
Large HIV-specific CD8+ cytotoxic T-lymphocyte (CTL) clones reduce
their overall size but maintain high frequencies of memory CTL

following highly active antiretroviral therapy

Introduction

In acute human immunodeficiency virus (HIV) infection

there is a vigorous HIV-specific CD8+ cytotoxic T-lym-

phocyte (CTL) response that is temporally associated with

partial control of viral replication.1–3 During chronic HIV

infection high frequencies of HIV-specific CTL are main-

tained in the peripheral blood of asymptomatic HIV-infec-

ted subjects for years4–7 – in some but not all studies an

inverse relationship between the frequency of HIV-specific

CTL and plasma HIV viral load has been reported.3,8,9 In

the majority of HIV-infected subjects HIV-specific CTL

fail to prevent progressive immunodeficiency (reviewed in

Lieberman et al.10). Previous quantitative cross-sectional
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Summary

Cytotoxic T-lymphocytes (CTL) play an important role in the control

of human immunodeficiency virus (HIV) and of human cytomegalo-

virus (HCMV) infection. Following highly active antiretroviral therapy

(HAART), most studies have demonstrated a decline in the frequency of

HIV-specific CTL. We analysed the effect of HAART on the size, pheno-

type and function of individual HIV- and HCMV-specific CTL clones,

using clonotypic oligonucleotide probing specific for the T-cell receptor

(TCR) b-chain hypervariable sequence of defined immunodominant CTL

clones specific for peptides of HIV or HCMV, and quantified the limiting

dilution analysis frequencies of CTL precursors (CTLp) specific for the

same viral peptides. We found that the clonal composition of CD8+ T

cells specific for HIV gag and env epitopes was highly focused and did

not change after HAART. Following HAART, there was progressive con-

traction of HIV-specific CD8+ clones, especially in the CD28– CD27– sub-

population – the remaining cells of contracting HIV-specific clones were

predominantly CD28– CD27+ CD45ROhi. We observed maintenance of

strong functional HIV-specific CD8+ T-cell responses in limiting dilution

analysis following HAART, indicating preferential loss of HIV-specific

cells that have reduced cloning efficiency in vitro. Following HAART,

we also observed selective expansion of HCMV-specific CD8+ clones.

Most HCMV-specific CD8+ clones were predominantly CD28– CD27+/––

CD45RAhi following HAART. In one subject, a Vb6.4+ clone specific for

HCMV pp65 selectively expanded following HAART, without expansion

of two other Vb6.4+ clones, indicating that individual clonotypes specific

for the same peptide can show different kinetics and phenotypes in

response to antiretroviral therapy.
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and longitudinal studies of the frequency of CTL specific

for HIV or for other viruses in subjects who have started

highly active antiretroviral therapy (HAART) have yielded

different results. Using peptide–major histocompatability

complex (MHC) class I tetramers, Ogg et al. have reported

that immediately following HAART the frequency of

HIV-specific CTL shows early rapid fluctuations lasting

1–2 weeks followed by an exponential decline with a med-

ian half-life of 45 days.11 Using intracellular cytokine

staining over a longer period of follow-up, Casazza et al.

observed an initial rapid decline at initiation of HAART

followed by a slower decrease in HIV-specific CTL fre-

quency after the HIV viral load was undetectable, with

median half-life of 38�8 weeks.12 Other investigators have

reported a similar half-life for the rate of decay.13,14 In a

proportion of HIV-infected subjects starting HAART, the

frequency of CTL specific for Epstein–Barr virus15 or spe-

cific for human cytomegalovirus (HCMV)16 can increase

in the period immediately following HAART.

It has been suggested that following encounter with

antigen, CD28+ CD27+ CD8+ cells may undergo pro-

gressive differentiation through CD28– CD27+ to CD28–

CD27– cells, which may have diminished clonogenic

potential.17 Previous studies have found that HIV-specific

CD8+ T cells are predominantly CD28– CD27+ CD45RO+

whereas HCMV-specific CD8+ T cells are predominantly

CD28– CD27– CD45RO+/–.17–19 In a previous longitudinal

study that identified HIV-specific CD8+ T cells by tetra-

mer staining, CD27+ CD45RO+ tetramer+ cells main-

tained their phenotype in advancing infection.7 There

have been few longitudinal studies of the phenotype of

HIV-specific CD8+ T cells before and after HAART; there

is some evidence that with efficient control of viral load

by HAART there is a decline in CD27+ CD11ahi CD8+ T

cells specific for HIV.16

There has been only one previous study in a single HIV-

infected subject of the size of individual HIV-specific clones

following HAART (which in this study was commenced

shortly after HIV infection). The clone size of individual

clonotypes specific for the A2-restricted peptide SLYNT

VATL fluctuated in parallel with fluctuations in viral load

resulting from non-adherence to therapy. This study did

not measure the size of these clones before HAART.20

We previously analysed the clonal composition of CTL

specific for defined peptides of HIV or HCMV by gener-

ating multiple independent peptide-specific CTL clones

and sequencing the hypervariable variable/diversity/join-

ing (VDJ) region of the T-cell receptor (TCR) b-chain of

each clone. In each donor, we found that many of the

independent CTL clones specific for a given peptide used

the same TCR at the level of nucleotide sequence, indica-

ting that the large circulating population of memory CTL

specific for a given viral peptide contains individual CTL

clones that had undergone extensive expansion in vivo.

This clonal expansion was sufficient to permit molecular

quantification of individual CTL clones directly ex vivo by

the design of complementary oligonucleotide probes that

were highly specific for the hypervariable TCR b-chain
sequence of each immunodominant CTL clonotype.21,22

By purifying subpopulations of CD8+ T cells before clono-

type probing, we have previously demonstrated pheno-

typic heterogeneity within the daughter cells of individual

virus-specific CD8+ clonotypes.23

Therefore in this study for the first time, we quantified

longitudinally the clone size and phenotype of dominant

CTL clones specific for HIV or HCMV and the corres-

ponding functional responses in limiting dilution analysis

(LDA) for years before and after HAART.

Materials and methods

Donors and tissue typing

Five HIV-infected subjects attending Addenbrooke’s Hos-

pital, Cambridge, UK were studied. All donors were

HCMV seropositive. Tissue types and dates of first HIV

diagnosis were:

H0009 (A2 A24 B62 B27), February 1998;

H0018 (A2 A3 B7 B44), July 1989;

H0043 (A11 A24 B44 B55), July 1993;

H0045 (A11 A29 B8 B44), January 1991;

H0049 (A11 A24 B55 B56), September 1999.

H0049 commenced HAART with zidovudine, didano-

sine and nevirapine in October 1999 2 months after diag-

nosis of primary HIV infection (the nadir CD4 count

was 360 cells/ml, and viral load prior to treatment was

34 000 copies/ml; following HAART, viral load was con-

sistently < 50 copies/ml and CD4 T-cell counts remained

stable at 550–760 cells/ml. Details of other patients’ clini-

cal status and antiretroviral regimens are contained in the

legends to Figs 2, 3, 4 and 5.

Synthetic peptides

In some of the subjects in this study we previously identi-

fied allele-specific viral peptides from HCMV and HIV

(Table 1).21,24 In each of subjects H0018 and H0049 we

identified one further HIV gag allele-specific peptide by

testing published gag epitopes from a database25

(Table 1). The MRC AIDS Reagent Project, UK, provided

all HIV peptides.

Preparation of defined subsets of CD8+ cells for LDA
and oligonucleotide probing

Peripheral blood mononuclear cells (PBMC) were

prepared from fresh heparinized venous blood samples

and aliquots of PBMC or CD16-depleted PBMC

were sorted into subpopulations using magnetic

26 � 2006 Blackwell Publishing Ltd, Immunology, 118, 25–38
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antibody cell sorting microbeads as previously des-

cribed.26

To determine the proportion of CD8+ T cells that

possessed the relevant TCR Vb segment within each

purified population, three or four colour flow cytometry

measurements were performed on aliquots of PBMC.21

The methodology of LDA used was as described else-

where.21

Sequencing of the TCR a-chain and b-chain of
single-cell clones and clonally derived T-cell microcultures

We identified individual LDA microcultures that showed

strong peptide-specific cytotoxicity and subcultured resid-

ual cells at 0�5 cells/well to generate formal single-cell

clones.21 Polymerase chain reaction (PCR) amplification

and sequencing was performed using a panel of TCR Vb
primers and a Cb primer or a panel of TCR Va primers

and a Ca primer.21

Quantitative clonotypic analysis

From the TCR a-chain or b-chain hypervariable

sequence of each immunodominant peptide-specific

CD8+ T-cell clone, we designed a highly specific com-

plementary 15–20-mer oligonucleotide probe. We used

these probes and a TCR b-chain constant region probe

that detects all amplified TCR sequences21,27 to calculate

the relative abundance of the clonotype sequence as a

proportion of all amplified TCR sequences of the same

Vb family.27

The absolute clone size within CD8+ cells of each sub-

population was then estimated from the proportion of

clonotype sequence within all amplified sequences multi-

plied by the proportion of the CD8+ T cells that stained

with the Vb-specific monoclonal antibody within each

subpopulation.21

Results

Characterization of MHC class I restricted HIV
and HCMV peptides

In subjects H0043 and H0049 using a panel of overlap-

ping peptides that spanned the whole of pp65 as des-

cribed previously26 we identified a novel pp65 allele-

specific peptide, peptide 61 (Table 1). By testing peptide

61-specific CD8+ T-cell clones against autologous and

partially matched target cells we demonstrated that pep-

tide 61 is restricted by HLA-A11 (data not shown). Pep-

tide 61 contains the 9-mer GVMTRGRLK, which has

favourable amino acids at positions 2 and 9 for binding

to HLA-A11.28 We previously identified six CD8+ T-cell

epitopes in HIV env or gag and three CD8+ T-cell epi-

topes from HCMV pp65 and determined their MHC

restriction21,24 (Table 1).

Table 1. In a given subject, multiple independent CD8+ formal CTL clones or clonal microcultures specific for a defined HCMV or HIV peptide

have identical TCR b-chain nucleotide sequences

Donor

HIV or HCMV

protein

Peptide

number* Amino acid sequence

Position

in protein

Restricting

HLA allele Vb or Va
No. of identical

clones or cultures

Clonotype

code

H0018 pp65 56 TPRVTGGGAM aa 417–426 B7 Vb6.4 each 1/3� 18B,C, D–

gag p17 703.3 LRPGGKKKYKLKHIV aa 21–35 A3 Vb13.1 5/6� 18A

gag p17 7027 SLYNTVATL aa 77–85 A2 Va6 8/8 18E

H0009 pp65 69 NLVPMVATV aa 495–503 A2 Vb13.1 4/6� 9C

gag p24 728 KRWILGLNKIVRMY aa 265–279 B27 Vb22 2/2� 9B

env gp120 740.19 PIPIHYCAPAGFAILKCNNK aa 183–202 A2 Vb13.6 6/6� 9A

H0043 pp65 61 ACTSGVMTRGRLKAE aa445–459 A11 Vb6.2 3/3 43A

nef 735 PQVPLRPMTYK aa73–82 A11 Vb22 4/6 43B

env gp41 701.78 ALIWEDLRSLCLFSY aa 761–775 B55 Vb7 2/11§ 43C

H0045 pp65 72 EFFWDANDIY aa 511–525 B44 ND 1/1� ND

env gp120 7035.1 AAEQLWVTVYYGVPVWKEAT aa 30–49 A11 Vb6 4/6� ND

env gp120 740.18 TQACPKVSFEPIPIHYCAPA aa 173–192 ND Vb13.1 3/5� ND

H0049 pp65 61 ACTSGVMTRGRLKAE aa445–459 A11 Vb23 2/5 49A

gag 788.9 DRVHPVHAGPIAPGQMREPR aa213–231 B55 Vb6.2 4/4 49B

*Numbering as in MRC AIDS reagent project and ref. 26. Where available, the minimum epitope for each peptide is underlined.

�,�The TCR b-chain sequences of these clones have previously been reported elsewhere.21,22

§A total of seven different clonotypes derived over 3 years recognized env peptide 701.78.

–Independently derived peptide-specific clones all using Vb6.4 but with different hypervariable DNA sequence.

� 2006 Blackwell Publishing Ltd, Immunology, 118, 25–38 27
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The clonal composition of CD8+ T cells specific for
HIV gag and env and HCMV pp65 epitopes was
highly focused and did not change after HAART

In subjects H0009, H0018 and H0045 we have previ-

ously determined the TCR b-chain sequences of domin-

ant clonotypes specific for peptides of pp65, gag or env

(Table 1).21,22

In our present study, we derived further formal CTL

clones and clonal CTL microcultures to identify immuno-

dominant clonotypes specific for other HCMV or HIV pep-

tides. For HIV gag peptide 7027-specific CTL in subject

H0018, two of two clonal CTL microcultures derived in

June 1999 (06/99) and two of two formal CTL clones

derived in 09/99 had the same Vb16+ TCR b-chain nucleo-

tide sequence. We also found that each of these four clones

or cultures had identical Va6+ TCR a-chain nucleotide

sequences. Four of six further independent peptide 7027-

specific clonal CTL microcultures derived in 07/00 had the

same Va6+ TCR a-chain nucleotide sequences (clonotype

18E, Table 1).

For subject H0043, all three independent pp65 peptide

61-specific formal clones derived at one time-point had

identical Vb6.2+ TCR b-chain nucleotide sequences (clono-

type 43A, Table 1). Four of six independent nef pep-

tide 735-specific clonal CTL microcultures derived at one

time-point had the same Vb22+ TCR b-chain nucleotide

sequence (clonotype 43B, Table 1). Two of the three inde-

pendent env peptide 701.78-specific formal clones derived

at one time-point had identical Vb7+ TCR b-chain nucleo-

tide sequences (clonotype 43C, Table 1), although at three

other time-points we derived eight further formal clones or

CTL microcultures, also specific for env peptide 701.78 that

had different TCR b-chain nucleotide sequences. Two of

these eight clones used Vb7, but had TCR b-chain nucleo-

tide sequences different from that of clonotype 43C.

For subject H0049, two of five independent pp65 pep-

tide 61-specific formal clones derived at one time-point

had identical Vb23+ TCR b-chain nucleotide sequences

(clonotype 49A, Table 1). All four independent gag pep-

tide 788.9-specific formal clones derived at one time-

point had identical Vb6.2+ TCR b-chain nucleotide

sequences (clonotype 49B, Table 1).

These new data confirm our previous observation of

clonal focusing of CD8+ T cells specific for peptides of

HIV and HCMV.21,22

In subjects H0009 and H0018 we also analysed the clonal

composition of multiple independent env or gag peptide-

specific CTL microcultures following HAART (Table 2).

Before HAART in subject H0009, all six formal single-cell

CTL clones or clonal microcultures specific for env peptide

740.19 at two time-points had the same TCR b-chain nuc-

leotide sequence (Table 1). Following HAART, all three

clonal microcultures specific for peptide 740.19 analysed at

two time-points also had the same TCR b-chain nucleotide

sequence. Similarly in subject H0018 the same gag peptide
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Figure 1. Progressive contraction of HIV-specific CD8+ clonotype

18A following HAART in subject H0018 (I) Amplified TCR

sequences were blotted onto a filter, which was first probed using

the labelled clonotypic probe. (II) By stripping the filter and reprob-

ing with a conserved constant region-specific probe that detects all

amplified TCRs, we calculated the relative abundance of clonotype

sequence as a proportion of all TCR sequences of the Vb13.1 family.

Table 2. In subjects H0018 and H0009, before and after antiretroviral therapy multiple independent CD8+ formal CTL clones or clonal micro-

cultures specific for a defined HIV peptide have identical TCR b-chain nucleotide sequences

Donor Peptide Date

Clone or

culture code V CDR3� J C

Clono-

type

No. of identical

clones or cultures

H0018 gag 703.3 06/96 Clone 4.6 Vb5.2 C A S T S G W G S Y E Q Y Jb2.7 Cb2 1/1

01/98 Clone 2 Vb13.1 C A S N L A P Y E Q Y Jb2.7 Cb2 18A 3/3

04/98 Culture 3 Vb13.1 C A S N L A P Y E Q Y Jb2.7 Cb2 ’’ 2/2

07/00 Culture 1 Vb13.1 C A S N L A P Y E Q Y Jb2.7 Cb2 ’’ 2/2

H0009 env 740.19 09/96 Clone 3.2 Vb13.6 C A S S Y T L D N Q P Q H Jb1.5 Cb1 9A 1/1

04/97 Culture 1 Vb13.6 C A S S Y T L D N Q P Q H Jb1.5 Cb1 ’’ 5/5

06/01 Culture 1 Vb13.6 C A S S Y T L D N Q P Q H Jb1.5 Cb1 ’’ 1/1

08/01 Culture 1 Vb13.6 C A S S Y T L D N Q P Q H Jb1.5 Cb1 ’’ 2/2

Bold type indicates cultures derived before starting antiretroviral therapy.

�See Table 1 footnote.

28 � 2006 Blackwell Publishing Ltd, Immunology, 118, 25–38
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703.3-specific clonotype was immunodominant both before

and after HAART (Table 2).

Progressive contraction of HIV-specific CD8+ clones
and selective expansion of HCMV-specific CD8+

clones with maintenance of strong functional HIV
and HCMV-specific CD8+ T-cell responses following
HAART

For subjects H0009, H0018 and H0043 we used quanti-

tative oligonucleotide clonotype probing to measure the

sizes of individual immunodominant CTL clones over a

period of 5–12 years, during which each subject com-

menced HAART.

From the relative abundance of clonotype within cells

of the same TCR Vb family, and the proportion of Vb+

cells in the CD8+ population determined by flow cytome-

try, the number of cells of the clone in 106 CD8+ T cells

could be estimated. Because Vb6.4 and Va6-specific
monoclonal antibodies were not available, it was not

possible to determine the clone sizes of Vb6.4+ or Va6+

CTL clonotypes.
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Figure 2. Subject H0018. (a) HIV viral load (copies/ml plasma, h) and CD4+ T-cell count (per microlitre of whole blood, j). H0018 was asympto-

matic until HSV retinitis immediately before commencing HAART with stavudine, lamivudine and nevirapine on 25/9/98, then changed stavudine

for zidovudine on 25/10/00 because of a mild neuropathy. (b) LDA frequencies of CD8+ CTLp specific for pp65 peptides 69 and 56. (c, f) Selective

expansion in the proportion of pp65 peptide 56-specific clonotype 18D sequence (s) within all Vb6.4+ sequences in PBMC and in CD28– PBMC fol-

lowing HAART, with stable maintenance of clonotype 18B (d) (d) Progressive contraction in the clone size (expressed as cells of the clone/106 CD8+

T cells) of gag peptide 703.3 specific clonotype 18A following HAART (r). The calculated half-life of decline was 51 weeks. The LDA frequency of

CTLp specific for this peptide remained stable (e). (e, g) Progressive contraction in the proportion of clonotype 18A sequences within all Vb13.1+

sequences in PBMC and in CD28– PBMC following HAART (d; used to calculate clone size data in d). Contraction in the proportion of gag peptide

7027-specific clonotype 18E sequences within all Va6+ sequences in PBMC and in CD28– PBMC following HAART (s).
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In subject H0018, following HAART we observed con-

traction of two HIV-specific CD8+ clones 18 A and 18E

(Figs 1 and 2d,e) and selective expansion of one of three

Vb6.4+ HCMV-specific clones specific for the same pp65

peptide 56. The proportion of pp65 peptide 56-specific

clonotype 18D sequences within all Vb6.4+ sequences

before HAART was 1�6–1�8%; following HAART, this

clonotype increased to 5�2–7�6% (Fig. 2c). In contrast,

over a 6-year period before and after HAART, two further

pp65 peptide 56-specific clonotypes were stable. The pro-

portion of clonotype 18B sequences within all Vb6.4+

sequences was stable at 6�2–8�1% (Fig. 2c), and the pro-

portion of clonotype 18C sequences within all Vb6.4+

sequences was also stable at 0�6–2�8% (data not shown).

Prior to HAART in the same subject, the clone size of

gag peptide 703.3-specific clonotype 18A was 2000–

4500 cells/106 CD8+ T cells. Following HAART, clonotype

18A gradually contracted in size, reaching 280 cells/106

CD8+ T cells 20 months after HAART commenced

(Fig. 2d,e). We observed a similar decline in Va6+ gag

peptide 7027-specific clonotype 18E following HAART

(Fig. 2e). Over a period of 3–5 years spanning the intro-

duction of HAART despite some variability in the abso-

lute frequency of CTL precursors (CTLp), the LDA
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Figure 3. Subject H0009. (a) HIV viral load (copies/ml plasma, h) and CD4+ T-cell count (per microlitre of whole blood, j). H0009 was

asymptomatic until commencing HAART with zidovudine, didanosine and nevirapine on 14/05/01. (b) The clone size of pp65 peptide 69-specific

clonotype 9C was stable over 12 years (r). The frequency of CD8+ CTLp specific to peptide 69 was high and maintained at a stable level at mul-

tiple time-points over 7 years (e). (c) Clone size of clonotype 9B (r) and frequency of CD8+ CTLp specific for gag peptide 728 (e). (d) Pro-

gressive expansion in the clone size of env peptide 740.19 specific clonotype 9A then contraction following HAART (r) – the calculated half-life

of decline was 40 weeks. LDA frequency of CTLp specific for this peptide (e). (e) Progressive expansion then contraction in the proportion

of clonotype 9A sequences within all Vb13.6+ sequences (d) and the proportion of all CD8+ cells that were Vb13.6+ by flow cytometry (s).

(f, h) Clone size per 106 CD8+ T cells of each subpopulation of clonotypes 9C and 9A within CD28– CD27– (e) and CD28– CD27+ subpopula-

tions (r). (g, i) Clone sizes of clonotypes 9C and 9A within CD45RA+ (r) and CD45RO+ (e) subpopulations.
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frequencies of CTLp specific for two pp65 and one gag

peptide were relatively maintained (Fig. 2b,d). Following

HAART the proportion of peptide 7027-specific clonotype

18E sequences in all Va6+ sequences decreased (Fig. 2e),

however, the LDA frequency of CTLp specific for gag

peptide 7027 was stable on three occasions after HAART

(660–1000 CTLp per 106 CD8+ T cells; the LDA

frequency for this peptide was not measured prior to

HAART).

In subject H0009, env peptide 740.19-specific clonotype

9A expanded over the space of 6 years, from 0�9% of clo-

notype sequence within all Vb13.6+ sequences to 33–64%

of clonotype sequence within all Vb13.6+ sequences

(Fig. 3e, black circles). This was accompanied by a pro-

gressive expansion in Vb13.6+ CD8+ T cells (Fig. 3e,

white circles) causing a progressive 40-fold increase in

clone size (Fig. 3d, black diamonds). Following HAART,

the clone size progressively decreased from 33 000 to

67 000 cells/106 CD8+ T cells to 5000 cells/106 CD8+ T

cells (Fig. 3d,e).

In the same subject, the clone sizes of pp65 peptide

69-specific clonotype 9C and gag peptide 728-specific

clonotype 9B were stable over a period of up to 12 years

spanning the commencement of HAART (Fig. 3b,c). The

frequencies of CTLp specific for pp65 peptide 69 and gag

peptide 728 were relatively stable over 6–8 years (Fig. 3b,c),

and were unaffected by HAART. The frequency of CTLp

specific for env peptide 740.19 was more variable, but

2 years after starting HAART the CTLp frequency was sim-

ilar to that during the 3–4 years prior to HAART (Fig. 3d).

In subject H0043 we similarly observed contraction of

two HIV-specific clones and expansion of an HCMV-

specific clone following HAART. The clone size of env

peptide 701.78-specific clonotype 43C decreased shortly

after starting therapy with only two antiretroviral agents

(Fig. 4c), and the clone size of nef peptide 735-specific

C
D

4 
co

un
t

Time (years)

10

100

1000

10 000

100 000

1 000 000

0

400

800

1200

1600
(a)

0%

1%

2%

3%

4%

10

100

1000

10 000

100

1000

10 000

100 000

1994 1995 1996 1997 1998 1999 2000 2001

(b)

(c)

(d)

pp65 peptide 61

Vβ6+ clone 43A

env peptide 701.78 CTLp
Vβ7+ 43C clone size

Vβ22+ 43B clone size

nef peptide 735 CTLp

V
ira

l l
oa

d
%

 C
lo

no
ty

pe
 s

eq
ue

nc
e 

in
 a

ll 
V

β6
+
 s

eq
ue

nc
es

Zid Zid+Lam d4T+ddI+Rit+Saq

C
T

Lp
 fr

eq
ue

nc
y 

or
 c

lo
ne

 

si
ze

 / 
10

6  C
D

8+
 T

 c
el

ls

Figure 4. Subject H0043. (a) HIV viral load (copies/ml plasma, h) and CD4+ T-cell count (per microlitre of whole blood, j). H0043 com-

menced zidovudine monotherapy on 30/9/93, interrupted therapy for 6 months from 3/5/96 when receiving chemotherapy for lymphoma; began

zidovudine and lamivudine dual therapy on 13/11/96, then began quadruple therapy on 23/7/1997. He had a four-month break in therapy from

15/04/00 to 12/08/00. (b) Expansion in the proportion of pp65 peptide 61 specific clonotype 43A sequence within all Vb6 sequences in PBMC

following HAART. (c) Clone size of clonotype 43C (r) and LDA frequency of CD8+ CTLp specific for env peptide 701.78 (e). (d) Progressive

contraction in the clone size of clonotype 43B following HAART (r) – the calculated half-life of decline was 103 weeks. LDA frequency of CD8+

CTLp specific for nef peptide 735 (e, only measured on one occasion).
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clonotype 43B decreased gradually after commencement

of HAART (Fig. 4d). The pp65 peptide 61-specific clono-

type 43A expanded during the first 2 years of HAART –

before commencement of HAART, the proportion of

clonotype 43A sequences in all Vb6+ sequences was 0�1–
0�2%. Following HAART this clonotype expanded, up to

3�7% of all Vb6+ sequences (Fig. 4b).

Following HAART in the same subject there was a five-

fold decline in the frequency of CTLp specific for env

peptide 701.78 that was stable over the next 2�5 years

(Fig. 4c). The LDA frequency of CTLp specific for pp65

peptide 61 was not measured prior to HAART – after start-

ing HAART the LDA frequency of CTLp specific for pp65

peptide 61 was 190–730 CTLp per 106 CD8+ T cells over

five time-points from 04/99 to 07/00 (data not shown).

In subject H0045, the frequencies of CTLp specific for

pp65 peptide 72, env peptide 740�18 and env peptide

7035 were stable at three time-points over 1�3 years, and

were maintained following HAART (Fig. 5).

Distribution of virus-specific CD8+ clonotypes
in the CD28– CD27– and CD28– CD27+ CD8+

subpopulations

We examined the distribution of individual CD8+ clono-

types in the CD28– CD27– and CD28– CD27+ subpopula-

tions of CD8+ T cells using clonotype probing (Table 3,

Figs 3 and 6). Virus-specific clonotype sequences often

accounted for a large proportion of all TCR sequences

of the same Vb family. For most CD8+ clones, cells of

the clone were distributed in both the CD28– CD27–

and CD28– CD27+ subpopulations (Table 3). In subject

H0018, after starting HAART, gag peptide 703.3 specific

clonotype 18A was almost entirely partitioned in the

CD28– CD27+ population – the abundance of this clono-

type in CD28– CD27– Vb13.1+ sequences was very low.

Gag peptide 7027-specific clonotype 18E was also relat-

ively more abundant in CD28– CD27+ cells in this subject

(Table 3). Clonotypes 18A and 18E contracted following

HAART within purified CD28– cells (Fig. 2g). We also

studied three HCMV-specific Vb6.4+ clonotypes each of

which was specific for pp65 peptide 56. At three time-

points after starting HAART we found that clonotype

18B was distributed evenly between CD28– CD27– and

CD28– CD27+ cells, whereas clonotype 18D was relatively

more abundant in CD28– CD27– cells (Fig. 6, Table 3).

Clonotype 18D expanded following HAART within puri-

fied CD28– cells, whereas clonotype 18B remained stable

(Fig. 2f).

In subject H0009 before HAART the clone sizes of

HIV-specific clonotypes 9B and 9A and HCMV-specific

clonotype 9C in 106 cells of each subpopulation was

greater in the CD28– CD27+ subpopulation compared to

the CD28– CD27– subpopulation. Following HAART, the

clone size of env peptide 740.19-specific clonotype 9A

contracted in the CD28– CD27– and especially in the

CD28– CD27+ subpopulation consistent with the contrac-

tion in the clone size of this clonotype in whole CD8+

PBMC. The clone size of pp65 peptide 69-specific clono-

type 9C expanded in both of these subpopulations

(Table 3, Fig. 3f,h).

Distribution of virus-specific CD8+ clonotypes in the
CD45RAhi and CD45ROhi CD8+ subpopulations

The cell purification method that we used, purified either

CD45RAhi or CD45ROhi cells. For most CD8+ clones,

cells of the clone were distributed in both the CD45RAhi

and CD45ROhi subpopulations (Table 4, Figs 3 and 6). In

subject H0018 after starting HAART, gag-specific clono-

types 18A and 18E, both of which contracted, were pre-

dominantly CD45ROhi (Table 4). The pp65 peptide

56-specific clonotype 18B, which did not expand, was

predominantly CD45ROhi whereas clonotype 18D, which

expanded, was almost exclusively CD45RAhi (Fig. 6,

Table 4).

In subject H0009, env 740.19-specific clonotype 9A was

distributed in both CD45RAhi and CD45ROhi cells and

remained so during contraction following HAART

(Table 4, Fig. 3i). After HAART on 12/2002, we also ana-

lysed cells of intermediate CD45RA/RO coexpression that
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Figure 5. Subject H0045. (a) HIV viral load (copies/ml plasma, h)

and CD4+ T-cell count (per microlitre of whole blood, j). H0045

was asymptomatic until commencing dual therapy with zidovudine

and didanosine on 21/5/97, then additionally started taking nevirap-

ine on 13/5/98. (b–d) LDA frequencies of CTLp specific for pp65

peptide 72 and env peptides 740.18 and 7035.
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contained large clone sizes of this clonotype (3300 cells

per 106 CD8+ cells of this population). The pp65 peptide

69-specific clonotype 9C was predominantly CD45RAhi

and remained so following HAART (Table 4, Fig. 3g).

In subjects H0043 and H0049 after starting HAART,

HIV-specific clonotypes 43C and 49B were predominantly

CD45ROhi, whereas pp65 specific clonotypes 43A and

49A were predominantly CD45RAhi.

Discussion

We found that the clonal composition of CD8+ T cells

specific for HIV gag and env epitopes was highly focused

and did not change after HAART. Following HAART,

there was progressive contraction in the size of dominant

HIV-specific CD8+ clones with relative preservation of

the functional memory response in vitro. In longitudinal

analysis this clonal contraction occurred in each of the

phenotypic subpopulations studied and in one case was

most marked in CD28– CD27– cells. In the same subjects

individual HCMV-specific clones had different kinetics

and phenotypes – in two-thirds of subjects, individual

HCMV-specific clonotypes progressively expanded follow-

ing HAART.

Previous studies that have examined the clonal compo-

sition of CD8+ CTL specific to HIV have observed a com-

parable degree of clonal focusing,20,29 although some

subjects have a more polyclonal response to individual

peptides20 as we observed for CD8+ clonotypes recogni-

zing env peptide 701.78 in subject H0043 (Table 1). In

this study we used clonotype probing to study CTL

responses specific for 13 viral peptides restricted by six

different MHC alleles for many of which tetramers are

not available. The clonotype probing technique provides a

Table 3. (a) The proportion of clonotype sequence within all sequences of the same Vb family in different subpopulations determined by oligo-

nucleotide probing. (b) Clone size of individual clonotypes in different CD8+ subpopulations

Donor Peptide Clonotype Vb
Date of

sample

(a) % of clonotype sequence

within all Vb+ sequences

Background�

(b) Clone size in 106 CD8+ cells

of each phenotype�

Total CD8+

cells*

Sorted cells

Total CD8+

cells*

Sorted cells

CD28–

CD27–
CD28+

CD27+
CD28–

CD27–
CD28+

CD27+

H0018 pp65 56 18B§ 6.4 08/99 25% 33% 27% 1.0% ND

11/99 13% 17% ND 1.0%

07/00 11% 16% 16% 1.0%

18C 6.4 08/99 3% 5% 2% 0.1% ND

11/99 1% 2% ND 0.0%

07/00 0.6% 1.4% 0.7% 0.0%

18D 6.4 08/99 15% 23% 4% 1.1% ND

11/99 29% 43% ND 1.4%

07/00 21% 44% 12% 1.4%

gag 703.3 18A 13.1 08/99 6% 0.8% 45% 0.5% 3100 160 9300

11/99 1.2% 0.8% >43% 0.2% 700 140 >700

07/00 1.3% 0.2% 6.4% 0.2% 1000 40 1700

gag 7027 18E Va6 08/99 1.8% 0.8% 5% 0.03% ND

H0009 pp65 69 9C 13.1 08/99 13% 3% 0.2% 2200 5100

08/01 54% 15% 0.2% 1100 1800

03/02 63% 53% 0.2% ND ND

12/02 59% 47% 0.2% 5400 34900

gag 728 9B 22 08/99 0.5% 0.4% 0.3% 0.1% 260 40 80

08/01 0.3% 0.2% 0.3% 0.1% 100 20 80

env 740.19 9A 13.6 08/99 47% 86% 0.1% 7100 108000

08/01 60% 77% 0.1% 3600 166000

03/02 17% 70% 0.1% 1400 50000

12/02 26% 91% 0.1% 400 33700

Bold, samples derived prior to starting antiretroviral therapy.

*Either derived from whole PBMC or CD16) depleted PBMC.

�Background indicates the magnitude of non-specific binding of the clonotype-specific probe to amplified negative control cDNA.

�Calculated from percentage clonotype [shown in (a)] and percentage of CD8+ cells that are Vb+ (see methods).

§Cells of clonotypes 18A-D weere previously also found in both CD28)CD57) and CD28)CD57+ populations (23).
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higher level of resolution by allowing the study of the

sizes of individual peptide-specific CTL clones over time

and the distribution of individual clones into different

phenotypic subpopulations. In one subject who had three

different Vb6.4 clonotypes specific for the same HCMV

pp65 peptide, one clonotype selectively expanded follow-

ing HAART, without expansion of the other two clono-

types. We have also previously reported differential

kinetics of clonotypes specific for the same HCMV pep-

tide with delayed emergence of different HCMV-specific

clonotypes in recipients following allogeneic haematopoi-

etic stem cell transplantation.30

For a period of 7–11 years following the first HIV sero-

positive test in subjects H0009 and H0018, we observed

progressive selective expansion of HIV-specific clonotypes

9A and 18E while HCMV-specific clonotypes remained

stable (Figs 2 and 3). Individual expanded virus-specific

clonotypes could be very large, accounting for up to 6�7%
of all CD8+ T cells (Clonotype 9A, Fig. 3). We have pre-

viously demonstrated similarly large sizes of virus-specific

CTL clones in healthy HCMV carriers and HIV-infected

subjects;22 by tetramer staining up to 2�7% of CD8+ T

cells were specific for individual HIV peptides.11 Because

both HIV and HCMV are persistent viruses characterized

by sustained or intermittent viral reactivation and antigen

expression, repeated exposure of virus-specific memory

CTL to viral antigen in vivo over time leads to selective

expansion and maintenance of large CD8+ clones that

express certain high-affinity TCR with characteristic

Vb framework and hypervariable VDJ amino acid

sequences.21,31

Following HAART, we show for the first time progres-

sive contraction of five individual HIV-specific clonotypes

in three subjects (Figs 2–4). The half lives of decline of

clonotypes 9A, 18A and 43B were between 40 and

103 weeks (calculated starting from first undetectable viral

load), which is in agreement with data from tetramer

studies of Casazza and Kalams (20–68 weeks and 35–

48 weeks, respectively)12,13 but is longer than the half life

of 45 days or less measured over a short period immedi-

ately after initiation of HAART.11

In subject H0009, before HAART, HIV-specific clono-

type 9A was distributed in the CD45ROhi and CD45RAhi

subpopulations and in the CD28– CD27– and CD28–

CD27+ subpopulations. Following HAART, the clone size

of clonotype 9A progressively contracted but remained

detectable in each of these subpopulations (Fig. 3) – it

was most enriched in the CD28– CD27+ subpopulation.

After 1�5 years of contraction following HAART this clo-

notype was predominantly CD45RA/ROintermediate. After

HAART in the other three subjects, the remaining cells

of contracting HIV-specific clones were predominantly

CD28– CD27+ and CD45ROhi (Tables 3 and 4). This

phenotype resembles that reported for HIV tetramer+

cells in untreated HIV infection.17,18,32

In three-quarters of subjects, strong functional HIV-

specific CD8+ CTLp frequencies in LDA were maintained

following HAART (Figs 2–5). In subject H0018, the dom-

inant gag peptide 703.3-specific clone 18A was almost

exclusively CD28– CD27+ (Table 4) and we observed high

frequencies of functional gag peptide 703.3-specific CTLp

as we have previously reported within CD28-depleted

PBMC.22 In the fourth subject following HAART there

was a five-fold decline in the frequency of CTLp specific

for env peptide 701.78 that was stable over the next

2�5 years (Fig. 4c). In three other studies before and after

HAART, in the majority of subjects there was relative

maintenance of the frequency of CTLp specific for gag,

env, nef or RT (assessed using targets infected with

recombinant vaccinia viruses); in a few subjects, HIV-

specific CTLp decreased in frequency following HAART.

In some individuals there was a transient increase in

CTLp frequency immediately following HAART, which

we did not observe.13,33,34

There is growing evidence that in untreated HIV infec-

tion the function/maturation of HIV-specific CTL may be

impaired – 80–85% of HIV-specific CD8+ T cells identi-

fied by tetramer staining do not secrete interferon-c35

and HIV-specific CD8+ T cells may show reduced perfo-

rin expression.36 In three HIV-infected subjects prior to

HAART the sizes of individual HIV-specific clonotypes

were greater than the corresponding CTLp frequencies,
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Figure 6. In subject H0018 three independent Vb6.4+ CD8+ clono-

types specific for the same HCMV peptide have different phenotypes.

Following HAART, clonotype 18B was distributed evenly between

CD28– CD27– and CD28– CD27+ cells and was predominantly

CD45ROhi whereas clonotype 18D was more abundant in

CD28– CD27– cells than CD28–CD27+ cells and was almost exclu-

sively CD45RAhi.
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indicating that a proportion of these large clones failed to

proliferate efficiently in vitro and/or to express cytotoxi-

city in vitro.36 During longitudinal analysis following

HAART for HIV-specific CD8+ T cells the clone size and

CTLp frequency tended to converge, implying that cells

of the clone which had reduced in vitro cloning efficiency

were preferentially lost following HAART. Exposure to

high levels of HIV antigen in untreated infection may

favour differentiation to CD28– CD27– cells, which may

have diminished clonogenic potential. The fact that there

was relative maintenance of HIV-specific clones in

CD28– CD27+ cells compared to CD28– CD27– cells fol-

lowing HAART suggests that the CD28– CD27+ cells may

have relatively preserved clonogenic potential. Despite

sustained suppression of HIV viral replication below

50 copies/ml in plasma there may nevertheless be suffi-

cient antigen in lymphoid tissue as a result of persistent

viral transcription37 to maintain a high frequency of HIV-

specific CTLp – the quantity of viral antigen needed to

maintain a virus-specific memory CTLp response is

unknown.38 Redistribution of HIV-specific CTL from per-

ipheral blood to lymph nodes following HAART appears

unlikely to be the main explanation for the observed clo-

nal contraction in peripheral blood – similar frequencies

of HIV-specific CD8+ T cells have been demonstrated in

blood and lymph node before and after HAART.39,40

Table 4. (a) The proportion of clonotype sequence within all sequences of the same Vb family in different subpopulations determined by oligo-

nucleotide probing. (b) Clone size of individual clonotypes in different CD8+ subpopulations

Donor Peptide Clonotype Vb
Date of

sample

(a) % of clonotype sequence within

all Vb+ sequences

Background�

(b) Clone size in 106 CD8+ cells of

each phenotype§

Total CD8+

cells*

Sorted cells
Total CD8+

cells*

Sorted cells

CD45RA+ CD45RO+ CD45RA+ CD45RO+

H0018 pp65 56 18B 6.4 04/99 30% 3% 10% 1.0% ND

18C 6.4 4% 0.5% 0.5% 0.1% ND

18D 6.4 18% 40% 2% 1.1% ND

gag 703.3 18A 13.1 04/99 7% 0.9% 5.0% 0.5% 3900 510 3900

gag 7027 18E Va6 04/99 1.5% 0.5% 0.7% 0.03%

H0009 pp65 69 9C 13.1 09/98 3.5% 0.5% 0.3% 1900 350

04/00 6.5% 0.2% 0.3% 2200 100

06/01 1.7% 0.3% 0.3% 430 300

08/01 6.3% ND 0.3% 1600 ND

03/02 10.8% 0.3% 0.3% ND ND

12/02 3.7% 0.2% 0.3% 1200 250

gag 728 9B 22 09/98 0.2% 0.9% 0.1% 60 400

04/00 0.2% 0.3% 0.1% 90 230

06/01 0.1% 0.2% 0.1% 30 200

08/01 0.2% 0.2% 0.1% 30 200

env 740.19 9A 13.6 09/98 17% 30% 0.2% 3600 12 200

04/00 72% 36% 0.2% 19 900 20 700

06/01 56% 10% 0.2% 11 900 3600

08/01 12% ND 0.2% 2500 ND

03/02 1.1% 1.3% 0.2% ND ND

12/02 0.7% 0.5% 0.2% 80 120

H0043 pp65 61 43A 6.2 11/98 1.9% 0.8% 0.2% 0.2% ND

07/99 1.8% 0.5% 0.3% 0.2% ND

env 701.78 43C 7 11/98 0.2% 0.1% 0.7% 0.1% ND

07/99 0.2% 0.1% 0.4% 0.1% 110 30 110

H0049 pp65 61 49A 23 03/00 20% 0.6% ND

07/00 20% 36% 1.6% 0.6% 3200

gag 788.9 49B 6.2 03/00 2% 0.1% ND

07/00 2% 0.2% 0.7% 0.1% ND

Bold, samples derived prior to starting antiretroviral therapy.

*Either derived from whole PBMC or CD16) depleted PBMC.

�Background indicates the magnitude of non-specific binding of the clonotype-specific probe to amplified negative control cDNA.

�Calculated from percentage clonotype [shown in (a)] and percentage of CD8+ cells that are Vb+ (see methods).

§Cells of clonotypes 18A-D weere previously also found in both CD28)CD57) and CD28)CD57+ populations (23).
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Most HCMV-specific clonotypes were stably main-

tained for years before HAART, with stable maintenance

of the frequency of pp65-specific CTLp (Figs 2–5). In this

study, as in our previous work,22 before HAART the esti-

mated cloning efficiency (the LDA response as a propor-

tion of peptide-specific CD8+ T-cell clone size) for

HCMV-specific clones was higher than the cloning effi-

ciency of HIV-specific clones (for example in subject

H0009 the size of pp65-specific clonotype 9C and the fre-

quency of pp65 peptide 69-specific CTLp were similar).

In two-thirds of subjects, we observed progressive expan-

sion of individual HCMV-specific clonotypes within total

CD8+ cells over a period of a year following HAART

(Figs 2c and 4b), consistent with previous studies demon-

strating increased frequencies of CTL specific for pp65

peptide 69 in a proportion of subjects following

HAART.12,16 HCMV-specific clonotypes are predomin-

antly CD28– CD45RAhi in HIV-uninfected individuals;

individual clones may be predominantly CD28– CD27+ or

CD28– CD27–.41 We show here that in untreated HIV

infection, HCMV-specific clonotype 9C was also predom-

inantly CD28– CD45RAhi, and its clone size and pheno-

type did not change following HAART. In subject H0018

the expanding Vb6.4+ clonotype 18D was predominantly

CD28– CD27– CD45RAhi. Vb6.4+ clonotypes 18B and

18C, which were specific for the same pp65 peptide but

did not expand, were distributed in both CD28– CD27–

and CD28– CD27+ subpopulations; 18B was predomin-

antly CD45ROhi. The expansion of HCMV-specific clono-

types following HAART is probably related to improved

function in vivo of both CD4+ T cells and antigen pre-

senting cells. We have previously reported that in subject

H0043 the frequency of HCMV-specific CD4+ T cells

was maintained before and after HAART42 whereas

HIV-specific CD4+ T cells decline during prolonged

HAART.43 The fact that some clones expand whilst oth-

ers remain unchanged suggests that there may be focal

expression of HCMV antigen in specific anatomical loca-

tions through which some but not all clones traffic. The

fact that expanded HCMV-specific clone 18D remained

CD45RAhi may be related to re-expression of CD45RA

following in vivo proliferation as we have previously

reported during primary HCMV infection.27 Before

HAART became available, AIDS patients who had

HCMV disease required lifelong anti-HCMV drug treat-

ment. Following HAART, expanded HCMV-specific

CD8+ CTL clones appear better able to control HCMV

reactivation and prevent HCMV disease without the

need for long-term anti-HCMV drug therapy. Following

HAART, a minority of patients who have had previous

HCMV retinitis experience worsening ocular inflamma-

tion, which is likely to be mediated by enhanced virus-

specific T-cell responses.

From our work in an albeit limited number of individ-

uals, we conclude that following HAART the size of

immunodominant HIV-specific CD8+ T-cell clones

diminishes with relative preservation of functional mem-

ory responses. Individual HCMV-specific clones had dif-

ferent kinetics and phenotypes in the same subject, and

could expand following HAART.
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