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The T-cell receptor (TCR) CDR3 length heterogeneity is formed during recombination of individual V3 gene
families. We hypothesized that CDR3 length diversity could be used to assess the fundamental differences
within the TCR repertoire of CD45RA and CD45RO T-cell subpopulations. By using PCR-based spectratyping,
nested primers for all 24 human V@ families were developed to amplify CDR3 lengths in immunomagnetically
selected CD45RA and CD45RO subsets within both CD4* and CD8* T-cell populations. Umbilical cord blood
mononuclear cells or peripheral blood mononuclear cells obtained from healthy newborns, infants, and chil-
dren, as well as human immunodeficiency virus (HIV)-infected children, were analyzed. All T-cell subsets from
newborn and healthy children demonstrated a Gaussian distribution of CDR3 lengths in separated T-cell
subsets. In contrast, HIV-infected children had a high proportion of predominant CDR3 lengths within both
CD45RA and CD45RO T-cell subpopulations, most commonly in CD8* CD45RO T cells. Sharp differences in
clonal dominance and size distributions were observed when cells were separated into CD45RA or CD45RO
subpopulations. These differences were not apparent in unfractionated CD4" or CD8" T cells from HIV-in-
fected subjects. Sequence analysis of predominant CDR3 lengths revealed oligoclonal expansion within indi-
vidual V@ families. Analysis of the CDR3 length diversity within CD45RA and CD45RO T cells provides a more
accurate measure of disturbances in the TCR repertoire than analysis of unfractionated CD4 and CD8 T cells.

During T-cell development the T-cell receptor (TCR) B
chain is formed by the recombination of germ line-encoded
variable (V)-, diversity (D)-, and joining (J)-region gene ele-
ments (23, 31). The hypervariable region of each TCR VB
family, or the complementarity-determining region (CDR3),
is formed by the joining of V-(D)-J segments, thereby estab-
lishing the diversity of the cellular immune response (14, 16,
24). Additional diversity is generated within CDR3 through the
removal or insertion of non-germ-line nucleotides at each join-
ing junction (16, 24). Therefore, the TCR CDR3 region varies
in both length and amino acid sequence. This variability can
discriminate between functionally distinct TCR clonotypes.
Changes in CDR3 length and amino acid sequences can be
used to monitor the course of the T-cell response to an antigen
(12).

Human CD4" T cells can be subdivided into subsets of naive
or memory T cells on the basis of the expression of either the
high- or low-molecular-weight isoforms of the leukocyte com-
mon antigen, CD45RA or CD45RO, respectively (8). The ma-
jority of T cells in infants are derived from the thymus and
express CD45RA (11), in contrast to adults, in whom the
majority of T cells express the CD45RO T-cell phenotype (29).
There is a postthymic differentiation pathway in which T cells
lose the ability to express CD45RA and gain the ability to
express CD45RO after an encounter with antigen (1, 8, 9). We
hypothesized that the distribution of CDR3 lengths within any
particular VB family would reflect this fundamental difference
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between CD45RA and CD45RO T cells. Using spectratyping,
we developed a highly accurate and sensitive assay to measure
differences in the distribution of CDR3 lengths in highly puri-
fied CD45RA and CD45RO T cells from healthy and human
immunodeficiency virus (HIV)-infected children. Umbilical
cord blood mononuclear cells provided a model for new thymic
T-cell emigrants with a polyclonal TCR diversity (19). HIV-
infected subjects served as a model to assess clonal dominance
within T-cell subpopulations because of the marked skewing of
the CDR3 length within CD4" and CD8" T cells from these
individuals (10, 17, 30, 32). Spectratyping in combination with
cell separation techniques that fractionate CD45RA and
CD45RO T-cell subsets distinguish the extent of TCR diversity
within individual VB families more accurately and with greater
sensitivity than analysis of unfractionated T cells. Sequence
analysis of CDR3 length diversity in CD45RA and CD45RO
T-cell subpopulations can be used to define the extent of clonal
expansion within the TCR repertoire.

MATERIALS AND METHODS

Subjects. The study consisted of a cross-sectional analysis of umbilical cord or
peripheral blood samples obtained from three healthy newborns, two infants,
and two children. Additional samples were obtained from four HIV-infected
children at different Centers for Disease Control and Prevention (CDC) clinical
and immune stages of HIV disease prior to the initiation of antiretroviral ther-
apy. Blood samples were obtained by a protocol approved by the Institutional
Review Board of the University of Florida.

Isolation and purification of T-lymphocyte subsets. Umbilical cord blood
mononuclear cells and peripheral blood mononuclear cells (PBMCs) were iso-
lated by Ficoll-Hypaque centrifugation. Separation of T-cell subpopulations
from umbilical cord blood and PBMCs was carried out by previously described
methods (2, 28). CD4™ T lymphocytes were selected by using magnetic multisort
microbeads coated with an anti-CD4 monoclonal antibody (Miltenyi Biotech,
Auburn, Calif.) and a magnetic cell-sorting (MACS) high-gradient magnetic
separation column. Microbeads coated with monoclonal antibody and mononu-
clear cells were mixed and incubated at 4°C for 15 min. Labeled CD4* cells
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TABLE 1. TCR VB and CB gene primers

First-round PCR primers

Nested PCR primers

Primer Sequence Primer Sequence

VBl 5'-GAT TCT GGA GTC ACA CAA ACC CCA AAG-3' VBINS 5'-GAA CTA AAC CTG AGC TCT C-3’
VB2 5'-GAG CTG GGT TAT CTG TAA GAG-3' VB2NS 5'-GCT TCT ACA TCT GCA GTG C-3’

VB3 5'-GAT GTG AAA GTA ACC CAG AGC TCG AG-3’ VB3NS 5'-CTG GAG TCC GCC AGC ACC-3’

VB4 5'-CAA GTC GAT AGC CAA GTC ACC ATG-3' VB4NS 5'-GAA GAC AGC AGC ATA TAT C-3’
VBs.1 5’-CCC TGG TCG ATT CTC AGG GCG CCA G-3' VBS5.AINS 5'-CTC GGC CCT TTA TCT TTG CG-3’
VB6 5'-CTG GAG TCT CCC AGA ACC CCA GAC AC-3' VBO6NS 5'-GAT CCA GCG CAC AGA GCA G-3'
Vg7 5'-CAT GGG AAT GAC AAA TAA GAA GTC-3' VBTNS 5'-GAA TGC CCC AAC AGC TCT C-3'
VB8 5'-CGT TCC GAT AGA TGA TTC AGG GAT GC-3’ VBSNS 5'-GCC CTC AGA ACC CAG GGA C-3'
VB9 5'-GAA ACG ACA AGT CCA TTA AAT G-3' VBONS 5'-CCC TGG AGC TTG GTG ACT CTG-3’
VB10 5'-GAC ACC AAG GTC ACC CAG AGA CC-3' VB10NS 5'-GGA GAT CCA GTC CAC GGA G-3'
VB11 5'-GAA GCT GAC ATC TAC CAG ACC CCA AG-3' VB1INS 5'-GGA GTC TGC CAG GCC CTC-3’

VB12 5'-CTG ACA AAG GAG AAG TCT CAG-3’ VB12NS 5'-CTC TGG AGT CGC TAC CAG-3'

Vp13 5’-GAC CCA GGC ATG GGG CTG AAG CTG-3' VB13NS 5'-GAT TTC CCG CTC AGG CTG G-3’
VB14 5'-GAT GTT CCT GAA GGG TAC AAA G-3' VB14NS 5'-CGA AAA GAG AAG AGG AAT TTC-3'
VB15 5'-GTG TCT CTC GAC AGG CAC AGG C-3' VBI15NS 5'-CCC TAG AGT CTG CCA TCC-3'

VB16 5'-CTT AGC TGA AAG GAC TGG AGG GAC G-3' VB16NS 5'-CTG CAG AAC TGG AGG ATT C-3'
VB17 5'-CTG AAG GGT ACA GCG TCT CTC GGG AG-3' VB17NS 5'-CCA AAA GAA CCC GAC AGC TTT C-3'
VB18 5'-CAA ATG CCG GCG TCA TGC AGA ACC-3' VB18NS 5'-GCG AGG AGA TTC GGC AGC-3’
VB19 5'-GCC AAA GTC ACA CAG ACT CCA GG-3' VB19NS 5'-GCC CCA AGA ACG CAC CCT GC-3'
VB20 5'-GAA TCT CTC AGC CTC CAG AC-3' VB20NS 5'-CCA GGA CCG GCA GTT CAT C-3'
Vp21 5'-GCA GCC TGT GGC TTT TTG GTG C-3’ VB2INS 5'-CCA GCC TGC AGA GCT TGG-3'

V22 5'-CAG ATG GGA CAG GAA GTG-3' VB22NS 5'-CTC TGA AGA TCC GGT CCA C-3’
Vp23 5'-GAT CGA TTC TCA GCT CAA CAG-3' VB23NS 5'-CTC CTT GGA GCT GGG GGA C-3'
Vp24 5'-GGC CGA ACA CTT CTT TCT GC-3’ VB24NS 5'-GAC ATC CGC TCA CCA GGC CTG-3’
CB 5'-CCC CAG GCC TCG GCG CTG ACG ATC TGG G-3' CBNS* 5'-GTT TCT TCT GCT TCT GAT GGC TCA AAC ACA G-3'

“6-FAM labeling.

which adhered to the column were washed three times with wash buffer and
collected. CD8™ T cells were selected after depletion of the CD4* cells by using
microbeads coated with anti-CD8 monoclonal antibody (Miltenyi Biotech) and
the MACS magnetic separation column. Purified CD4* or CD8™ cells were
released from the beads by using release reagent at 4°C for 15 min. The T-cell
subpopulations were subsequently separated into CD45RA™* or CD45RO™ sub-
populations by using the microbeads coated with the appropriate monoclonal
antibodies (Miltenyi Biotech). The purity of each T-cell subpopulation was
>90%, as determined by flow cytometry analysis.

Extraction of mRNA and synthesis of cDNA. Lymphocyte mRNA was isolated
and purified by previously published techniques (6, 7). Briefly, mRNA was
extracted from 1 X 10° to 5 X 10° purified T lymphocytes by using guanidinium
isothiocyanate and a spin column with oligo(dT)-cellulose (mRNA purification
kit; Pharmacia, Piscataway, N.J.). First-strand cDNA was synthesized by mixing
mRNA with 1 pg of random hexanucleotides (Promega, Madison, Wis.) and 5 .l
of supertranscriptase II (Gibco BRL, Grand Island, N.Y.) in a total volume of 20
wl at 37°C for 1 h. The reaction was terminated by heating at 70°C for 10 min.

PCR amplification of CDR3 ¢cDNA. CDR3 size analysis within the TCR B
chain was performed by a two-step PCR as described previously (5, 21). Separate
amplification reactions for each of 24 human V@ gene families were carried out
in 25-pl reaction mixtures containing 0.5 pl (20 wM) each of the forward VB
primer and the reverse CB primer, 0.5 pl (10 mM) of each deoxynucleoside
triphosphate, 2.5 pl of 10X PCR buffer, 20.5 pl of sterile H,O, 0.25 ul of cDNA,
and 1.25 U of Taq polymerase. Amplifications were started with an initial dena-
turation step of 3 min at 95°C, followed by 35 cycles of 95°C for 1 min, 55°C for
1 min, and 72°C for 1 min, with a final extension step of 7 min. Primer sequences
are shown in Table 1.

The second-round PCR used the first-round products as the template and a
pair of nested PCR primers (Table 1); the forward primer (VBNS) was nested 3’
to the first-round VB-specific primer, and the reverse primer (CBNS) was located
88 bp away from the CDR3 region. The reverse primer (CBNS) contained a
nontemplate sequence, GTTTCTT, on the 5’ end, which was labeled at the 5’
end with a blue fluorescent dye (6-FAM). To increase the amplification speci-
ficity, the primer concentrations were reduced to 5 uM in a 25-pl reaction
mixture. Second-round amplification was performed at 94°C for 30 s, 55°C for
30 s, and 72°C for 30 s for 20 cycles.

Analysis of CDR3 length by spectratyping. Fluorescent PCR products and a
size marker (ROX400; Perkin-Elmer Biosystems, Foster City, Calif.) were mixed
with formamide and were denatured at 94°C for 2 mins. Samples were loaded
onto a 6% acrylamide sequencing gel (National Diagnostic, Atlanta, Ga.) on a
24-lane Applied Biosystems model 373 DNA sequencer and were run for 6 h.
The data were analyzed and quantified by using ABIPRISMGeneScan analysis
software, which calculates the relative intensity of each product to generate a
curve for each VB family.

Molecular cloning and seq ing of CDR3 seg ts. First-round PCR prod-
ucts were amplified with identical forward and reverse VB PCR primers but
without the fluorescent label used for spectratyping of individual families. The
second-round products were used for TA cloning and sequencing. The PCR
products were purified by using a gel extraction kit (QIAGEN, Valencia, Calif.)
according to the manufacturer’s recommendation. They were directly cloned into
TA cloning vector PCR 2.1 (Invitrogen Corporation, Carlsbad, Calif.), se-
quenced with fluorescent dideoxy terminators, and analyzed on an Applied
Biosystems model 337A automated sequencer. The CDR3 amino acid sequence
was analyzed by using DNAMAN software.

RESULTS

PCR-based spectratyping of CDR3 length diversity in T-cell
lines, PBMCs, and umbilical cord mononuclear cells. Nested
forward primers for each of the 24 human VB gene families
were designed and used in combination with a nested (CBNS)
reverse primer for PCR amplification of the TCR CDR3 re-
gion. The amplified CDR3 length was defined as the region
between the upstream amino acid CASS residues in the V3
segments and the downstream GXG box in the JB region (31).
Jurkat cells, T cells that express TCR VB8 and that have a
CDR3 length of 11 amino acids, were used as a control to
optimize the spectratyping analysis (27). Amplification of Jur-
kat cDNA with VB8 and CB primers produced a single peak.
Sequence analysis of the cloned Jurkat PCR products revealed
that 10 of 10 clones had the identical sequence (CASSFSTC
SANYGYTFGSG).

Amplification of cDNA from umbilical cord blood samples
or PBMCs from healthy children resulted in CDR3 patterns
that consisted of 7 to 10 different peaks for each VB family
(Fig. 1A and B). Each peak in the CDR3 size patterns was
spaced by three nucleotides (e.g., 1 amino acid). As shown in
Fig. 1, all 24 VB families could be amplified with these primers.
Repeated spectratyping analysis of the same cDNA samples
revealed the identical patterns of the TCR VB CDR3 sizes
(data not shown).
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FIG. 1. Spectratyping of CDR3 sizes for all 24 V3 gene families in healthy newborns and children. Two representative CDR3 size analyses for the 24 human V@
gene families are shown for cDNAs obtained from umbilical cord T cells from a healthy newborn infant (A) and cDNAs obtained from T cells obtained from a healthy
12 year old (B). CDR3 size is shown on the x axis, and relative peak intensity (fluorescence intensity [FI]) is shown on the y axis. The peak size corresponding to CDR3

lengths of 10 amino acids are shown for each VB family.

Quantitation of amplified CDR3 lengths within individual
VB families. The intensity of an individual peak reflects the
relative representation of the particular CDR3 sizes within the
individual VB family. The relative fluorescence intensity for
individual CDR3 sizes can be quantified as the area under each
peak (17). The data, when expressed as a percentage of the
total area under the curves for each V@3 family, can be used to
accurately determine the degree of CDR3 length diversity
within any particular VB family. This analysis of length differ-
ences allows comparisons of TCR diversity among different VB
families or among multiple individuals. A representative anal-
ysis of the size distribution of CDR3 lengths from CD8*

CD45RO T cells obtained from a healthy child reveals a Gaus-
sian-like distribution that ranges from 7 to 15 amino acids in
length (Fig. 2A). Extremes in CDR3 lengths make up a mi-
nority (<1%) of the size diversity, while CDR3 sizes of 10, 11,
and 12 amino acids make up 18, 24, and 23% of the area under
the curve, respectively. In contrast, an HIV-infected subject,
whose CDR3 size distribution demonstrates clonal dominance,
has a predominant peak of eight amino acids in length, which
encompasses over 80% of the area under the curve (Fig. 2A).
All four HIV-infected children displayed perturbations within
their CD8" CD45RO T-cell subpopulations. The number of
VB families exhibiting oligoclonal expansion were 50, 29, 58,



956 KOU ET AL.

A VP16 CDBCD4SRO

'g (Healthy donor)
g
i CDR3 size (AA)
= A Relative peak(%o)
7 8910 111213 1415
CDR3 size (AA}
VB 16 CDECD4SRO
'g (HIV patient)
£
F
‘ CDR3 size (AA)
& Relative peak(%)
8 9 10
CDR3 size (AA)
Clone A%} NI +Dp +N2
SJ801602 CASS VDRV
SJ801604 CASS PDREG
SJ801610 CASS QRRIG
SJ801612 CASS GRLARD

CLIN. DIAGN. LAB. IMMUNOL.

7 8 9 10 Il 12 13
<l 35 93 180 240230 125 55 15

14 15

7 8 9 10 11 12 13 14 15

<l 82 11 35 <1 <1 <1 <t <1
B CDR3 length Frequency
(Amino Acid)
KAFFGQG 8 9/12 (75%)
LAFFGQG 9 1712 (8%)
ELFFGPG 9 1/12 ( 8%)
EQFFGEG 10 1/12 ( 8%)

FIG. 2. Quantitation and sequence analysis of populations of CDR3 size fragments in healthy and HIV-infected individuals. (A) Relative distribution of CDR3 size
distribution in CD8* CD45RO T cells from two representative subjects. The upper panel is CDR3 sizes in VB16 from a healthy child, and the lower panel is CDR3
sizes in VB16 from T cells from an HIV-infected child. The relative contribution of each CDR3 size (in amino acid [AA] length) is determined by the relationship of
the peak to the total area under the curve. The results are shown as a percentage, as determined with ABIPRISM Gene Scan software. (B) Frequency of individual
CDR3 clonotypes within CD8" CD45RO T cells from the HIV-infected subject whose results are shown in the lower panel of panel A. In a separate PCR amplification,
the products for VB16 were cloned and 12 individual clones were sequenced. Nine of the 12 clones (75%) were 9 amino acids in length and had identical N1-DB-N2
and JB amino acid sequences. The other three clones had different lengths and amino acid sequences.

and 75% in the four children, respectively (data not shown). In
contrast, in healthy children less than 5% of the VB families
from CD8* CD45RO T cells showed perturbations.

The degree of CDR3 size variability in umbilical cord mono-
nuclear cells was determined to test the reproducibility of the
analysis when applied to a group of healthy newborn subjects,
who should have similar CDR3 size distributions and for whom
there should be minimal variation between families or between
subjects. The mean percentage and standard deviations for
each CDR3 size among the three infants are summarized for
seven representative VB families (Table 2). The CDR3 size
distributions for all 24 V@ families showed similar Gaussian
distributions.

Sequence analysis of predominant CDR3 lengths. A pre-
dominant peak in any given CDR3 pattern may reflect oligo-

clonal expansion of T cells expressing a particular TCR or a
polyclonal collection of T cells containing multiple TCRs of
the same CDR3 size. We determined if predominant peaks
were polyclonal or oligoclonal by directly sequencing the ampli-
fied CDR3 regions. The predominant CDR3 peak shown in
Fig. 2A for the HIV-infected child had a length of 8 amino
acids and accounted for 82% of VB16 CDR3 lengths. In sep-
arate PCRs second-round products were sequenced and com-
pared to the sequences of products from a healthy subject
whose CDR3 lengths demonstrated a Gaussian distribution.
Twelve clones from the HIV-infected child were sequenced
and four different amino acid sequences were identified. As
shown in Fig. 2B, 9 of the 12 clones that were 8 amino acids in
length had identical sequences. The sequences obtained from
the healthy child showed no predominant clone (data not

TABLE 2. Mean percentage and standard deviations for each CDR3 size among three healthy infants in seven representative VB families

Mean (+SD) % relative intensity of CDR3 with the following no. of amino acids:

VB family
7 8 9 10 11 12 13 14
VB2 <1.0 3.3 (1.5) 10.4 (1.9) 18.5 (3.5) 25.0 (0.6) 22.0 (2.3) 11.6 (1.1) 5923) 2.0 (0.8)
Vps.1 <1.0 1.0 (0.2) 5.8(2.1) 16.4 (2.9) 26.5 (0.5) 27.2(1.4) 14.9 (1.8) 6.0 (1.6) 2.4 (0.6)
VB8 <1.0 43(1.7) 9.7 (3.0) 19.4 (2.6) 23.9 (2.7) 229 (3.0) 12.2 (0.5) 5.7 (0.6) 2.0 (0.5)
V12 <1.0 4.3(0.7) 12.6 (3.6) 26.5(5.2) 28.4 (4.0) 18.8 (7.0) 6.5(1.3) 2.2 (0.6) 2.4 (0.6)
VB14 1.1(0.3) 4.8(2.8) 12.0 (9.0) 20.7 (5.0) 23.6 (3.6) 21.0 (7.5) 10.7 (5.4) 392.7) 1.4 (1.8)
VB17 <1.0 1.9 (0.3) 8.0 (3.6) 19.3 (3.7) 239 (1.7) 26.5(0.7) 13.3(2.7) 5.0 (1.8) 1.9 (0.8)
VB22 <1.0 2.6 (0.2) 8.8(1.2) 16.5 (5.6) 25.0(0.9) 25.7(1.2) 14.3 (6.0) 5.6(23) 1.5(0.3)
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FIG. 3. Differences in CDR3 spectratyping of T-cell subpopulations for two VB families from healthy and HIV-infected children. T cells from a healthy 5-year-old
subject and an age-matched HIV-infected subject whose HIV infection is CDC stage Al were separated into CD4" CD45RA, CD4* CD45RO, CD8" CD45RA, and
CD8" CD45RO T cells. CDR3 sizes are shown on the x axis, and fluorescence intensity (FI) is shown on the y axis. The CDR3 amino acid lengths corresponding to

10 amino acids are shown for each VB family.

shown). Sequence analysis confirms that the predominant
CDR3 peaks represent an oligoclonal expansion of T cells.
Comparison of CDR3 size distribution on CD45RA and
CD45RO T-cell subpopulations. The CDR3 length within the
24 VB gene families was determined by two-step PCR am-
plification of cDNA obtained from purified CD45RA or
CD45RO from both CD4* and CD8" T cells isolated from
PBMCs or umbilical cord blood samples from neonates,
healthy children, and HIV-infected children. Neonatal cord
blood samples demonstrated a Gaussian pattern similar to
the results shown in Table 2 within CD4" CD45RA, CD4*
CD45R0, CD8* CD45RA, and CD8" CD45RO in all families
(data not shown). In contrast, there were differences in CDR3
size distributions when cDNAs from CD45RA and CD45RO T
cells from healthy and HIV-infected subjects were compared
(Fig. 3). For healthy children the lengths of CDR3 from both
CD4" and CD8™" T cells maintained a Gaussian distribution.
For all four asymptomatic HIV-infected children we ob-

served predominant peaks within three or more V@ families. In
most cases expanded CDR3 lengths made up more than 50%
of the total area under the curve for CDR3 sizes within the
individual VB family. For the representative infected subject
whose results are presented in Fig. 3, the VB2 CDR3 length
containing 12 amino acids was the predominant peak within
CD8" CD45RO T cells. Predominant peaks and perturbations
away from the normal Gaussian distribution were also appar-
ent within CD4" CD45RO T cells and CD8" CD45RO T cells
for VB11 CDR3 lengths for this same subject. This degree of
perturbation was undetectable in T-cell subpopulations from
the age-matched healthy child.

Optimization of our ability to detect CDR3 size perturba-
tions within individual VB families required further separa-
tion of CD4" and CD8™ T cells into CD45RA and CD45RO
subpopulations. As demonstrated in Fig. 4, clonal expansions
within CD4" or CD8" T cells were not evident unless the cells
were further fractionated. For the HIV-infected subject whose
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FIG. 4. Separation of CD8" T cells and CD4™ T cells into CD45RA and CD45RO subpopulations distinguishes differences in CDR3 length distributions. CD4™
and CD8™ T cells from an HIV-infected child were further separated into CD45RA and CD45RO T cells, and the results were compared to the spectratyping analysis
of CDR3 lengths from unseparated T cells. CDR3 sizes are shown on the x axis, and fluorescence intensity (FI) is shown on the y axis. The CDR3 amino acid lengths

corresponding to 10 amino acids are shown for each VB family.

results are shown in Fig. 4, CD4" and CD8" T cells expressing
VB16 and VB7, respectively, did not appear to contain per-
turbations unless they were fractionated into CD45RA and
CD45RO subpopulations. Separation clearly shows the pre-
dominant peak within the CD45RO subsets of both the CD4 ™"
and CD8" T-cell populations.

DISCUSSION

Analysis of TCR CDR3 length by PCR-based spectratyping
provides a powerful tool for the assessment of human TCR
diversity in vivo and the evaluation of TCR diversity in health
and disease states (4, 13, 18, 22, 25). In previous studies anal-
ysis of CDR3 size diversity has been focused on evaluations of
unfractionated CD4™" and CD8" T cells (6, 15, 17, 25, 30). In
addition, the availability of primers for all 24 human V@ fam-
ilies has been limited (13, 20). Many Vp forward primers have
failed to provide the degree of resolution needed to allow dis-
tinct definition and quantitation of individual CDR3 lengths.
These limitations have led to the underutilization of TCR
spectratyping in assessments of T-cell disorders. We have ben-
efited from these earlier studies and have developed PCR
primers and amplification conditions that result in accurate
and reproducible CDR3 spectratyping of the 24 human Vf
families. Our modifications allow assessment of the relative
diversity of CDR3 lengths within individual VB families and
comparison of results between healthy and immune compro-
mised individuals.

Our success in obtaining a high resolution between CDR3
peaks is due to the specificity of the VB forward primers and
the placement of the seven nontemplate nucleotides on the 5’
ends of the reverse primers (3'-CBNS). These additional nu-
cleotides ensure the catalytic addition of nontemplate nucleo-
tides to the 3’ ends of the amplified products by Tag DNA
polymerase. The 7-bp nucleotides also result in a high level of
adenylation of the 3’ end of the forward DNA strand to facil-
itate accurate spectratyping and TA cloning (3). We were able
to confirm both the accuracy and the specificity of the primers
and conditions in preliminary studies using Jurkat cell cDNA
as a model for monoclonal T cells. Umbilical cord blood mono-

nuclear cells served as a model for polyclonal T cells. Analysis
of cDNA obtained from cord blood mononuclear cells and
lymphocytes from healthy children showed that our spectra-
typing conditions are highly accurate and reproducible. The
results showed very little skewing of CDR3 length distribu-
tions and only a small degree of variation between healthy
subjects. The VB family CDR3 length distribution commonly
conformed to a Gaussian distribution. The distributions of the
percentages of relative peaks among the different CDR3 sizes
in umbilical cord blood mononuclear cells and T cells from
healthy children were remarkably similar.

The methods used to separate T-cell subpopulations were
effective in achieving a significant degree of cell purity, allow-
ing us to evaluate CDR3 length diversity within CD45RA and
CD45RO cells (26, 27). For example, in analyses of VB fami-
lies within CD8" CD45RO cells, in which predominant peaks
composed over 80% of the area under the curve (Fig. 3 and 4),
there was no evidence of contamination within the CD45RA
PCR products. Similarly, multiple peaks seen within CD45RA
T cells failed to contaminate the predominant cDNA of the
CD8" CD45RO T cells. The considerable degree of resolution
of predominant peaks within CD45RA and CD45RO T cells
greatly enhanced our analysis of perturbations within the TCR
repertoire.

The CDR3 lengths within both the CD45RA and CD45RO
T-cell subsets from healthy children and neonates demon-
strated a Gaussian distribution. In contrast, we easily detected
oligoclonal expansions within CD8" CD45RO cells that were
concealed when unfractionated CD8" T cells from HIV-in-
fected patients were examined. Patterns of CD8" T-cell clonal
dominance have previously been observed in HIV-infected
children on the basis of an evaluation of unfractionated
CD8™ T cells (30). Analysis of highly enriched CD45RA and
CD45RO CD8™" T cells indicates that clonal predominance
may be underestimated if the analysis is limited to unfrac-
tionated cells. The CD8* CD45RO T cells from all four of
the HIV-infected children whose cells were examined dis-
played evidence of oligoclonal expansion. Most importantly,
through the enrichment for the CD45 subpopulations and pre-
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cise quantitation of CDR3 size diversity, we were able to ac-
curately measure changes that occur within the TCR reper-
toire during the course of HIV infection.

We easily amplified, cloned, and sequenced CDR3 regions
from Jurkat cells and from lymphocytes in cord blood or
PBMC. In all cases sequence analysis confirmed the spectra-
typing findings. All clones from Jurkat cells carried the same
amino acid sequences. Polyclonal cord blood or PBMC T cells
that had CDR3 lengths which conformed to a Gaussian distri-
bution consisted of cells with a mixture of sequences. Most
significantly, a predominant CDR3 peak in CD8" CD45RO T
cells from HIV-infected individuals represented an oligoclonal
expansion of a specific TCR clonotype by sequence analysis.
These results indicate that spectratyping can be used as an
accurate surrogate marker to assess the extent of clonal diver-
sity in healthy and immune-suppressed individuals. We have
shown that when TCR CDR3 spectratyping is applied to dis-
tinct subpopulations of T cells it can provide a high degree of
insight into both the breadth and the specificity of the T-cell
immune response. When stringent amplification conditions,
precise primers, and effective cell separation techniques are
applied together, the diversity of the T-cell immune response
can be accurately measured in both health and disease states.
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