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Abstract
Direct immune activation via agonistic mAbs is a potentially complementary approach to therapeutic blockade
of inhibitory immune receptors in cancer. Here, we provide genetic analysis of the immunologic consequences
associated with the use of an agonistic CD40 mAb in a patient with metastatic melanoma who responded,
underwent a single metastasectomy, and then achieved a complete remission ongoing for more than 9 years after
starting therapy. Tumor microenvironment after immunotherapy was associated with proinﬂammatory modulations and emergence of a de novo T-cell repertoire as detected by next-generation sequencing of T-cell
receptors (TCR) in the tumor and blood. The de novo T-cell repertoire identiﬁed in the posttreatment
metastasectomy sample was also present—and in some cases expanded—in the circulation years after
completion of therapy. Comprehensive study of this "exceptional responder" highlights the emerging potential
of direct immune agonists in the next wave of cancer immunotherapies and a potential role for TCR deep
sequencing in cancer immune assessment. Cancer Immunol Res; 2(11); 1051–8. 2014 AACR.

Introduction
The cell-surface molecule CD40 is a member of the tumor
necrosis factor receptor (TNFR) superfamily and is a critical
mediator of immune activation (1). Ligation of CD40 on
antigen-presenting cells (APC) mediates direct immune activation, including upregulation of costimulatory molecules and
other immune mediators (2). Clinically, germline mutations in
CD40 or its receptor CD40 ligand, which is expressed primarily
by activated T lymphocytes, result in major immune deﬁciencies (3). Landmark studies in murine systems demonstrated
that agonistic CD40 mAbs can fully substitute for T-cell help in
vivo (4–6) and trigger T-cell–mediated immune rejection of
tumors (7–9). CD40 agonistic agents therefore have been
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developed as potential therapy for cancer, with promising
results in early studies (2). CP-870,893, a fully human IgG2
mAb (Pﬁzer/Roche), is the most potent CD40 agonist (10), does
not require Fc receptor crosslinking (11), and in multiple phase
I studies has been evaluated for safety and optimal dose and
schedule (12–16). Although systemic immune activation and
objective tumor responses have been described in patients
receiving CP-870,893 (12), its impact on T-cell activation in the
tumor microenvironment and its potential for inducing durable complete remission have not been described.

Patients, Materials, and Methods
Clinical trial
The patient was enrolled in an Institutional Review Board
(IRB)–approved, phase I clinical trial at the Abramson Cancer
Center (NCT02225002) and received a single intravenous
dose (0.2 mg/kg, the maximum tolerated dose) of CP870,893 (Pﬁzer/Roche), and was found 4 weeks later to have
a partial tumor response (12). The patient then received nine
additional doses of CP-870,893 (0.2 mg/kg per dose every 6–14
weeks) on an investigator-sponsored, IRB-approved clinical
trial for patients for whom a single dose was associated with
tumor response without limiting toxicity from CP-870,893
(NCT02157831). The dosing intervals varied because the protocol initially required demonstration, after each cycle, of the
absence of human anti-human antibodies (HAHA) to CP870,893. This requirement was eliminated when no HAHAs
were detected in the ﬁrst 29 patients of the parent protocol
(NCT02225002). Toxicity grades were based on the NCI Common Toxicity Criteria Version 3.0 (Supplementary Table S1);

1051

Downloaded from cancerimmunolres.aacrjournals.org on October 23, 2017. © 2014 American Association for Cancer Research.

Published OnlineFirst September 24, 2014; DOI: 10.1158/2326-6066.CIR-14-0154

Bajor et al.

A

B

C

D

E

F

G

Baseline

88 weeks after initial treatment

Image correlate: A,D
80

B,E

7 years after initial treatment

C,F

70

Tumor size (mm)

60
50
40

Figure 1. Imaging response
following treatment with CP870,893. A–F, serial axial CT
images of two anatomical regions
with tumor involvement. A and D,
baseline images; B and E, after 10
infusions of CP-870,893; C and F,
after an additional 5 years of
clinical follow-up. Images
correspond to the timeline in G, as
indicated. Red circle indicates a
left iliopsoas mass and blue circle
indicates a lesion detected in the
left anterior thigh that had FDG
uptake (not shown) and that was
resected after CP-870,893
treatment. G, size of the patient's
melanoma lesions over the 9-year
course of treatment with CP870,893, metastasectomy, and
clinical observation (arrows within
blue panel indicate CP-870,893
infusions).
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objective tumor responses were based on RECIST assessment
of serial CT scans. The patient also underwent serial chest,
abdomen, and pelvis 2[18F]ﬂuoro-2-deoxy-D-glucose (FDG)
positron emission tomography/computed tomography
([18F]-FDG-PET/CT) examinations.
Histopathology
Immunohistochemical staining was performed on 5-mmthick, formalin-ﬁxed, parafﬁn-embedded (FFPE) sections of
resected metastatic tumor. Tumor samples included involved
inguinal lymph nodes (before CP-870,893 treatment) and
a resected thigh mass (after treatment with CP-870,893).
Heat-induced epitope retrieval was performed as previously
described (17). Slides were incubated with a primary antibody for 1 hour at room temperature. Staining was done on a
DakoCytomation Autostainer using the EnVisionþ horseradish peroxidase (HRP) DAB system (DakoCytomation) according to the manufacturer's recommendations. Normal mouse
serum (1:1,000 dilution) was substituted for the primary
antibody in each case as a negative control. Images were
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taken using a LEICA DFC420 mounted on a Leica DMLB
microscope.
Gene expression analysis
Multiplex gene expression analysis was performed on FFPEresected tumor samples collected before and after treatment.
RNA quantiﬁcation was performed directly from FFPE lysates
without enzymatic ampliﬁcation using branch DNA signal
ampliﬁcation via the QuantiGene platform (Affymetrix, Inc.)
and a custom-designed QuantiGene Plex 2.0 assay panel,
following the manufacturer instructions. Data were acquired
on a FlexMAP-3D instrument and analyzed using xPONENT
software v4.0. Each sample was evaluated in a 3-fold dilution
series, with sample values within the linear range and above the
statistical mean of the background value used to quantify
transcript abundance. To enable intersample comparison,
dilution-adjusted mean ﬂuorescence intensity values were
normalized for total input mRNA using the housekeeping
gene PP1B. For each transcript detection, integrity was determined using mRNA obtained from activated lymphocytes and

Cancer Immunology Research

Downloaded from cancerimmunolres.aacrjournals.org on October 23, 2017. © 2014 American Association for Cancer Research.

Published OnlineFirst September 24, 2014; DOI: 10.1158/2326-6066.CIR-14-0154

Immune Activation and Remission after CD40 Therapy

H&E

CD3

CD4

CD8

Foxp3

B

C

D

E

F

G

H

I

J

CD79a

CD56

CD68

CD68 40x

CD163+Ki67

L

M

N

O

P

Q

R

S

T

Pre

K

Post

Figure 2. Changes in the tumor
microenvironment after treatment
with CP-870,893. A and F,
hematoxylin and eosin (H&E)
staining of pretreatment and
posttreatment tumor specimens,
respectively. B–E and K–O,
immunohistochemical analyses of
pretreatment specimens; G–J and
P–T, corresponding posttreatment
specimens. All images are
magniﬁed by a factor of 20 unless
otherwise noted. U, map shows
relative gene expression in the
tumor before and following
treatment with CP-870,893 for
leukocyte subsets, cytokines/
chemokines, leukocyte activation
markers, microenvironment
markers, and melanomaassociated antigens.
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melanoma tumor cell lines. Data for detectable transcripts are
included in the main text; the remaining data are included in
Supplementary Table S2.
Fluorescence-activated cell sorting
Whole blood was collected in green top (heparin sulfate) BD
vacutainer tubes (Becton Dickinson), processed to obtain
peripheral blood mononuclear cells (PBMC) using FicollPaque PLUS (GE Healthcare), and frozen in 10% DMSO at
150 C. For sorting, PBMCs were thawed, washed, and labeled
with CD3-V450, CD8-FITC, CD4-V500, CD127-PE, CD19-PerCP,
CD14-PerCP, and CD25-APC antibodies (Becton Dickinson),
and T-cell subsets were sorted using a BD Inﬂux (Becton
Dickinson). Cytotoxic T cells were deﬁned as CD3þ, CD8þ,
CD4, CD14, and CD19, and T-helper cells were deﬁned as
CD3þ, CD4þ, CD8, CD127þ, CD25, CD14, and CD19.
Deep sequencing of T-cell receptor b chain
High-throughput next-generation sequencing of the T-cell
receptor beta (TCRb) CDR3 region was performed in collaboration with Adaptive Biotechnologies using the ImmunoSEQ

www.aacrjournals.org

platform. Genomic DNA was isolated from parafﬁn-embedded
tumor tissues, from unsorted PBMCs, or from CD4þ or CD8þ T
lymphocytes sorted from peripheral blood via an Inﬂux Cell
Sorter (BD Biosciences). DNA was subjected to combined
multiplex PCR, followed by sequencing and algorithmic analyses
to quantify individual TCRb sequences in samples, as described
(18). Reads per unique TCRb sequence were divided by overall
number of TCRb sequence reads per sample to estimate the
frequency of each clone. To focus on the most frequent tumorinﬁltrating clones, the "top-quartile (TQ) clones" were identiﬁed
in each of the tumor samples by ranking the unique clones in
each sample in order of frequency until a cumulative total of 25%
of all T lymphocytes in each sample was reached. This analytic
technique for identifying high-frequency clones was recently
described by Cha and colleagues (19).

Results
Case report
A 61-year-old woman with recurrent, metastatic melanoma
presented for consideration of a phase I clinical trial of
CP-870,893 (NCT02225002). The patient was initially diagnosed

Cancer Immunol Res; 2(11) November 2014

1053

Downloaded from cancerimmunolres.aacrjournals.org on October 23, 2017. © 2014 American Association for Cancer Research.

Published OnlineFirst September 24, 2014; DOI: 10.1158/2326-6066.CIR-14-0154

Bajor et al.

A

B

Pretreatment clones
Posttreatment clones

1% most frequent unique clones
2% most frequent unique clones
3% most frequent unique clones
Remaining clones

10
10

Top 1%

100
1

% of Total T cells

% of Total T cells

1

0.10

0.1000

70

60

50

40

30

20

1

10

0.01

0.0100

TQ

75
50
25
0
ea
tm
tr
st

1
50
1, 0
00
1, 0
50
2, 0
00
2, 0
50
3, 0
00
3, 0
50
4, 0
00
4, 0
50
5, 0
00
5, 0
50
6, 0
00
6, 0
50
7, 0
00
0

0.0001

Po

Pr
e

tr
ea
tm

en

en

t

t

0.0010

Clone by rank

C

TQ pre
61 clones (2.8%)

D

TQ post
127 clones (1.8%)

178 TQ clones
TQ Pre

51

55.1% post only
26.4% pre only
5.6% TQ Both
10.7% post, present in Pre (not TQ)
2.2% pre, present in Post (not TQ)

117

TQ Post

10 (5.6%)
shared clones

E

0.0001

0.1
0.01
0.001
0.0001

0.01
0.001
0.0001

Pr
et

en
tt
ea
tm um
or
en
tt
um
or
Pr
et
re
at
m
en
tb
lo
C
4
yc
od
ye
le
ar
5
s
bl
Po Cy
oo
c
st
le
d
tr
8
ea
tm blo
en od
tb
lo
od

ea
tm

tr

st

Pr
et
r

tr
st
Po
s
ar
ye
4

Po

5
bl
C
oo
yc
le
d
8
ea
tm blo
en od
tb
lo
od

bl
C

yc
le

en
t
at
m
re
et
Pr

Posttreatment tumor (all)

Total = 127

0.01
0.001
0.0001

0.01
0.001
0.0001
0

18.5% Pattern 1
14.8% Pattern 2
11.2% Pattern 3
3.8% Pattern 4
51.7% Pattern 5

12.2% Pattern 1
46.3% Pattern 2
22.0% Pattern 3
2.4% Pattern 4
17.1% Pattern 5

Total = 41

0.1

Posttreatment tumor (CD4)

Posttreatment tumor (CD8)
8.6% Pattern 1
18.9% Pattern 2
9.5% Pattern 3
2.4% Pattern 4
60.6% Pattern 5

5. Never observed in blood

1

0.1

0

re
at
m
en
st
tr
tt
ea
tm um
or
en
tt
um
or
Pr
et
re
at
m
en
tb
lo n
C
4
yc
od
ye
le
ar
5
s
bl
Po Cy
oo
cl
st
d
e
tr
8
ea
tm blo
en od
tb
lo
od

0

n
oo

d

or
m
tu

um
or
ea
tm

en
t

tt
en
tm
re
a

ttr

Po
s

Pr
et

F

0.1

0

0

1

Frequency
(% of total T cells)

0.01
0.001

1

Frequency
(% of total T cells)

Frequency
(% of total T cells)

Frequency
(% of total T cells)

0.1

4. Observed at baseline,
absent posttreatment

Frequency
(% of total T cells)

1

1

Example
Clone:

3. Observed at baseline,
decreasing posttreatment

Pr
et
re
at
Po
m
en
st
tr
tt
ea
tm um
or
en
tt
um
or
Pr
et
re
at
m
en
tb
lo
C
4
yc
od
ye
le
ar
5
s
bl
Po Cy
oo
cl
st
d
e
tr
8
ea
tm blo
en od
tb
lo
od

2. Observed at baseline,
increasing posttreatment

Pr
et
re
at
Po
m
en
st
tr
tt
ea
tm um
or
en
tt
um
or
Pr
et
re
at
m
en
tb
lo
C
4
yc
od
ye
le
ar
5
s
bl
Po Cy
oo
cl
st
d
e
tr
8
ea
tm blo
en od
tb
lo
od

1. Absent at baseline,
present posttreatment

Po

Pattern
in Blood:

Total = 27

Figure 3. Identiﬁcation and tracking of tumor-inﬁltrating lymphocytes by TCRb deep sequencing. For each unique T-cell clone detected in the pretreatment and
posttreatment tumor specimens, A displays the percentage of each clone among total T cells as a function of rank, starting with the most common clones at the
left of the axis. Inset shows this pattern for the top 1% of clones in each sample. Each symbol represents a unique clone. B, the top ﬁrst, second, and third
percentage of the most frequent clones as a function of the total percentage of T cells in each sample. ( Legend continued on the following page.)
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with melanoma of the left ankle in 2002 and underwent wide
local excision of a 15-mm lesion (depth of 8 mm); sentinel
lymph node dissection revealed one inguinal lymph node
positive for melanoma. Comprehensive lymph node dissection
produced 13 lymph nodes, all negative for melanoma. The
patient was treated with high-dose IFNa, but in 2003, developed in-transit metastases on the anterior left thigh and
lymphadenopathy in the left groin. The patient underwent
surgical excision of two in-transit metastases and further
exploration of the groin with additional inguinal lymph node
removal (13/19 positive), followed by an isolated limb perfusion with high-dose melphalan. In subsequent analyses, this
surgical specimen was used as a pretreatment sample. Relapse
of melanoma in the left lower extremity and inguinal region
was diagnosed 6 months later. The patient was treated with
temozolomide and imatinib on a phase I clinical trial
(NCT00667953) with resolution of subcutaneous nodules in
the anterior left thigh; however, a focus of disease in the left
iliopsoas muscle progressed on consecutive response assessments so the patient was referred for treatment with CP870,893. At study entry, Eastern Cooperative Oncology Group
performance status (ECOG-PS) was 0, and serum laboratory
studies indicated normal organ function. CT of the chest,
abdomen, and pelvis and [18F]-FDG-PET/CT demonstrated
progressive disease in the pelvis involving the left iliopsoas
muscle (70-mm mass; Fig. 1A).
The patient enrolled in a phase I clinical trial of a single
intravenous infusion of CP-870,893 at 0.2 mg/kg (NCT02225002).
Tumor restaging at 4 weeks showed evidence of a partial
response (Fig. 1), and the patient then received nine additional
infusions of CP-870,893 (0.2 mg/kg) every 6 to 14 weeks over
the next 67 weeks on a separate investigator-sponsored clinical
trial for patients responding to treatment on the single-dose
trial (NCT02157831). Cytokine-release syndrome (grade 1 or 2)
occurred with each infusion characterized by transient lowgrade fevers, rigor, and myalgias, with rapid symptomatic resolution after treatment with acetaminophen, ibuprofen, and/or
meperidine. No grade 3 or 4 adverse events were observed except
grade 3 leukopenia, lymphopenia, or neutropenia on some cycles
on the day after infusion, returning to grade 1 or lower by day 3
(Supplementary Table S1). Restaging after the sixth dose of CP870,893 revealed a near-complete response by RECIST criteria
and complete resolution of FDG uptake by the iliopsoas mass.
After four additional infusions of CP-870,893 and no changes in
the lesion by imaging, the patient was presumed to have a
complete response and was taken off study and observed. Eight
weeks later, an FDG-avid 15-mm mass was appreciated in the
left upper thigh (Fig. 1E) that was not visualized at baseline
(Fig. 1D) or previously. The lesion was resected and found to be
metastatic melanoma. The patient received no further therapy,
and has been restaged every 6 to 12 months since 2006
(most recently July 2014). During this observation, the patient's

pretreatment tumor was evaluated and found to possess a BRAF
V600E mutation (c-kit mutations were not determined). The
patient has never received mAbs to CTLA-4, PD-1, or PD-L1, nor
B-Raf or MEK inhibitors. By November 2007, there was resolution of the iliopsoas mass with no other evidence of disease
(Fig. 1C and F). The patient remains in good health and in
complete remission with an ECOG-PS of 0 more than 9 years
after initial therapy with CP-870,893. Longitudinally collected
tumor and blood biospecimens were analyzed according to
methods described above.
Immune assessment of tumor tissues
Immunohistochemical staining of the inguinal lymph
node dissection specimen obtained 13 months before treatment revealed scant inﬁltration of CD3þ T cells and CD79aþ
B cells, with most cells found in the perivascular areas (Fig. 2,
pre plots). The metastasectomy specimen, taken 19 weeks
after cessation of treatment, showed extensive lymphoid
inﬁltration admixed with tumor cells (Fig. 2, post plots).
This included a dense CD3þ T-cell inﬁltrate comprised
largely of CD8þ T cells. Inﬁltration of CD4þ T cells was
similar before and after treatment, whereas the number of
intratumoral CD4þ Foxp3þ T cells, either regulatory T cells
(Treg) or acutely activated effector cells, increased. CD56þ
natural killer cells were minimally present in both pretreatment and posttreatment tumors. CD68þ macrophages were
present in large numbers in both specimens, and CD163þ
cells, representing alternatively activated (often called M2)
immunosuppressive macrophages, were increased after
treatment. The mechanism by which the number of
CD163þ macrophages increased in the posttreatment tumor
is not clear and worthy of further study in patients treated
with CP-870,893. Prominent Ki-67 staining of actively proliferating tumor cells was observed in the pretreatment
tumor sample and was considerably reduced in the posttreatment specimen. Reduced Ki-67 staining likely reﬂects a
reduced number of dividing tumor cells, consistent with the
hypothesized antitumor adaptive response.
Quantitative gene expression analyses of the baseline (pretreatment) and metastasectomy (posttreatment) tumor biopsy
specimens demonstrated a proﬁle concordant with the histologic and immunohistochemical analyses, and a signature
consistent with extensive and broad immune activation (Fig.
2U). For example, in the posttreatment sample, robust
increases in transcripts for leukocytes (CD45), T cells (CD3e,
CD4, CD8), dendritic cells (CD11c), and macrophages (CD14)
were observed along with elevation in transcripts associated
with proinﬂammatory cytokines/chemokines (CCL2, TNF,
CCR6) and immune activation and effector functions (CD40,
OX40, perforin, KRAS). By normalizing expression of each
transcript in each tumor sample to CD3, we found that the
increased gene signatures after treatment were not explained

(Continued.) TQ clones are the subset of the most frequent unique clones that together comprise 25% of total T cells. C, the number of TQ clones in each
sample and the overlaps in the two samples. D indicates as a percentage the distribution of all TQ clones in either pretreatment, posttreatment, or in both
samples. E, ﬁve patterns of change in blood frequency of TQ clones in the posttreatment sample that can be identiﬁed by serially tracking with TCRb deep
sequencing. Five exemplary clones are shown, one for each pattern. F, percentage of TQ posttreatment clones that fall into each pattern, shown for all clones in
þ
þ
the posttreatment sample as well as clones that could be identiﬁed as CD8 or CD4 by TCR deep sequencing of puriﬁed subsets.
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by a relative increase in the frequency of CD3þ T cells in the
posttreatment tumor (data not shown). Consistent with the
establishment of an activated immune milieu, PD-L2 transcript
levels (induced by a proinﬂammatory state) were elevated after
treatment, and CSF1R transcript levels, associated with immunosuppressive M2 macrophage function, were reduced in the
posttreatment sample. Evidence for neoangiogenesis could
also be observed, with elevations in transcripts for VEGF-A,
CD34, and PECAM. Notably, gene expression of 5 melanomaspeciﬁc antigens that were highly expressed before treatment
was decreased or became undetectable in the posttreatment
tumor.
Quantiﬁcation, characterization, and persistence of the
tumor-inﬁltrating T-cell repertoire
Next-generation deep sequencing of the TCRb locus was
performed on DNA from the pretreatment and posttreatment
biopsy samples to understand and quantify the diversity of the
tumor-inﬁltrating T-cell populations. There were 2,096 unique
T-cell clones identiﬁed in the pretreatment specimen (Fig. 3A,
red), and 6,984 unique clones identiﬁed in the posttreatment
tumor (Fig. 3A, blue). In both pretreatment and posttreatment
samples, we identiﬁed a skewed distribution of tumor-inﬁltrating T-cell clones, with a relatively low number of unique
clones accounting for the collection of the most frequent
clones. In the posttreatment sample, only 652 unique clones
were found with a frequency higher than 0.03%, and only 3
unique clones were higher than 1% (Fig. 3A). These skewed
clonal populations in each sample are further illustrated by the
calculation that the top 2% to 3% of the most frequent unique
clones comprised 25% of all T cells in the sample (the TQ; Fig.
3B). In the pretreatment tumor, there were 61 clones in the TQ,
comprising 2.8% of all unique clones in the sample, with an
average frequency of 0.34% (range, 0.20%–1.30%); in the posttreatment tumor, there were 127 clones in the TQ, comprising
1.8% of all unique clones, with an average frequency of 0.16%
(range, 0.06%–1.32%; Fig. 3C).
There was little overlap in the population of unique clones
detected in the pretreatment versus posttreatment tumor,
indicating a near complete alteration in the tumor-inﬁltrating
T-cell repertoire at the time of relapse. Among all clones, 148
(1.6%) were identiﬁed in both samples. This TCR clonal overlap
is lower than that seen when comparing multiple biopsy sites
within a single metastatic lesion, or metastases versus primary
tumor in a single patient (20). Considering that T-cell clonal
expansion is a critical indicator of antigen-speciﬁc T-cell
immune responses (and that the most frequent T-cell clones
in melanoma have been shown to be the most enriched for
functional antitumor T cells; ref. 21), we focused further
analysis on the TQ subset of clones from each sample. Among
such clones in each sample, 10 clones (5.6%) were found in both
samples (Fig. 3C). Among all TQ clones from each tumor, the
majority was found in either the pretreatment or in the
posttreatment samples (but not both), 26.4% and 55.1%,
respectively (Fig. 3D). The remaining 18.5% of clones were
present in both samples (Fig. 3D). Interestingly, certain clones
were low frequency (not TQ) in the pretreatment tumor but
became TQ clones following treatment (10.7% of all TQ clones
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ﬁt this pattern); however, only 2.2% of TQ pretreatment
decreased to lower levels in posttreatment sample (Fig. 3D).
In summary, the majority of TQ clones in the posttreatment
sample were either undetected or at low frequency before
treatment, and most TQ clones at pretreatment were not
detectable in the relapse specimen (Fig. 3D), underscoring the
transition from one T-cell repertoire to another after therapy.
Finally, to understand if de novo or expanded T-cell clones
identiﬁed in the tumor after treatment were associated with a
systemic immune response, we performed TCRb deep
sequencing of peripheral blood to identify and track tumorinﬁltrating T-cell clones in the patient over a multi-year period.
Again focusing on TQ clones in the posttreatment sample, ﬁve
distinct clonal patterns were noted (Fig. 3E) based on the
presence or absence of a particular clone in blood at baseline,
appearance or not in the blood posttreatment, and increase or
decrease in blood comparing pretreatment with posttreatment. We focused on the TQ posttreatment clones found in
the tumor that were not identiﬁed in the blood at baseline but
became increasingly frequent following treatment (pattern 1,
n ¼ 11 clones). These clones may represent treatment-induced
antitumor T cells. Given the sensitivity of the deep-sequencing
approach, it was also possible to identify TQ clones that were
present in blood at baseline but that either increased (pattern
2, n ¼ 24 clones) or decreased (pattern 3, n ¼ 12 clones) over the
course of treatment. Lastly, we identiﬁed TQ posttreatment
clones in the tumor that became undetectable after treatment
(pattern 4, n ¼ 3 clones) or were never observed (pattern 5, n ¼
77 clones) in the blood. The percentage of each type of clonal
frequency pattern, further characterized by CD4 versus CD8
phenotype, is shown in Fig. 3F. From this analysis, we calculate
that 25.5% of all TQ clones in the tumor after treatment either
appeared or increased in the patient's blood over ﬁve years
(Fig. 3F, left, pattern 1 plus pattern 2). Similarly, 58.5% of CD8þ
TQ clones in the tumor posttreatment either appeared or
increased in the patient's blood over 5 years (Fig. 3F, middle).
For CD4 T cells, this percentage was 33.3% (Fig. 3F, right). We
interpret the coordinated appearance and persistence of T-cell
clones in the tumor and blood after treatment as being
consistent with a durable, systemic immune response relevant
to the patient's clinical outcome.

Discussion
We report a comprehensive immunologic evaluation of a
patient with metastatic melanoma who has experienced a
long-term, ongoing, complete remission after CD40 antibody
therapy and single metastasectomy. We observed induction of
an immune activation signature in the tumor microenvironment after treatment, reﬂected by increased tumor-inﬁltrating
T cells, upregulation of an immune activation gene expression
signature, and emergence of a de novo T-cell repertoire in the
tumor—the latter ﬁnding based on the emerging technology of
TCR deep sequencing. A large fraction of the T-cell clones
found to be most abundant in the posttreatment tumor were
also identiﬁed in the patient's blood (either appearing de novo
in blood or increasing from baseline) with persistence of some
clones for years after completion of therapy. This major clinical
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response was achieved without signiﬁcant toxicity and in the
absence of pharmacologic checkpoint inhibitors for CTLA-4 or
PD-1. This clinical case emphasizes the potential of CD40
activation as a novel immune therapy for cancer and underscores a larger role that direct immune activators, especially
TNFRs such as CD40, may play in the rapidly emerging ﬁeld of
cancer immunotherapy. Our analysis also highlights the potential use—and limitations—of TCR deep sequencing in cancer
immunoassessment.
There has been concern about toxicities associated with Tcell stimulatory agents, including approved agents such as IL2
and investigational agents such as CD137 mAb (22). The
agonistic CD28 mAb TGN1412 triggered severe cytokine storm
in a trial involving healthy volunteers (23). For the patient
described here, treatment with the CD40 agonist CP-870,893
was well tolerated except for transient, infusion-related cytokine-release syndrome, which was managed in the outpatient
setting. Acute elevations in cytokines in the serum of this
patient were more than one log lower than that reported for
TGN1412 (12, 23). CP-870,893 has not been associated with
delayed autoimmune sequelae such as colitis, thyroiditis, or
hypophysitis (2).
Although the patient developed a new FDG-avid mass,
which raised a concern about progressive disease after completion of 10 cycles of CD40 mAb treatment, immunologic
evaluation of this lesion upon biopsy was consistent with T-cell
activation, suggesting a response rather than an overt tumor
progression. Evidence of broadly emerging clonal populations
of T cells that persisted in the circulation for many years,
together with a sustained and complete remission 9 years after
treatment, suggests a mechanism for agonistic CD40 immunotherapy involving activation of potent antitumor T-cell
immunity and induction of long-lasting T-cell–mediated memory. This interpretation is consistent with ﬁndings from preclinical mouse models that had demonstrated the ability of
agonist CD40 mAbs to activate APCs and mobilize antitumor
T cells (7–9).
The manageable toxicity of agonist CD40 mAbs and their
mechanisms of action suggest a potentially favorable combination partner with anti–CTLA-4 mAbs, which promote T-cell
activation and diminish the effects of regulatory T cells, and
anti–PD-1 or anti–PD-L1 mAbs, which relieve immunosuppressive mechanisms that dampen an already existing CD8þ
T-cell response (24, 25). Agonistic CD40 mAbs may enhance
APC-mediated activation of CD8þ T cells, broadening the
effective CD8þ T-cell repertoire. A combination of CD40
agonists with blockade of negative immune checkpoints may
potentially retard immune escape to CTLA-4 or PD-1 blockade
alone.
In our analysis of this patient, we explored the use of TCR
deep sequencing as an emerging technology to track T-cell
immune responses following immunomodulatory cancer therapy (11, 19, 21, 26). We hypothesized that this strategy would
provide a repertoire-wide assessment of T-cell responses in
both the tumor and blood of a patient with a major clinical
response. As with other immunomodulatory agents, such as
CTLA-4 or PD-1 mAbs, treatment with CP-870,893 does not
explicitly target a particular T-cell epitope that could be
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tracked in patients with peptide-speciﬁc tools such as peptide–MHC tetramers. The biologic signiﬁcance and the role of
TCR deep sequencing, however, are only beginning to be
appreciated. The technology provides two types of information: the sequence identity of the TCRb chains found within the
sample and the relative frequency of each of these unique
chains. Enumeration of unique TCRb sequences in a given
population allows estimation of the overall diversity of a given
T-cell population and identiﬁcation of high-frequency clones
of interest. Changes in diversity may help elucidate the mechanism of action, but these measurements have not yet proven
to be predictive or prognostic (19, 26). Here, in the absence of a
deﬁned therapeutic T-cell target, we focused (or "gated") our
analysis on T-cell clones found in the tumor microenvironment. Although this strategy by no means assures tumor
speciﬁcity of tumor-inﬁltrating T-cell clones identiﬁed, we
hypothesized that tumor-inﬁltrating clones would be enriched
for tumor speciﬁcity compared with unfractionated blood.
Thus, for our longitudinal assessment of blood T-cell clones
from this patient, we "gated" our analysis on only those clones
found at least once in the tumor microenvironment, with a
particular interest on those tumor clones with highest prevalence. T-cell clonal expansion following antigen recognition
and priming suggests, biologically, that T cells with tumor
antigen–speciﬁc TCR should be present at relatively higher
rates in the tumor than their antigen-na€ve, nonexpanded,
counterparts. However, this expected proliferation of tumor
antigen–speciﬁc T cells cannot be formally proven with TCRb
deep sequencing alone. Moreover, because we did not
sequence the TCRa chain and match it with its corresponding
TCRb chain, we did not identify completely unique T cells with
single-antigen speciﬁcity. Indeed, TCRb deep sequencing alone
cannot determine the antigen speciﬁcity of an immune
response, although we have developed an indirect method to
assign CD8 versus CD4 phenotype to T-cell clones of interest
using data from sorted populations retrospectively applied to
archival samples. Other issues with TCR deep sequencing
include sampling error from tumor heterogeneity and sensitivity of the assay for extremely rare clones. In summary, we
found that TCR deep sequencing applied simultaneously to
sequential samples of tumor and blood can reveal new information beyond traditional assay methods, such as tetramers or
ELISPOT, and is worthy of further study and application.
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