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HUMAN IMMUNOLOGY
T Cell Receptor ab Diversity Inversely Correlates
with Pathogen-Specific Antibody Levels in Human
Cytomegalovirus Infection
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A diverse T cell receptor (TCR) repertoire capable of recognizing a broad range of antigenic peptides is thought to be
central to effective pathogen-specific immunity by counteracting escape mutations, selecting high-avidity T cells, and
providing T cell specificities with comprehensive functional characteristics. However, evidence that TCR diversity is
important for the successful control of human infections is limited. A single-cell strategy for the clonotypic analysis
of human CD8+ TCRab repertoires was used to probe the diversity and magnitude of individual human cytomega-
lovirus (CMV)–specific CD8+ T cells recovered directly ex vivo. We found that CD8+ TCRab repertoire diversity, but not
the size of the CD8+ T cell response, was inversely related to circulating CMV-specific antibody levels, a measure that
has been correlated epidemiologically with differential mortality risks and found here to be higher in persons with
detectable (versus undetectable) CMV viral loads. Overall, our findings indicate that CD8+ T cell diversity may be more
important than T cell abundance in limiting the negative consequences of CMV persistence, demonstrate high prev-
alence of both TCRa and TCRb public motif usage, and suggest that a highly diverse TCRab repertoire may be an
important benchmark and target in the success of immunotherapeutic strategies.
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INTRODUCTION

Effective immune responses against human pathogens rely on an ar-
mamentarium of T cell receptors (TCRs) capable of recognizing antigen-
ic epitopes on infectious agents, among other requirements. Although
a diverse TCR repertoire would seem to be better adapted to combatting
a broad range of human pathogens, direct evidence supporting this fun-
damental principle is limited (1). The diversity of any pathogen-specific
T cell–mediated immune response is defined by the spectrum of TCRab
heterodimers that bind to introduced, non–self peptides (p) presented in
the context of self major histocompatibility complex (MHC) glycopro-
teins. The range of individual clonotypes bearing TCRs that are spe-
cific for a particular pMHC epitope comprises a repertoire that varies
substantially in constituent TCR frequency and diversity. Structural
TCR variation is primarily associated with the third complementarity-
determining region (CDR3) that interacts specifically with the MHC-
bound peptide (2). These CDR3-region differences are generated by
somatic rearrangements within the variable (V) and joining (J) gene seg-
ments of the TCRa chain and within the V, D (diversity), and J gene seg-
ments of the TCRb chain (2–4). Although there is some understanding
of the importance of epitope-specific T cell repertoire breadth in the
development of effective responses against infections (5), much remains
to be learned regarding the selection, maintenance, and functional im-
plications of human TCR diversity (6).

Potential mechanisms by which a diverse TCR repertoire can effect
immune protection include the control of viral escape (7, 8), selection of
high-avidity cytotoxic T lymphocytes (CTLs) that eliminate infected cells
more quickly (9, 10), and the provision of a wide range of T cell structural
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avidities that fulfill requirements for functional heterogeneity (11, 12). Evi-
dence from a murine model of herpes simplex virus type 1 infection has
provided a compelling link between TCR diversity and host resistance in
this persistent infection (5). However, the case that TCR diversity is impor-
tant for the successful CD8+ T cell–mediated control of human infections
is far from proven (1). This prompted us to test the impact of TCR re-
pertoire diversity on persistent human cytomegalovirus (CMV) infection.

The ability to quantify a relationship between TCR diversity and
microbial defense depends on the sensitivity of the system used to probe
the pMHC class I (pMHCI)–specific immune repertoire. Historically, the
approaches used vary greatly in acuity. Flow cytometric analysis with TCR
Vb monoclonal antibodies offers a low-resolution perspective by enumer-
ating the percentages of epitope-specific T cells [detected using pMHCI
tetramers (13)] expressing particular Vb segments (14). Spectratyping
offers a more refined TCR repertoire “snapshot” by measuring CDR3 size
distributions for DNA amplified by polymerase chain reaction (PCR)
using V segment–specific and (for higher resolution) J segment–specific
primers (15). Molecular cloning and sequencing (including pyrosequenc-
ing) of TCR CDR3 transcripts is much more precise (16, 17), but, at
least for humans, this type of analysis has been limited thus far to deter-
mining CDR3a and/or CDR3b repertoires separately or examining paired
CDR3ab data from a small number of in vitro–expanded CTL clones.

Optimally, the comprehensive assessment of epitope-specific TCRab
repertoire selection and clonal prevalence requires the identification and
enumeration of individual clonotypes. Although recent advances in
high-throughput sequencing have begun to shed light on the develop-
ment and selection of human TCR repertoires by bulk sequencing of
lymphocyte populations (17), this approach does not allow the simul-
taneous characterization of CDR3a and CDR3b sequences for indi-
vidual T cell clonotypes. Using a single-cell approach, recent analysis
in a mouse model system (18) allowed us to characterize CDR3a and
CDR3b segments expressed in single, influenza-specific T cells recov-
ered directly from the lung. This protocol has now been adapted to
probe the human CMV–specific CD8+ T cell response for individual
peripheral blood lymphocytes.
ienceTranslationalMedicine.org 4 April 2012 Vol 4 Issue 128 128ra42 1
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This powerful tool allows the immediate, ex vivo characterization
of human epitope–specific T cell repertoires by single-cell, multiplex
clonotypic analysis, without previous knowledge of associated Va or
Vb gene segment usage. Nested PCR, using comprehensive panels of
TCR Va and Vb primers paired with Ca and Cb primers, enables the
simultaneous amplification of expressed CDR3a and CDR3b segments
from individual, epitope-specific T cells, isolated by pMHCI tetramer–
based flow cytometric cell sorting. Nucleotide sequencing of the indi-
2

vidual, amplified CDR3 products yields
precise CDR3ab clonotypic data reflec-
tive of the in vivo clonal prevalence. The
TCR repertoire findings, together with the
concurrent measurement of antibody ti-
ters and viral loads, have allowed us to
reach conclusions concerning the impor-
tance of TCRab repertoire diversity and
clonotype prevalence in the long-term
control of persistent CMV infections.
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RESULTS

Single-cell human TCR repertoire
characterization directly ex vivo
Aiming to view a high-resolution “snap-
shot” of the CMV-specific CD8+ T cell
response, which is believed to be impor-
tant for controlling persistent CMV infec-
tions, we developed a strategy that allows
the contemporaneous characterization of
CDR3ab repertoires for single epitope-
specific CD8+ CTLs recovered directly from
peripheral blood. The design and valida-
tion of a comprehensive panel of primers
specific for all non-pseudogene TCR Va,
Vb, Ca, and Cb gene segments is detailed
in Materials and Methods and Supplemen-
tary Materials (Supplementary Results,
tables S1 and S2, and figs. S1 and S2).
All TCR genes are identified using the in-
ternational ImMunoGeneTics information
system (IMGT) nomenclature (19).

This ex vivo characterization of the
epitope-specific T cell repertoire at the
single-cell level is grounded in the isolation
of single CD8+ T cells from unmanipulated
human peripheral blood mononuclear
cells (PBMCs). The human leukocyte an-
tigen (HLA) A*0201–restricted pp65495–503
NLVPMVATV (CMV-NLV) CTLs consti-
tute the dominant CMV-specific CTL set
for individuals expressing that HLA pheno-
type. Single, tetramer-labeled, CMV-NLV–
specific CD8+ T cells were sorted by flow
cytometry into the individual wells of a
96-well PCR plate (Fig. 1). A strategy com-
bining reverse transcription–PCR (RT-
PCR) and nested PCR then enabled the
www.Sc
highly specific amplification of both the CDR3a and the CDR3b
segments expressed concurrently in each T cell.

Our success rates for obtaining paired CDR3a and CDR3b sequences
varied from 22 to 80% of single cells processed from cryopreserved, hu-
man PBMC samples. With maturation of the technique, typically about
50% of sequenced single cells yield paired data. Dual expression of
TCRa chains, inadequacy of the mRNA transcripts in individual cells,
suboptimal quality of thawed cryopreserved cells, and the loss of what
Fig. 1. Overview of single-cell multiplex clonotypic analysis of epitope-specific T cells. Single epitope-
specific CD8+ T cells are sorted on a flow cytometric cell sorter into 96-well PCR plates. RT-PCR is per-

formed on the individual cells. The resultant cDNA is subjected to two rounds of nested PCR. In the first
round, CDR3a and CDR3b transcript amplification is achieved with a multiplexed, comprehensive panel of
external sense Va and Vb and antisense Ca and Cb segment–specific primers. First-round PCR products
are subjected to two separate second-round PCRs, incorporating, respectively, a multiplexed panel of ex-
ternal sense Va and antisense Ca or external sense Vb and antisense Cb segment–specific primers. PCR
products thus derived are sequenced and translated to yield paired CDR3ab repertoire data. Inset: Nucle-
otide products from nested PCR performed on cDNA derived from single CMV-NLV–specific CD8+ T cells
from a young adult donor, incorporating TCRa- (top two rows) and TCRb-specific primers (bottom two
rows). PE, phycoerythrin; FITC, fluorescein isothiocyanate; APC, allophycocyanin; tet, tetramer.
ienceTranslationalMedicine.org 4 April 2012 Vol 4 Issue 128 128ra42 2
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are already small amounts of cellular mRNA due to procedural mechan-
ics can account for any failures to obtain CDR3ab coexpression data. Even
so, technical constraints that affect the capacity to amplify individual
CDR3a and CDR3b segments concurrently may be considered to af-
fect all cells at random and with equal likelihood. Such factors should
not, therefore, selectively affect particular CDR3a or CDR3b sequences
in ways that bias inferences based on the repertoire structure.

Furthermore, only a single cell–based repertoire analysis can establish
whether CDR3a or CDR3b sequence data have been obtained from any
particular tetramer+CD8+ T cell. Obviously, approaches based on deter-
mining bulk nucleotides from T cell populations cannot provide this in-
sight. Also, unique to our single-cell approach, introducing an additional
step that involves subcloning the nested PCR amplicons in transformed
Escherichia coli allows us to identify the productively rearranged CDR3a
that can accompany a nonproductively rearranged CDR3a, dual TCRa
chains, or other missing CDR3ab coexpression data. With this addition-
al procedure, we successfully obtained the missing, paired CDR3a or
CDR3b sequence in five of five CTLs from one donor (Supplementary
Results). In addition, earlier analysis has shown that PCR error does
not affect sequence validity for the data sets derived from our nested
PCR approach (18).

Determination of CMV-specific CDR3ab repertoire
in immunocompetent adults
Virus-specific CD8+ T cell immunity is thought to play a crucial role
in limiting the replication of CMV, which establishes a persistent, life-
long infection in humans (20). Using the strategy for TCR repertoire
analysis developed here, we examined the CMV-specific TCR reper-
toires of unmanipulated, ex vivo peripheral T cells from two young
and four older immunocompetent adults with known CMV immuno-
globulin G (IgG) seropositivity (Table 1 and table S3).

Several features of our direct, ex vivo–acquired repertoire data
are consistent with those reported previously for in vitro–cultured
and molecularly cloned CMV-NLV–specific CD8+ T cells (21–25).
First, sequence-unique clones were observed even among those using
one specific Vb family (for example, TRBV6-5). Second, CMV-specific
CD8+ T cell repertoires were frequently, but not always, dominated by
one or two clonotypes, as observed in donors Y2, E1, E3, and E4. Third,
TRBV6-5 and TRBV27 were among the most frequently expressed Vb
regions among the T cell clones characterized for all donors. Fourth,
TRBV6-5 was commonly associated with TRBJ1-2 (21–25), as ob-
served in donors Y2, E1, E2, and E4. Fifth, the previously identified public
(observed in more than one person) CDR3a sequences, NTGNQF
(TRAV24 AJ49) and PYNNNDM (TRAV24 AJ43), were coexpressed
with CDR3b sequences that used TRBV6-5 and TRBV27, respectively
(23), as observed in donors Y2 and E4 (Table 1).

Nonproductively rearranged CDR3a transcripts (table S4) were
found at a low prevalence (6% of all responses) in four donors (Y1,
Y2, E3, and E4). This is consistent with data frommurine models dem-
onstrating that, although high frequencies of nonproductively rear-
ranged CDR3a transcripts are found after primary infection, such
clonotypes are lost with repeated antigenic stimulations (18, 26), as
occurs in persistent CMV infection.

High prevalence of public motif usage in CMV-specific
CDR3ab repertoire
The simultaneous amplification of CDR3ab sequences allowed us to
identify several important features of the CMV-NLV TCR repertoire,
www.Sc
including the accurate definitions of complete CDR3ab clonotypes
and their in vivo prevalences. We systematically cataloged seven pub-
lic CDR3a and six public CDR3b motifs, distinct patterns of amino
acid usage (Table 2; a comprehensive list of sequences whence the mo-
tifs were identified is provided in table S5), a broader range than found
hitherto (21–25, 27). These motifs, some of which include preferential
J region usage, can account for about 70% of the epitope-specific re-
sponse (Fig. 2A). Of all the CMV-NLV–specific responses analyzed
here, 53% are characterized by the usage of public CDR3a motifs,
55% by public CDR3b motifs, 71% by either CDR3a or CDR3b mo-
tifs, and 38% by the usage of both CDR3a and CDR3b motifs. Public
CDR3a motifs commonly (71%) pair with public CDR3b motifs, as
do public CDR3b motifs with public CDR3a motifs (68%).

Only a contemporaneous TCRab analysis allows the identification
of TCRab pairing rules. Thus far, we have considered the prevalence
of pairing for any public CDR3a with any public CDR3b. However,
we also observed consistently repeated instances of the same public
CDR3a pairing with the same public CDR3b, a profile we tentatively
characterize as a “dual public clonotype.” For instance, the public CDR3a
sequence, NTGNQF, is always paired with the public b motif, S*nTG*nGY
(where n represents a variable number of amino acids), among all do-
nors in the present and in previous studies (23, 25) (table S5). Another
public CDR3a sequence, AFGNQF, was consistently associated with
the same public CDR3b motif, *nTSGALYNEQ, in this and a previous
study (23). The public CDR3a sequence, PYNNNDM, paired repeatedly
with the public CDR3b motif, S*nTEA, in this and a previous study
(23). In all, about 28% of the CMV-NLV–specific responses are char-
acterized by a dual public CDR3ab motif (Fig. 2A). Together, these
data indicate equal contributions by the CDR3a and CDR3b in shap-
ing this CMV-NLV–specific T cell response.

Beyond these TCRab public motif pairings, further insights into
pairing rules were probed at the ultrastructural level. We systematical-
ly enumerated polar and hydrophobic (relative to glycine) amino acids
in all of the paired CDR3ab sequences in this study and generated
“normalized polarity” and “hydrophobicity” values for each sequence
by dividing by the total number of amino acids in each respective se-
quence. What we found was that the hydrophobicities of the CDR3a
and CDR3b sequences were negatively correlated to a moderate extent
(Spearman r = −0.42, P = 0.024; Fig. 2B). That is, a lower CDR3a
hydrophobicity was balanced by a higher CDR3b hydrophobicity, and
vice versa. In contrast, such an inverse relationship was not definitively
observed for CDR3ab amino acid polarity values, which were compara-
ble within CDR3ab pairs (Fig. 2C). Both hydrogen bonds and van der
Waals forces contribute to the interaction between the TCR and the
CMV-NLV epitope (28). Together, our data suggest that the totality
of hydrophobic contacts within the CDR3ab region is a determinant
of optimal CDRab pairing for this epitope-specific response that is more
tightly regulated than polar contacts.

Estimating TCR repertoire diversity
Our single-cell analysis of the CMV-NLV–specific TCRab repertoire
thus far has provided insights into the selection and pairing of CDR3ab
sequences in a persistent human infection. Although there are suggestions
that TCR repertoire diversity is important for human antimicrobial de-
fense (29), direct evidence supporting this hypothesis has been both
limited and hard to generate. Therefore, we next focused on determining
a useful, quantitative measure of pathogen-specific TCRab repertoire di-
versity for this continuing, in vivo CTL response.
ienceTranslationalMedicine.org 4 April 2012 Vol 4 Issue 128 128ra42 3
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Table 1. TCR repertoires of CMV-NLV–specific CD8+ T cells from two young
and four older adults. TCR V, D, and J nomenclature follows that of IMGT
(19). Nonproductive CDR3a rearrangements are not included in this table.
Percentages do not total 100% due to rounding error. The ages of the do-
www.Sc
nors were 34, 23, 90, 88, 71, and 88 years, respectively. Corresponding
CDR3 nucleotide sequences are listed in table S3. Each TCR repertoire
was measured in one experiment per donor. ND, not determined; AA,
amino acid.
Donor
 TRAV

CDR3a AA
sequence
TRAJ
 TRBV
ience
CDR3b AA
sequence
TranslationalMedicine.o
TRBD
rg 4 April 20
TRBJ
12 Vol 4 Iss
Prevalence within
each donor (%)
Y1 (n = 39)
 1–2
 TDSNYQL
 33
 6–4
 SSGGGTGEL
 2
 2–2
 2.7
3
 RQDYQL
 33
 6–5
 GPGTSATDTQ
 2
 2–3
 2.7
8–1
 CLRGAGSYQL
 28
 27
 ALGGPNTQ
 1
 2–3
 2.7
10
 SRRTTGANNL
 36
 6–6
 SYTLASYEQ
 2
 2–7
 2.7
14
 RVDGQKLL
 16
 9
 SPLQGGEL
 1
 2–2
 2.7
21
 GRSNDYKL
 20
 9
 SAGGGILATDTQ
 2
 2–3
 2.7
21
 TGAGYSTL
 11
 27
 SLLGASLEQ
 1
 2–7
 2.7
22
 DYGQNF
 26
 4–2
 SQVPGSYEQ
 2
 2–7
 2.7
2
1–2
 GDTGFQKL
 8
 ND
 2.7
20
1

3
 RPRVATGGGNKL
 10
 ND
 2.7
 4
, 
8–4
 RDLNTGNQF
 49
 ND
 2.7
pr
il
19
 SDITGGGNKL
 10
 ND
 2.7
 A
19
 SEAFRDDKI
 30
 ND
 2.7
 o
n

21
 PPQGGSEKL
 57
 ND
 2.7
or
g

.
ND
 6–5
 GPGTSATDTQ
 2
 2–3
 13.5
ag
ND
 4–2
 TFEGGNEKL
 1
 1–4
 2.7
m
e
ND
 6–1
 RSSYNEQ
 2
 2–1
 2.7
nc
ND
 6–4
 SSGGGTGEL
 2
 2–2
 2.7
ci
e

s
ND
 6–5
 SFFPGTDTDTQ
 2
 2–3
 2.7
m
.

t
ND
 6–5
 SISLGFGETQ
 2
 2–5
 2.7
s 
ND
 6–5
 SYSTNEQ
 2
 2–1
 2.7
ro
m

ND
 9
 SAPGTGSHEQ
 1
 2–7
 2.7
d 
f

ND
 9
 SDTPTEA
 1
 1–1
 2.7
de
a
ND
 9
 SSGGGTGEL
 2
 2–2
 2.7
lo
n
ND
 10–1
 SAPTAPYEQ
 1
 2–7
 2.7
w
o
ND
 13
 SHRNQPQ
 1
 1–5
 2.7
D
ND
 14
 SPGQRVNYGY
 1
 1–2
 2.7
ND
 15
 SRDTSGRARNTQ
 2
 2–3
 2.7
ND
 19
 GLGSPSTDTQ
 2
 2–3
 2.7
ND
 27
 SFRGESYGY
 1
 1–2
 2.7
ND
 28
 SLSAGGPYTGEL
 2
 2–2
 2.7
ND
 28
 SYPYNEQ
 2–1
 2.7
ND
 30
 SRGLYGY
 1
 1–2
 2.7
Y2 (n = 69)
 24
 NTGNQF
 49
 6–5
 SWKTGTGGTGY
 1
 1–2
 27.5
24
 NTGNQF
 49
 6–5
 SPSTGVTFYGY
 1
 1–2
 2.9
26–2
 SNNNDM
 43
 6–5
 SISDLAKNIQ
 2
 2–4
 8.7
24
 NTGNQF
 49
 ND
 21.7
26–2
 SNNNDM
 43
 ND
 1.4
ND
 6–5
 SWKTGTGGTGY
 1
 1–2
 18.8
ND
 6–5
 SISDLAKNIQ
 2
 2–4
 14.5
continued on next page
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Donor
 TRAV

CDR3a AA
sequence
TRAJ
 TRBV
www.Science
CDR3b AA
sequence
TranslationalMedicine.o
TRBD
rg 4 April 20
TRBJ
12 Vol 4 Iss
Prevalence within
each donor (%)
ND
 6–5
 SPSTGVTFYGY
 1
 1–2
 2.9
ND
 7–9
 SEVTYEQ
 2
 2–7
 1.4
E1 (n = 36)
 5
 IQASGGSYIP
 6
 15
 GRGGMIGEQ
 2
 2–7
 30.6
5
 IQASGGSYIP
 6
 ND
 11.1
14
 DSGGSNYKL
 53
 ND
 2.8
ND
 6–5
 SYKTGTALGY
 1
 1–2
 2.8
ND
 15
 GRGGMIGEQ
 2
 2–7
 52.8
E2 (n = 33)
 25
 KTSYDKV
 50
 25–1
 EQGMHEQ
 1
 2–7
 9.7
27
 RDNYGQNF
 26
 12–3
 SWTDLNQPQ
 1
 1–5
 6.5
24
 STGGANNL
 36
 6–1
 SEWADTEA
 1
 1–1
 6.5
6
 GGGYNKL
 4
 6–2
 SYGRDRENIQ
 1
 2–4
 3.2
8–6
 RPRNFNKF
 21
 19
 SLSPSMATYNEQ
 2
 2–1
 3.2
12
19
 GNNARL
 31
 6–5
 SLGTGWEHGY
 1
 1–2
 3.2
 2
0
23
 SIGNFGNEKL
 48
 25–1
 SPARNTEA
 1
 1–1
 3.2
l 4
,

24
 LSGGKL
 23
 20–1
 TRTARNQPQ
 1
 1–5
 3.2
pr
i

25
 TLSNFGNEKL
 48
 13
 SLGVASYEQ
 2
 2–7
 3.2
n 
A

30
 SIGNFGNEKL
 48
 ND
 6.5
 og
32
 DNNNDM
 43
 ND
 6.5
.o
r

26–1
 RGPSGGSYIP
 6
 ND
 3.2
ag
27
 SDPNDYKL
 20
 ND
 3.2
em
28
 QAEGSQGNL
 42
 ND
 3.2
ie
nc
29
 QAGYGGSQGNL
 42
 ND
 3.2
.s
c
31
 ANNYGQNF
 26
 ND
 3.2
tm
ND
 20–1
 TRTARNQPQ
 1
 1–5
 6.5
s 

m
ND
 25–1
 EQGMHEQ
 1
 2–7
 6.5
fr
o
ND
 2
 SDPRTRLSGANVL
 2
 2–6
 3.2
d 
e
ND
 6–1
 SEWADTEA
 1
 1–1
 3.2
ad
ND
 7–2
 SPVGSFADTQ
 2
 2–3
 3.2
nl
o

ND
 9
 SVAPPSDPTGEL
 2
 2–2
 3.2
ow
ND
 25–1
 SEPGGEQ
 2
 2–7
 3.2
D

E3 (n = 72)
 5
 SGSYNTDKL
 34
 20–1
 RDGLAGHYEQ
 2
 2–7
 54.2
8–3
 AFGNQF
 49
 27
 SMTSGALYNEQ
 2
 2–1
 20.8
35
 PMKTSYDKV
 50
 12–4
 ASANYGY
 1
 1–2
 2.8
3
 RDTDARL
 31
 ND
 1.4
ND
 27
 SMTSGALYNEQ
 2
 2–1
 15.3
ND
 20–1
 RDGLAGHYEQ
 2
 2–7
 4.2
ND
 30
 IPGTGGVEA
 1
 1–1
 1.4
E4 (n = 48)
 24
 PYNNNDM
 43
 27
 SLEGYTEA
 1
 1–1
 22.9
5
 ITGGGNKL
 10
 20–1
 TDVTKGQLISGY
 1
 1–2
 12.5
24
 NTGNQF
 49
 6–5
 SYQTGTGVYGY
 1
 1–2
 2.1
24
 NTGNQF
 49
 6–5
 SYQTGTPYGY
 1
 1–2
 2.1
20
 QAITGGFKT
 9
 27
 SLEGYTEA
 1
 1–1
 2.1
24
 PYNNNDM
 43
 ND
 12.5
5
 ITGGGNKL
 10
 ND
 6.3
continued on next page
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Simpson’s Diversity Index (SDI), a summary statistic often applied
to repertoire analysis, provides a relative measure of the richness and
evenness of a population. Borrowed from ecology, the SDI is both less
sample size–dependent than other measures and more applicable to
the comparison of diversities in samples with smaller sample–to–total
population size ratios (30). These properties are particularly important
when it comes to the assessment of human TCR repertoires, where only
a very small fraction can be sampled from the total PBMC and tissue-
located CTL pool. Thus far, the use of SDI to characterize the con-
stitution of antigen-specific TCR repertoires has focused mainly on
probing CDR3b profiles (31).

With other pathogens, the experience so far has been that either
the TCRa or the TCRb chain can undergo more restrictive selection,
whereas the other chain is less constrained (32). A key determinant of
such a biased selection is thought to be the dominance of one TCR
chain over the other in making contacts with the foreign peptide (33).
It is thus important to probe both CDR3a and CDR3b repertoires
concurrently for single TCRab pairs. The present analysis allows us
to characterize repertoire diversity of TCRab clonotypes as they occur
in nature. In addition, we are able to determine whether similar diver-
sities are found between the CDR3a and the CDR3b profiles or
whether one compartment is more restricted than the other.

Summarized in Table 3, the SDIs for each donor confirm prelim-
inary interpretations from a visual survey of the spectrum of repertoire
diversity (Table 1). The highest diversity was found in the TCR re-
pertoire of donor Y1, which comprised many clonotypes of about equal
frequency, whereas the lowest diversity was that found for donor E1,
who had one dominant clonotype and a rare clonotype for both CDR3a
and CDR3b. In general, there was good concordance in the extent of
CDR3a and CDR3b diversity within individuals. With two individuals,
donor Y2 and E4, the spectrum of CDR3a and CDR3b diversities
showed evidence of greater discordance, but there was no consistency
for greater diversity in one or the other of TCRa and TCRb chains. These
data suggest that neither CDR3a nor CDR3b is more selectively restricted
in the human CMV–NLV response.

TCR repertoire diversity, CTL response magnitude,
and circulating antibody levels
Circulating CMV-specific antibody levels correlate with viral loads in
cancer patients receiving chemotherapy (34) and are associated with
differential mortality risks in immunocompetent older adults (35–37).
Therefore, we next examined the relationship between pathogen-
specific TCR repertoire diversity and the circulating CMV-specific IgG
concentration, using contemporaneously obtained blood specimens.
Donor
 TRAV

CDR3a AA
sequence
TRAJ
 TRBV
ience
CDR3b AA
sequence
TranslationalMedicine.o
TRBD
rg 4 April 20
TRBJ
12 Vol 4 Iss
Prevalence within
each donor (%)
24
 NTGNQF
 49
 ND
 4.2
20
 QGTTDSWGKF
 24
 ND
 2.1
10
 SAENARL
 31
 ND
 2.1
ND
 27
 SLEGYTEA
 1
 1–1
 16.7
ND
 6–5
 SYQTGTGVYGY
 1
 1–2
 8.3
ND
 20–1
 SSGALNTEA
 1
 1–1
 2.1
ND
 6–5
 SYSTGVPYGY
 1
 1–2
 2.1
ND
 20–1
 TDVTKGQLISGY
 1
 1–2
 2.1
Table 2. Public motifs that emerged among donors in this and previous
reports of CMV-NLV–specific TCR repertoire. *n denotes a variable region
of the public motif consisting of n amino acids, where n can range from
1 to 10. Percentages in this table are derived from all responses (n = 297
TCR sequences), regardless of whether TCRa and TCRb coexpression
data are available.
Motif
no.
Public CDR3a
motif
Donors and previous
reports in which public

motif was found
r
t

Prevalence
among all
esponses in
his study (%)
1
 *nGNQF Y
2, E3, E4, Trautmann et al.
(23), Day et al. (25)
14.1
2
 *nYGQNF Y
1, E2, Trautmann et al. (23),
Day et al. (25)
2.1
3
 *nNNNDM Y
2, E2, E4, Trautmann et al. (23)
 10.5
4
 *nNFGNEKL E
2, Trautmann et al. (23)
 2.1
5
 *nTGANNL Y
1, E2, Trautmann et al. (23)
 1.6
6
 *nTGGGNKL Y
1, E4
 5.1
7
 *nTSYDKV E
2, Trautmann et al. (23)
 1.6
Public CDR3b
motif
8
 S*nTG*nGY Y
2, E1, E2, E4, Weekes et al.
(21), Trautmann et al. (23),
Price et al. (24), Day et al.
(25), Khan et al. (22)
13.0
9
 S*nTEA Y
1, E2, E4, Weekes et al. (21),
Trautmann et al. (23), Price
et al. (24), Day et al. (25),
Khan et al. (22), Venturi
et al. (27)
11.7
10
 *nTDTQ Y
1, Trautmann et al. (23),
Price et al. (24), Day et al.
(25)
4.3
11
 *nRD*nG*YEQ E
3, Day et al. (25), Khan et al.
(22)
9.7
12
 *nSYEQ Y
1, E2, Weekes et al. (21),
Price et al. (24), Khan et al.
(22)
1.5
13
 *nTSGALYNEQ E
3, Trautmann et al. (23)
 6.1
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Strikingly, a strong inverse correlation was found between CMV-NLV–
specific CDR3ab repertoire diversity and the serum anti-CMV IgG
concentration (Spearman r = −1.0, P = 0.0028; Fig. 3A). Similar, but
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less robust, trends were observed when CDR3a and CDR3b repertoire
diversities were examined separately, relative to the anti-CMV IgG con-
centration (Spearman r = −0.94, P = 0.017 and r = −0.83, P = 0.058,
respectively; Fig. 3B).

Because of this inverse association between CMV-specific TCRab
repertoire diversity and the virus-specific IgG level, we next asked wheth-
er the CTL response magnitude showed any obvious relationship to the
virus-specific antibody response. Among all donors, we found that the
size of the CMV-NLV–specific CD8+ CTL response, determined by the per-
centage of CD8+ T cells binding the CMV-NLV pMHCI tetramers,
bore no obvious relationship to serum anti-CMV IgG concentrations
(Fig. 3C). Thus, if we regard CMV-specific antibody titers as a
surrogate for virus reactivation, the numbers of circulating epitope-
specific CTLs do not obviously correlate in any way with variations in
CMV antigen load. It is well known from studies in experimental
systems (1) that there is no necessary relationship between TCR di-
versity and CD8 T cell response magnitude.

Although circulating CMV viral load is routinely quantifiable in im-
munocompromised persons as a measure of virus reactivation (38), CMV
reactivation is less readily detectable in immunocompetent individuals
(39). Using quantitative PCR, we measured CMV DNA in plasma con-
temporaneous with serum CMV-specific IgG in our study participants.
Although no evidence of virus presence was found for the three donors
with the lowest anti-CMV IgG levels, the CMV viral load was >300
copies per milliliter in the three donors with the highest antibody levels
(fig. S3A). To further probe this dichotomy, we measured plasma CMV
loads in 24 immunocompetent adults and found that serum CMV IgG
concentrations were generally higher in virus carriers with detectable
CMV than in those where we found no CMV DNA (P = 0.011; fig.
S3B). Together, our data suggest that CMV-specific CD8+ TCR repertoire
diversity is more important than CD8+ T cell response magnitude for the
control of persistent CMV infection.
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DISCUSSION

Although CMV is known to reactivate under circumstances of immu-
nodeficiency or immunosuppression, as when a concurrent HIV in-
fection progresses to AIDS or in posttransplant settings (40), evidence
D
−
− 1

pl
R
l

D

Fig. 2. Relationships between paired CDR3a and CDR3b sequences in
CMV-NLV–specific CD8 T cell repertoire. (A) Prevalence of CDR3a and CDR3b

public motif usage among all responses. Percentages were derived from
paired CDR3ab data (n = 135 TCR sequences). (B and C) Relationships be-
tween hydrophobicity (B) and polarity (C) values within paired CDR3a and
CDR3b amino acid sequences. Hydrophobicity and polarity are defined in
the text. In (B) and (C), each symbol represents one CDR3ab pair. Correlation
was assessed using the Spearman’s rank correlation coefficient. Percentages
do not total 100% due to rounding error.
Table 3. Simpson’s Diversity Index
(SDI) for each donor’s CMV-NLV–
specific CD8+ TCR repertoire. SDI
= 1−

niðni−1Þ
nðn−1Þ , where c is the num-

ber of different clonotypes in each
TCR repertoire sample, ni is the

Table 3. Simpson’s Diversity Index (S

CD8+ TCR repertoire. SDI = 1 −
Pc

i¼1

niðni
nðn

clonotypes in each TCR repertoire sam
type, and n is the total number of TC
from 0 to 1, representing the minima
ienceTranslationalMedicine.org 4 April
clone size of the ith clonotype,
and n is the total number of TCR
sequences sampled. The SDI
ranges from 0 to 1, representing
the minimal and maximal diversi-
ty, respectively.

I) for each donor’s CMV-NLV–specific
1Þ
Þ , where c is the number of different

e, ni is the clone size of the ith clono-
sequences sampled. The SDI ranges
and maximal diversity, respectively.
Donor

Simpson’s Diversity Index
CDR3ab
2012
CDR3a
Vol 4 Issue 128 128ra
CDR3b
Y1
 1
 0.98
 0.97
Y2
 0.47
 0.28
 0.55
E1
 0
 0.14
 0.065
E2
 0.94
 0.97
 0.93
E3
 0.45
 0.46
 0.53
E4
 0.63
 0.81
 0.33
42 7
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of any such reactivation is, as confirmed here, seldom detectable in
immunocompetent carriers (39). Thus, an alternative measure of CMV
antigen load is needed for monitoring clinically normal, persistently
infected virus carriers. We and others have recently found a direct cor-
relation between CMV-specific antibody levels and differential morbid-
ity and mortality risks in older adults (35–37). It thus seems reasonable
that heightened levels of CMV-specific circulating antibodies may re-
flect suboptimal CTL-mediated immune control, with IgG titers func-
tioning, in effect, as a surrogate measure of virus reactivation (34).

In general, a varied TCR repertoire is believed to mediate the op-
timal control of pathogens by increasing the probability that microbial
escape mutations might still be recognized by one or other TCRab
pair (7, 8). Greater diversity is also thought to facilitate the selection
of high-avidity CTLs that are more effective players in immune defense
(5, 10), although this association between TCR avidity and repertoire
diversity is not a consistent finding (41). Because the CMV-NLV pp65
epitope is relatively stable, with rare mutations found in clinical sam-
ples (42), any advantage conferred by greater breadth of the CMV-
NLV–specific TCR repertoire is unlikely to reflect protection from viral
escape. Although a diverse TCR repertoire can in principle enhance
functional heterogeneity and thus pathogen control, detailed analysis
in mice infected with readily eliminated influenza A virus has not es-
tablished any clear association between TCR repertoire diversity and
various measures of the cognate pMHC responsiveness, including cyto-
toxicity and cytokine production (41, 43). Indeed, functional heteroge-
neity can be generated from a single antigen-specific T cell clone in a
process that appears to be stochastic and thus not related to the in-
volvement of a spectrum of TCRs (44).

The situation with larger and more complex persistent viruses may,
however, be very different. Using a single-cell, direct ex vivo approach
to characterize the spectrum of TCRab repertoires of human CMV–
specific CD8+ T cells, we found that virus-specific CTL TCRab reper-
toire diversity correlates inversely with CMV-specific antibody levels,
an observation consistent with the idea that CMV reactivation events
(and thus antigen load) are more effectively limited by CTLs expressing
a diversity of TCRab pairs. This observation is especially noteworthy in
view of the lack of association between response magnitude for CMV-
NLV–specific CTLs and anti-CMV IgG level. Although CMV has evolved
molecular mechanisms for subverting class I MHC antigen presenta-
tion (45), this immune evasion strategy does not function to prevent
the generation of a diverse CTL response in natural infections (46). Pre-
sumably, this reflects the need to maintain a balance, with CTLs helping
to control persistent CMV (47) while allowing the host to survive and
transmit the infection.

The protection afforded by the human CMV–specific CD8+ T cell
response has been formally demonstrated by the adoptive transfer of
in vitro–expanded CTLs into immunosuppressed, transplant recipi-
ents who failed antiviral chemotherapy (20). Although indications
from studies involving immunosuppressed patients suggest that virus
clearance may depend on achieving threshold numbers of antigen-
specific CD8+ T cells (47), variations in CTL response magnitude be-
yond that baseline may be less important than TCR diversity when it
comes to pathogen control, particularly in immunocompetent humans.
Our data suggest that a potential key, but as yet unmeasured, ingredient
predictive of success in such immunotherapeutic strategies may be the
diversity of the infused TCR repertoire (48), an issue that would seem to
merit future analysis. Also, although high TCR/pMHCI avidity pro-
files are thought by some to be optimal for virus control, the molecular
Fig. 3. Relationship between CMV-NLV–specific CTL response and serum
anti-CMV IgG concentration. (A) Relationship between CMV-NLV–specific

CD8+ TCRab repertoire diversity, expressed as the SDI (see text and footnote
to Table 2), and CMV IgG concentration. (B) Examination of the CMV-NLV–
specific CD8+ TCRa and TCRb repertoire diversities, as separate variables, in
relationship with the CMV IgG concentration. (C) Relationship between the
magnitude of the CTL response, measured as the frequency of CMV-NLV
pMHCI tetramer+CD8+ T cells (as percentage of all CD8+ T cells), and the
CMV IgG concentration. Correlation was assessed using the Spearman’s rank
correlation coefficient. Each TCR repertoire was measured in one experiment
per donor. CMV IgG concentration was measured in duplicates.
ienceTranslationalMedicine.org 4 April 2012 Vol 4 Issue 128 128ra42 8
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pathways that elicit cytotoxic effector function can evidently be
triggered via a weaker TCR signal than that required for cytokine pro-
duction (12). Again, TCR diversity is likely to contribute importantly,
with TCR/pMHCI avidity alone not being the best predictor of CTL-
mediated effector function.

An alternative interpretation of our data is that chronic antigen
load leads to a narrowing of the TCR repertoire while it concurrent-
ly increases the antibody level. This is suggested by earlier findings
(derived from cloned T cell lines), indicating that the CMV-specific
TCR repertoire is less diverse in immunosuppressed patients (23). How-
ever, long-term immunosuppression could be associated with a contrac-
tion of the TCR repertoire (49). Indeed, in immunocompetent individuals,
despite a tendency for limited clonotype dominance after CMV pri-
mary infection (25), the CMV-specific TCRb repertoire appears to be
stable at least over a 2-year follow-up (50). This stability suggests that
the repertoire structure is maintained despite potential fluctuations in
viral load. Thus, it seems more likely that the repertoire profile is the
predictor, rather than the outcome, variable in our data. Still, it would
be worthwhile to examine the stability of CMV repertoire profiles in
the same individuals over an extended time scale (>10 years) and
spanning the period when potential CMV-related morbidities may arise
(>65 years of age). Pairing detailed repertoire analysis with changes in
antigen-specific T cell activation phenotypes might also contribute
to our understanding of the relationship between TCR diversity
and viral control.

Careful analysis of the CMV-specific CD8+ TCRab repertoire struc-
ture provided additional insights into the selection of this antigen-
specific CTL response to a persistent, ubiquitous pathogen. We observed
a high prevalence of public CDR3ab motifs, together with a substan-
tial minority of consistently paired public CDR3a and CDR3b motifs,
and an inverse correlation in the hydrophobicity of the paired TCRa
and TCRb chains. Indeed, to our knowledge, the present analysis pro-
vides the first human epitope–specific CD8+ TCR CDR3ab repertoire
that reflects in vivo clonotype prevalence and diversity for any pathogen-
specific (or other) T cell response. In contrast to the discordant usage
of TCRa and TCRb chains observed in other instances of epitope-
specific responses (32), we found comparable repertoire metrics be-
tween CDR3a and CDR3b for these CMV-NLV–specific CTLs. This
observation, together with the relatively considerable percentage of
dual public clonotypes, suggests that both CDR3 counterparts con-
tribute equally to pMHC contact.

To date, this strategy for human antigen–specific TCRab reper-
toire analysis has only been applied to peripheral blood lymphocyte
populations, although it has potential application for the analysis of
both naïve and immune T cell sets recovered in samples as diverse as
cord blood and cancer biopsies. Assaying T cell populations directly ex
vivo in this way will, for example, allow us to determine just how rep-
resentative the clonally expanded (in culture) CTLs used in immuno-
therapy protocols are when compared with the natural host response in
T cell donors. Such single-cell analysis also facilitates the precise, longi-
tudinal tracking of human antigen–specific T cell clonotypes from the
acute response into long-term memory. This allows us to monitor pro-
files of clonotype fate and involvement for T cell responses to both
persistent and acute infections, and in autoimmune disease (51), and
also permits a much more defined analysis of how therapeutic interven-
tions may modify cell-mediated immunity.

In conclusion, the single cell–based approach to TCR repertoire
analysis described here enables detailed characterization of epitope-
www.Sc
specific CD8+ T cell clonotypes as they persist in vivo and offers im-
portant insights into the role and relative importance of pathogen-
specific TCR repertoire diversity in microbial defense. The analysis
also provides insight into the selection of TCRab public motifs in a
persistent viral infection and gives baseline information for the further
structural analysis of human TCRab pairing. Furthermore, the avail-
ability of this analytical system will facilitate much more defined as-
sessments of the ways that T cell repertoire diversity determines both
immune competence and immunodominance, while enabling the track-
ing of individual T cells during immunotherapy applications (including
vaccination strategies), in the pathogenesis of disease and in long-term
memory.
MATERIALS AND METHODS

Subjects and PBMC samples
The study protocols were approved by the institutional review boards
of Johns Hopkins University (Baltimore, MD) and St. Jude Children’s
Research Hospital (Memphis, TN). Written informed consent was ob-
tained from all study participants. Heparinized venous whole blood
was obtained peripherally from immunocompetent individuals not
taking immunomodulatory pharmaceutical agents. PBMCs were
isolated via density gradient centrifugation (GE Healthcare Ficoll-Paque
PLUS) and cryopreserved in liquid nitrogen until the time of analysis.
HLA typing was performed by the Johns Hopkins University Immuno-
genetics Laboratory (Supplementary Materials and Methods).

Design and synthesis of TCR segment-specific primers
Nucleotide sequences of TCR Va (TRAV), Ca (TRAC), Vb (TRBV),
and Ca (TRBC) genes were retrieved from IMGT (http://www.imgt.org)
(19). A total of 47 human TRAV, 1 TRAC, 54 TRBV, and 2 TRBC func-
tional and open reading frame genes were identified from the IMGT
database. TRAC and TRBC genes were separately grouped into related
families by phylogenetic analysis. Primers of 17– to 23–base pair length
were designed to target each family of related V genes and the TRAC
and TRBC genes, allowing for up to three degenerate base pairs. Primers
were synthesized by standard phosphoramidite chemistry on Applied
Biosystems 3900 DNA synthesizers with Applied Biosystems reagents.
A total of 40 external/internal pairs of sense TRAV, 27 sense TRBV,
and 1 each of antisense TRAC and TRBC gene segment–specific primers
were generated (table S1). For inclusion in nested PCRs, TRAV and
TRBV primers were multiplexed to a concentration of 5 mM for each
primer, and TRAC and TRBC primers were reconstituted to a concen-
tration of 20 mM. Primer validation is described in the Supplementary
Materials and Methods.

Isolation of single CMV-NLV–specific CD8+ T cells
After staining with fluorochrome-conjugated monoclonal antibodies (Sup-
plementary Materials and Methods), single CD14−CD3+CD8+tetramer+

cells were sorted directly into a 96-well PCR plate (Eppendorf) with
a MoFlo flow cytometer, fitted with a Cyclone single-cell deposition unit.
Negative controls (no actual cell sorted) were interspersed between the
samples (1 in 10).

RT-PCR, multiplex nested PCR, and sequencing
After sorting, plates were stored at −80°C until downstream process-
ing. Complementary DNA (cDNA) was synthesized from single cells
ienceTranslationalMedicine.org 4 April 2012 Vol 4 Issue 128 128ra42 9
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in PCR plates with the iScript cDNA Synthesis Kit (Bio-Rad) in 2.5-ml
reaction mixes, each containing 0.5 ml of 5× iScript reaction mix, 0.5 ml
of iScript reverse transcriptase, and 0.1% Triton X-100 (Sigma) that
were incubated at 25°C for 5 min, 42°C for 30 min, and 80°C for
5 min. TCR transcripts from each cell were amplified by multiplex
nested PCR in 25-ml reaction mixes containing 2.5 ml of cDNA. The
first-round PCR was performed with 0.75 U of Taq DNA polymerase
(Invitrogen), 2.5 ml of 10× PCR Buffer (Invitrogen) [containing KCl,
(NH4)2SO4, and 15 mM MgCl2], 0.5 ml of 10 mM deoxynucleotide
triphosphate (Invitrogen), 2.5 pmol each of the external sense TRAV
and TRBV primers, and 10 pmol each of the external antisense TRAC
and TRBC primers listed in table S1. Instead of 10× PCR Buffer, the
second-round PCR used CoralLoad PCR Buffer (Invitrogen) contain-
ing two marker dyes for gel loading. Aliquots (2.5 ml) of the first-round
PCR products served as templates for two separate second-round PCRs
that incorporated, respectively, either (i) internal sense TRAV primers
and internal antisense TRAC primer or (ii) internal sense TRBV primers
and internal antisense TRBC primer, listed in table S1. The PCR condi-
tions were 95°C for 2 min, followed by 35 cycles of 95°C for 20 s, 52°C
for 20 s, and 72°C for 45 s, followed by 1 cycle of 72°C for 7 min. PCR
products were purified and sequenced with the relevant TRAC or TRBC
primer (Supplementary Materials and Methods).

CMV IgG and viral load measurement
Using a commercial enzyme-linked immunosorbent assay (ELISA) kit
(GenWay Biotech) (Supplementary Materials and Methods), we
determined CMV IgG concentrations in stored (−70° C) serum. Each
specimen was tested in duplicate, and the optical density was cali-
brated against four standard reference specimens to give the quantita-
tive IgG concentration. The intra-assay coefficient of variation was
2.8%. All assays were performed in a masked fashion. CMV viral load
was determined with quantitative PCR (Supplementary Methods).

Statistical analysis
Spearman’s rank correlation coefficients were calculated with Prism 5
software. Two-group comparison of antibody levels was done with the
nonparametric Wilcoxon rank-sum test. All P values were derived
from two-tailed tests; a value of less than 0.05 was considered signif-
icant. Prevalences of TCR sequences and motifs among all responses
were derived from TCR clone sizes that were normalized within each
study participant (expressed as percentages that totaled 100% within
each individual).
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/4/128/128ra42/DC1
Materials and Methods
Results
Fig. S1. Validation of individual T cell receptor Va (TRAV) and Vb (TRBV) primers.
Fig. S2. Comparison of Vb usage distributions derived from Vb-specific monoclonal antibody–
based flow cytometric analysis and single cell–based TCR Vb analysis.
Fig. S3. Relationship between serum CMV IgG concentration and plasma CMV viral load.
Table S1. Primers targeting T cell receptor a (TRA) and b (TRB) genes.
Table S2. Validation of individual T cell receptor Va (TRAV) and Vb (TRBV) primers by molecular
cloning and sequencing.
Table S3. Corresponding nucleotide sequences of the TCR CDR3s reported in Table 1.
Table S4. Nonproductively rearranged CDR3a sequences observed in this study.
Table S5. Comparison of sequences sharing CMV-NLV–specific TCR public motifs that emerged
from individuals in this study or analyzed previously by others.
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