significant
difference, in PD-L1 staining between arms A and B, which may
have accounted for some of the difference. Tumor PD-L1 staining
was associated with metrics of T-cell infiltration, and analysis of
larger data sets will determine if it adds to the predictive and
prognostic value of parameters of clonality and T-cell fraction and
whether TcRmetrics are not dependent onmutational or neoanti-
gen load.

For 22 patients with pretreatment and posttreatment samples
at week 13, increased T-cell fraction and TIL clonality over
baseline had an odds ratio of 30 for clinical benefit, suggesting
that an influx of clonal T cells within the tumor microenviron-
ment was advantageous for the benefit of PD-1 or CTLA-4
blockade, albeit with small numbers of responders. These data
confirm previously published data (14) but need to be vali-
dated with a larger data set from an independent clinical trial.
The presence of tumor PD-L1 staining and the influx of T cells
as measured by IHC staining were significantly correlated with
T-cell fraction and clonality determined by immunosequencing
and were both independent of mutational load. This on-treat-
ment measurement was the most significant marker measured
that was associated with response.

These results reinforce the view that pretreatment tumor
characteristics can determine the benefit of checkpoint block-
ade but also indicate that on-treatment metrics are informative.
These data also suggest that mutational or neoantigen load
compared with T-cell parameters including clonality, T-cell
fraction, CD8þ T-cell infiltrate, and PD-L1 staining might have
independent predictive value, but that each parameter alone
has fairly weak predictive value. Loss of neoantigens has been
found to be associated with resistance to checkpoint blockade,
reinforcing the importance of mutational and neoantigen load
as a prognostic and predictive marker (39). Both pretreatment
or posttreatment tumors can be infiltrated with clonal T cells,
and peripheral blood may reflect the tumor-infiltrating clonal
T-cell populations associated with clinical benefit. The data
herein also suggest that the mutational or neoantigen load was
weakly associated with benefit for ipilimumab followed by
nivolumab, but more clearly so with PD-1 blockade than
ipilimumab, and that the same pattern was seen for an amal-
gamated biomarker using mutational load and T-cell fraction or
clonality. Our results also indicate that predictive biomarkers
for the benefit of checkpoint inhibition should include char-
acteristics of the target and the infiltrating effectors. The absence

of b2-microglobulin, for example, might compromise immune
recognition independently of mutational or neoantigen load
and has been associated with adaptive resistance to PD-1
blockade (21). The lower response rate and shorter survival
observed with ipilimumab followed by nivolumab may reflect
the inability of patients with an inflamedmicroenvironment, as
defined by the amalgamated mutational load and T-cell frac-
tion, to benefit from nivolumab, compared with those who
received nivolumab first. This suggests the possibility of tran-
sient resistance to PD-1 blockade induced by CTLA-4 abro-
gation, the etiology of which is being actively investigated. A
composite biomarker reflecting qualities of the tumor and the
host, and the short-term effects of prior immune therapy, will
most likely be required to provide clinically useful prediction of
outcome with checkpoint inhibition.
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