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There is increasing evidence that CD8 lymphocytes may represent targets for infection by human immuno-
deficiency virus type 1 (HIV-1) in vivo whose destruction may contribute to the loss of immune function
underlying AIDS. HIV-1 may infect thymic precursor cells destined to become CD4 and CD8 lymphocytes and
contribute to the numerical decline in both subsets on disease progression. There is also evidence for the
induction of CD4 expression and susceptibility to infection by HIV-1 of CD8 lymphocytes activated in vitro. To
investigate the relationship between CD8 activation and infection by HIV-1 in vivo, activated subsets of CD8
lymphocytes in peripheral blood mononuclear cells (PBMCs) of HIV-seropositive individuals were investigated
for CD4 expression and HIV infection. Activated CD8 lymphocytes were identified by expression of CD69,
CD71, and the human leukocyte antigen (HLA) class II, the �-chain of CD8, and the RO isoform of CD45.
CD4� and CD4� CD8 lymphocytes, CD4 lymphocytes, other T cells, and non-T cells were purified using
paramagnetic beads, and proviral sequences were quantified by PCR using primers from the long terminal
repeat region. Frequencies of activated CD8 lymphocytes were higher in HIV-infected study subjects than in
seronegative controls, and they frequently coexpressed CD4 (mean frequencies on CD69�, CD71�, and HLA
class II� cells of 23, 37, and 8%, respectively, compared with 1 to 2% for nonactivated CD8 lymphocytes). The
level of CD4 expression of the double-positive population approached that of mature CD4 lymphocytes. That
CD4 expression renders CD8 cell susceptible to infection was indicated by their high frequency of infection in
vivo; infected CD4� CD8 lymphocytes accounted for between 3 and 72% of the total proviral load in PBMCs
from five of the eight study subjects investigated, despite these cells representing a small component of the
PBMC population (<3%). Combined, these findings provide evidence that antigenic stimulation of CD8
lymphocytes in vivo induces CD4 expression that renders them susceptible to HIV infection and destruction.
The specific targeting of responding CD8 lymphocytes may provide a functional explanation for the previously
observed impairment of cytotoxic T-lymphocyte (CTL) function disproportionate to their numerical decline in
AIDS and for the deletion of specific clones of CTLs responding to HIV antigens.

Infection with human immunodeficiency virus type 1
(HIV-1) is associated with progressive destruction of CD4�

T-helper lymphocytes and the development of the profound
immunodeficiency that underlies AIDS. The targeting of CD4
lymphocytes by HIV-1 is thought to result from expression of
cell surface CD4 (11, 26, 31), the chemokine receptor CXCR4
(15), and (on activation) CCR5 (1, 13), which act as receptors
for the attachment and entry of HIV-1. CD4 and CCR5 ex-
pression probably also accounts for the infection of macro-
phages and macrophage-derived cell types in vivo, although the
effect that this has on the immune system is unresolved.

Whether HIV-1 targets other cells in the immune system
and whether infection and direct or indirect destruction of
CD4 lymphocytes entirely accounts for the immunodeficiency
observed in AIDS have remained controversial. It is possible
that HIV-1 may be able to infect other lymphoid cells through
a CD4-independent mechanism (as has been suggested for the
infection of astrocytes in the central nervous system), or it may
target cells that transiently express CD4 during maturation or
activation. Many investigators have provided evidence for the

widespread infection in vitro and in vivo of human CD8�,
cytotoxic T lymphocytes by HIV-1 (16, 30, 32, 34, 50, 54) or by
the primate simian immunodeficiency virus (SIV) homologues
SIVmac in sooty mangabeys (12) and SIVagm in African green
monkeys (37). Infection of cells destined to become CD8 lym-
phocytes may occur through a conventional CD4-dependent
mechanism during their maturation in the thymus, at the stage
where CD4 is coexpressed with CD8 (12, 24). Destruction of
thymic precursor cells may significantly deplete the pool of
both CD4 and CD8 lymphocytes; infection at this stage may
subsequently be manifested by the appearance of a population
of HIV provirus-positive, antigen-naive CD8 lymphocytes in
the peripheral circulation comprising cells that survived infec-
tion. This hypothesis is supported by the finding that implants
of human thymic tissue containing HIV-1-infected double-
positive (DP) thymocytes was followed by the appearance of
infected single-positive CD8 lymphocytes in the peripheral cir-
culation (9, 24, 28). The hypothesis of thymic infection is fur-
ther supported by our recent observation of the distribution of
proviral sequences in CD8 lymphocytes expressing the RA
(naive) isoform of CD45 (32).

Very recently, isolation of HIV-1 from purified CD8 lym-
phocytes from two AIDS patients was described, which produced
apparently CD8-tropic variants that could be propagated in
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transformed CD8 lymphocyte cultures or mitogen-stimulated
cultures of peripheral blood mononuclear cells (PBMCs) (44).
Their subsequent biological characterization led to the propo-
sal that these variants infect CD8 lymphocytes through initial
attachment to CD8 instead of CD4 (54). These isolates showed
the additional peculiarity of not using CCR5, CXCR4, or other
known coreceptors in mediating subsequent virus entry steps.

Apart from intrathymic and CD8-independent mechanisms
for infection of CD8 lymphocytes, several investigators have
demonstrated that in vitro activation of purified peripheral
CD8 lymphocytes with mitogens, anti-CD3 and anti-CD28 an-
tibodies, or antigen-pulsed autologous dendritic cells leads to
de novo synthesis of CD4 expression, sufficient to confer sus-
ceptibility to infection with laboratory isolates of HIV-1 (16,
23, 50). However, it is presently unknown whether up-regula-
tion or de novo synthesis of CD4 on CD8 lymphocytes also
occurs in vivo. To investigate this issue and the possibility that
CD4 expression on CD8 lymphocytes confers susceptibility to
HIV infection in vivo, we have measured the expression of
CD4 on activated and nonactivated CD8 lymphocytes recov-
ered from peripheral blood of HIV-infected and uninfected
individuals. In addition, the distribution of HIV-1 sequences in
isolated cell subsets, in particular in relation to expression of
CD4 on CD8 lymphocytes from eight HIV-seropositive patient
PBMC samples, was assessed.

MATERIALS AND METHODS

Samples and clinical details of study subjects. Volumes of 20 to 30 ml of
whole blood anticoagulated with EDTA were obtained by venipuncture from 5
HIV-seronegative controls (S1 to S5) (3 male and 2 female; mean age, 27.6 years
[range, 23 to 40 years]) and from 20 HIV-seropositive individuals attending the
Regional Infectious Diseases Unit, Western General Hospital, Edinburgh,
United Kingdom. Information on CD4 count, viral load, duration of therapy, and
risk group for the HIV-seropositive individuals is presented in Table 1. HIV
plasma virus levels were determined by a commercially available PCR assay
(Roche Monitor, Lewes, East Sussex, United Kingdom).

Immunomagnetic T-cell separation. PBMCs were obtained from whole blood
by density centrifugation over Lymphoprep separation medium (Nycomed
Pharma AS). T lymphocytes were purified from the isolated PBMCs by negative
selection using the pan-T-cell kit (Miltenyl Biotec) on an AutoMACS system,
with all solutions kept on ice to help prevent capping and patching of antibodies
on the surface of the cells and retard any possible cellular activation that was
occurring. Analysis of the levels of activation of CD69 on T lymphocytes before
and after immunomagnetic separations did not show any evidence for cellular
activation occurring during the purification process (mean percent expression [n �
3]: prepurification CD4� CD69�, 0.18%; prepurification CD8� CD69�, 0.54%;
postpurification CD4� CD69�, 0.21%; postpurification CD8� CD69�, 0.43%).

For quantification of HIV-1 proviral levels in different cell subsets, T lympho-
cytes were isolated as described above and the cells remaining in the column
were eluted and are referred to as non-T cells, which would consist of B lympho-
cytes, dendritic cells, monocytes, and NK cells. Contaminating ��-T-cell receptor
(��-TCR)-expressing lymphocytes were removed using the �� microbead kit
(Miltenyl Biotec). From the remaining ��-TCR� T lymphocyte fraction, CD8�

and CD8� lymphocytes were isolated by positive selection using the CD8 mul-
tisort kit (Miltenyl Biotec). From the CD8� fraction, the CD8 microbeads were
enzymatically removed from the selected fraction according to the manufactur-
er’s instructions. The CD8� lymphocyte fraction was then further separated by
positive selection using CD4 microbeads (Miltenyl Biotec) to give CD8� CD4�

and CD8� CD4� lymphocyte fractions. From the CD8� fraction, CD4� lympho-
cytes were isolated by positive selection for CD4 using CD4 microbeads (Miltenyl
Biotec) to give CD4� CD8� and CD4� CD8� lymphocyte fractions. For the pur-
pose of this study, the non-��-TCR-expressing lymphocytes and those lympho-
cytes which were CD4� CD8� were combined and are referred to as other T cells.

Flow cytometric analysis. Flow cytometric analysis was carried out on an
FACSCalibur flow cytometer (Becton Dickinson, Crawley, United Kingdom) by
gating on lymphocytes based on their forward and side scatter parameters, with
a minimum of 10,000 events collected. For analysis of CD4 expression on CD8
lymphocytes, further gates were placed around those CD8� T cells based on the
expression of activation markers and the level of CD4 expression was plotted.
Monoclonal antibodies and isotype-matched mouse immunoglobulin controls
(labeled with phycoerythrin [PE], PE-Cy5 [Cy5], and fluorescein isothiocyanate
isomer 1 [FITC]) to the following cell surface markers were obtained: CD3-PE
(clone UCHT1), CD4-Cy5 (clone MT310), CD8-FITC (clone DK25), CD14-PE
(clone TUK4), CD45-FITC (clone T29/33), and pan-HLA class II–FITC (clone
CR3/43) (Dako, Ely, United Kingdom); CD69-FITC (clone FN50) and CD71-
FITC (clone M-A712) (BD Pharminigen, Crowley, United Kingdom); and CD8
�-chain–PE (clone 2ST8.5H7) (Coulter Immunotech, High Wycombe, Bucking-
hamshire, United Kingdom).

Detection and quantitation of HIV sequences. DNA was extracted from se-
lected cell subsets using the QIAamp DNA Mini kit (Qiagen Ltd., Crawley,
United Kingdom). HIV proviral sequences were quantified by limiting-dilution
nested PCR using a nested set of highly conserved PCR primers from the
complete long terminal repeat (LTR) region. Pan-LTR primers were 5�-GRAA
CCCACTGCTTAASSCTCAA-3� (outer, sense), 5�-TGTTCGGGCGCCACTG
CTAGAGA-3� (outer, antisense), 5�-CTCAATAAAGCTTGCCTTGAG-3� (in-
ner, sense), and 5�-GAGGGATCTCTAGNYAVVAGAGT-3� (inner, antisense)
(5� base positions 506, 626, 524, and 578 in the HXB2 genome, respectively).
Complete LTR (C-LTR) primers were 5�-ACTCTGGTRNCTAGAGATCCC
TC-3� (outer, sense), 5�-GGCGTACTCACCAGTCGCCG-3� (outer, anti-
sense), 5�-TCTCTAGCAGTGGCGCCCGAAC-3� (inner, sense), and 5�-TCAG
CAAGCCGAGTCCTG-3� (inner, antisense) (5� base positions 578, 735, 626,
and 692 in the HXB2 genome, respectively). The binding sites of the pan-LTR
and C-LTR primers in the HIV-1 genome were chosen to allow detection of all
cDNA transcripts and of completed proviral sequences, respectively (Fig. 1).
Both primary and secondary reactions for pan-LTR and C-LTR primers were
carried out using the following parameters: 94°C for 18 s, 55°C for 21 s, and 72°C
for 1 min 30 s for 30 cycles followed by a final extension step of 72°C for 6 min.
PCR amplicons were run at 150 V for 30 min on 2% (wt/vol) agarose gels
containing 0.5 	g of ethidium bromide/ml and visualized under UV light. Quan-
tification of the proviral load in each of the selected cell subsets was performed
by limiting-dilution PCR as previously described (45).

RESULTS
Purity of immunomagnetically isolated T lymphocytes. T

lymphocytes were separated from PBMCs by negative selec-
tion by incubation with a cocktail of immunomagnetically la-
beled antibodies to B-lymphocyte, dendritic cell, monocyte,
and NK cell markers. Labeled cells were then passed through

TABLE 1. Clinical profile of HIV-seropositive study subjects,
ranked from low to high CD4 count.

Study
subject Sexa Age

(yr)
Risk

groupb
CD4

count/	l
Viral

load/ml
Duration of

therapy (mo)

p1 F 41 IVDU 25 109,000 NTc

p2 M 53 IVDU 35 83,100 24
p3 F 34 WSM 87 
750,000 2
p4 M 44 IVDU 94 205,000 6
p5 F 40 IVDU 104 14,800 NT
p6 F 39 WSM 117 �50 17
p7 F 37 WSM 201 2,100 NT
p8 F 43 WSM 207 105,000 12
p9 F 38 WSM 236 101 14
p10 M 37 MSM 252 1,030 3
p11 M 48 MSM 325 �50 31
p12 F 35 IVDU 334 139,000 NT
p13 M 64 Needlestick 334 �400 7
p14 F 33 WSM 399 �50 25
p15 F 25 WSM 420 �50 11
p16 M 37 MSM 430 20,500 NT
p17 M 38 MSM 536 924 1
p18 F 41 WSM 546 �50 33
p19 M 44 IVDU 713 41,400 NT
p20 M 41 IVDU 826 �50 12

a M, male; F, female.
b IVDU, intravenous-drug abuser; MSM, man who has sex with men; WSM,

woman who has sex with men; needlestick, needlestick injury.
c NT, no therapy given.
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a separation column held in a magnetic field, with phenotypi-
cally unchanged T lymphocytes passing straight through. Be-
tween 1.3 and 9.8 million T lymphocytes were isolated from
PBMCs of the uninfected and HIV-infected study subjects, of
which at least 94.4% (HIV-negative subjects) to 96.1% (HIV-
positive subjects) of the total sorted T cells expressed CD3 and
CD45 (Table 2). The proportions of cells recovered that ex-
pressed CD4 were approximately the same numbers when
compared to previously determined CD4 absolute counts
(Table 1). The frequency of monocyte (CD45� CD14�) con-
tamination was less than 2%. Isolated T lymphocytes were
subsequently further purified by immunomagnetic isolations to
obtain CD4-expressing CD8 lymphocytes and other relevant
T-cell subsets.

Activation markers on CD4 and CD8 lymphocytes. Expres-
sion of the cell surface markers CD69, CD71, and HLA class II
was used to identify activated CD4 and CD8 lymphocytes (Fig.
2). HIV-positive study subjects showed higher frequencies of
activated CD8 lymphocytes (mean values [range] of 1.2% [0.4
to 2.4%], 1.3% [0.4 to 1.9%], and 17.5% [2.4 to 37.9%] for the
three markers, respectively) than the HIV-negative controls
(0.28% [0.2 to 0.3%], 0.42% [0.1 to 1.6%], and 2.7% [0.8 to
7.4%], respectively). Frequencies of activated CD4 lympho-
cytes were comparable between the two study groups (CD69,
1.0% [HIV positive] compared with 1.2% [HIV negative];
CD71, 4.7% [HIV positive] and 4.2% [HIV negative]; and
HLA class II, 4.7% [HIV positive] and 4.2% [HIV negative]).

CD4 expression on activated and nonactivated CD8 lympho-
cytes. Expression of CD4 on activated and nonactivated CD8
lymphocytes was determined by three-color flow cytometry
(Fig. 3). CD4 expression was more frequent on activated cells,
irrespective of the activation marker used and the HIV status
of the study subject. For example, 21.6% (mean for HIV-
negative subjects) and 23.6% (mean for HIV-positive subjects)
of the CD69� CD8 lymphocyte population expressed CD4,
compared with 2.1 and 1.7%, respectively, in CD69� CD8
lymphocytes. An even greater (20-fold) difference in frequency
of CD4 expression was observed between CD71� and CD71�

cells in both study groups. The proportion of CD8 lymphocytes
expressing CD4 varied between the activation markers, with
lower frequencies of CD4 expression observed on the HLA
class II� lymphocytes.

To investigate whether DP lymphocytes were CD4 lympho-

cytes with aberrant CD8 ��-homodimer expression (8, 20, 21,
39), the presence of CD8 ��-heterodimers (found on true CD8
lymphocytes) was detected by flow cytometry for CD8 �-chain-
and �-chain-specific antibody (Table 3). Although the individ-
ual measurements were subject to stochastic sampling errors,
there was no evidence for an excess of CD4 expression on CD8
�-chain-positive lymphocytes over that found on lymphocytes
expressing the CD8 �-chain (n � 7; mean values of 2.76%
[�-chain] and 2.77% [�-chain]). These results indicate that
CD8 �-chain-expressing lymphocytes are capable of expressing
CD4 and exclude the possibility that CD4 lymphocytes were
expressing the CD8 �� homodimer.

To further confirm that our results were due to CD4 expres-
sion on true CD8 lymphocytes, CD4 and CD71 expression on
CD8 �-chain-expressing lymphocytes was analyzed and com-
pared with the expression of CD4 on CD4 lymphocytes. The
amount of CD4 expressed on the CD4� fraction of CD71�

(activated) CD8 �-chain-expressing lymphocytes was similar
to that on CD4 lymphocytes (Fig. 4) (geometric mean fluores-
cence intensity [GMFI] of CD4 expression on CD8�� CD71� �
360.85; GMFI on CD3� CD4� � 506.14). CD4 expression on
activated CD8 lymphocytes identified by other activation
markers (CD69 and HLA class II) was similar to that observed
on the CD71� cells; levels of CD4 expression were also com-
parable between activated CD8 lymphocytes from HIV-sero-
positive and -seronegative individuals (data not shown).

CD45 isoform expression on CD4� CD8 lymphocytes. To
determine whether expression of CD4 on CD8 �-chain-ex-
pressing lymphocytes occurred on immature thymocytes re-
cently released into the periphery from the thymus or on ac-
tivated mature lymphocytes, we compared expression of naive
(CD45RA) and memory (CD45RO) cell markers on CD4-ex-
pressing CD8 lymphocytes. Immature thymocytes are antigen
inexperienced and therefore exclusively express the CD45RA
isoform. In contrast, mature lymphocytes responding to anti-
gen would up-regulate the CD45RO isoform. By flow cytom-
etry using antibodies to CD45RA, CD45RO, and CD4, we
found that CD8 lymphocytes in all samples examined ex-

TABLE 2. Purity of isolated T lymphocytes from PBMC samples
obtained from HIV-seronegative and -seropositive individualsa

Study subject
% of lymphocytes:

CD14� CD45� CD3� CD45� CD3� CD4� CD3� CD8�

Seronegative
S1 0.1 96.4 53.4 43.6
S2 0.1 95.4 65.1 30.5
S3 1.8 96.5 62.2 33.8
S4 0.1 94.4 69.4 26.1
S5 1.9 96.2 40.7 53.3

Mean 0.8 95.8 58.2 37.5

Seropositive
p4 0.2 96.1 16.7 76.8
p6 0.8 97.1 13.3 74.6
p11 0.9 97.5 35.6 66.8
p15 0.2 99.1 63.1 36.6
p17 0.4 99.4 51.5 47.8

Mean 0.5 97.8 36.1 60.5

a HIV-seropositive individuals were ranked from low to high CD4 count. A
minimum of 10,000 events were collected for each analysis.

FIG. 1. Binding sites of the pan-LTR and C-LTR primers used for
detection of proviral LTR sequences. Numbers in parentheses indicate
the 5� base positions in the HXB2 genome. Abbreviations: PBS, prim-
er binding site; OS, outer, sense; IS, inner, sense; IAS, inner, antisense;
OAS, outer, antisense.
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pressed high levels of CD45RO in conjunction with CD45RA
(Fig. 5) (n � 7; mean percent CD45RO� � 61.50% [range,
42.99 to 81.82%], mean percent CD45RA� � 26.02% [range,
8.16 to 58.50%]). The expression of CD45RO rules out the
possibility that the CD4�-expressing CD8 lymphocytes are im-
mature thymocytes.

Detection of HIV proviral sequences in isolated cell subsets.
T lymphocytes were isolated from PBMC samples by immu-

nomagnetic negative selection, and CD4 and CD8 lymphocytes
were separated from T-lymphocyte samples by positive selec-
tion for CD4 and CD8, respectively. The isolation procedure
for CD8 lymphocytes produced less than 0.5% contamination
with CD4 lymphocytes (n � 7; range, 0.3 to 0.5%). This al-
lowed the calculation of the proviral load found in the CD8�

lymphocyte fractions due to “worst-case” CD4 contamination
(see below). Further immunomagnetic separations on the CD8

FIG. 2. Expression of the activation markers CD69 (A), CD71 (B), and HLA class II (C) on CD4 and CD8 lymphocytes from HIV-seronegative
(S1 to S5) and HIV-seropositive (p4 to p17) individuals. HIV-seropositive individuals were ranked from low CD4 count (p4) to high CD4 count
(p17); mean values for expression of each activation marker on CD4 and CD8 lymphocytes in the seronegative and seropositive groups are
indicated above the histograms. A minimum of 7,500 lymphocytes from each individual were collected and analyzed.
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lymphocytes based on the expression of CD4 were carried out
to give the CD8� CD4� and CD8� CD4� fractions. HIV
proviral sequences were detected using two sets of highly con-
served primers directed against the LTR region that allowed
detection of incomplete and complete HIV transcripts, as pre-
viously described (32). Proviral loads in CD4, CD4� CD8, and
CD4� CD8 lymphocytes using the two sets of primers were

comparable, with no evidence for a significant excess of se-
quences detected by the pan-LTR primers when six HIV-
seropositive samples were analyzed (Fig. 6) (Spearman cor-
relation coefficient [r] � 0.724; P � 0.001). Using the C-LTR
primers and assuming the worst-case scenario for CD4 lym-
phocyte contamination of the isolated CD8 lymphocyte frac-
tions, �3.1% of the detected proviral load could be attributed

FIG. 3. Comparison of frequencies of CD4 expression on activated and nonactivated CD8 lymphocytes identified by CD69 (A), CD71 (B), and
HLA class II (C) from HIV-seronegative (S1 to S5) and HIV-seropositive (p4 to p17) individuals. Mean values for CD4 expression on each
activated and nonactivated lymphocyte subset are indicated above the histograms. A minimum of 7,500 lymphocytes from each individual were
collected and analyzed.
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to CD4 lymphocyte contamination in the CD4� CD8 lympho-
cyte fractions (for samples p2, p7, p9, p14, and p20) and in the
CD4� CD8 fractions (samples p2 and p8). CD4 lymphocyte
contamination was greater than 10% in the remaining two
samples (p19, 32% in the CD4� CD8 lymphocyte fraction; p3,
12% in the CD4� CD8 fraction), and these were omitted from
subsequent analysis.

Contribution of individual cell subsets to total proviral load.
HIV sequences in DNA samples from each of the purified cell
subsets from eight HIV-seropositive individuals were quanti-
fied using C-LTR primers, and the contribution of each subset
to the total proviral load detected in PBMCs was calculated

(Fig. 7). LTR sequences could be detected in all samples of
CD4 lymphocytes and contributed 22 to 69% of the total
PBMC proviral load. Proviral sequences were detected in five
of eight samples of CD4� CD8 lymphocytes and at lower
frequencies in two of eight samples of CD4� CD8 lympho-
cytes. The contribution of CD8 lymphocyte infection to overall
proviral load in PBMCs varied considerably between individ-
uals; in two cases, the majority of the infected PBMCs com-
prised CD4� CD8 lymphocytes (p9 and p14). There was no
association between CD4� or CD4� CD8 lymphocyte infec-
tion and CD4 count. Frequencies of HIV infection in the
different PBMC subsets did not correlate with disease status,
risk group, or antiviral therapy (Table 1).

DISCUSSION

CD4 expression on activated CD8 lymphocytes. This study is
the first to demonstrate high frequencies of CD4 expression on
the activated subset of CD8 lymphocytes in vivo. This was
achieved by comparison of frequencies of CD4 expression on
CD8 lymphocytes colabeled with the activation markers CD69,
CD71, and HLA class II, as well as the different isoforms of
CD45. CD4 expression was detected on approximately 20 to
40% of CD8 lymphocytes identified as activated by expression
of CD69 or CD71 and on a significant proportion of the much
large number of HLA class II-positive cells (Fig. 3). Quantita-
tive analysis of CD4 expression on DP lymphocytes indicated a
level of CD4 expression comparable to that of CD4 lympho-
cytes (GMFI values of 360 and 500, respectively [Fig. 4]).

TABLE 3. Comparison of the percent expression of CD4 on
CD8�� or CD8�� lymphocytes from seven HIV-seropositive

individuals, ranked from low to high CD4 counta

Study subject
% of lymphocytes expressing CD4

CD8�� lymphocytes CD8�� lymphocytes

p1 0.91 1.52
p5 6.80 6.67
p10 1.21 1.72
p12 3.49 3.68
p13 3.73 4.00
p16 0.46 0.24
p18 2.75 1.59

Mean 2.76 2.77

a A minimum of 25,000 ��-TCR� lymphocytes from each individual sample
were analyzed.

FIG. 4. Flow cytometric analysis of CD4 expression on activated and nonactivated CD8 lymphocytes. (A) Forward and side scatter plots of
immunomagnetically isolated T lymphocytes (purity of T cell isolation: CD3� ��-TCR�, 94.69%; CD3� ��-TCR�, 2.18%). (B) Dual-parameter
plot of CD8 and CD71 expression from the R1 gate highlighting the activated CD8 lymphocytes (CD71�, R2 gate) and nonactivated CD8
lymphocytes (CD71�, R3 gate). (C) Histogram of CD4 expression from CD71� CD8 lymphocytes (R3 gate). (D) Histogram of CD4 expression
from CD8� lymphocytes from panel B. (E) Histogram of CD4 expression from CD71� CD8 lymphocytes (R2 gate). The frequency of CD4-
expressing cells is shown in the histograms; the GMFI of CD4 expression in CD4� populations is indicated below this frequency. Open histograms
refer to the binding of an isotype-matched control antibody. A minimum of 25,000 CD8�� lymphocytes from each individual were collected and
analyzed.
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These levels of expression were greater than those observed on
CD8 lymphocytes activated in vitro through mitogens, anti-
CD3/anti-CD28, or, more recently, pulsing of CD8 lympho-
cytes with antigen-bearing dendritic cells (16, 23, 50). It is
possible that the greater CD4 expression detected in vivo in
this study may result from differences in the cellular milieu in
which CD8 activation takes place and/or differences between
antigenic and nonphysiological methods for T-cell stimulation.

To exclude the possibility that the DP lymphocytes identified
represented aberrant CD8 �-chain expression on CD4 lympho-
cytes (8, 20, 36, 39), we demonstrated approximately equal
frequencies of CD4 expression on lymphocytes expressing the
�- and �-chains of CD8, demonstrating that CD4 expression
was confined to true CD8 lymphocytes (20). Similarly, al-
though CD69 is expressed on recent thymic emigrants (49),
they differ from CD8 lymphocytes activated by antigenic stim-
ulation by the absence of the expression of the RO isoform of
CD45 (47). High-level expression of CD45RO on the DP lym-
phocytes examined in this study provided clear evidence that
they represented activated lymphocytes rather than recent thy-
mic emigrants. The levels of CD45RA and CD45RO found on
DP lymphocytes in vivo was similar to that found in in vitro
studies (16), with dual expression of CD45RA and CD45RO
previously associated with cellular activation (27).

Taken together, these findings indicate that de novo CD4
expression is a component of the phenotypic change that oc-
curs in CD8 lymphocytes on cellular activation and is one
that may play a functional role in subsequent cellular interac-
tions. In the future, culture systems that more fully replicate
the physiological conditions of CD8 activation in vivo may
provide information on the functional significance of CD4 up-
regulation. This issue is particularly relevant for HIV-infected
individuals, in whom increased frequencies of activated lym-
phocytes, particularly cytotoxic T cells, accompany infection
and disease progression (Fig. 2) (2–4, 6,7, 17, 19, 41).

Susceptibility of CD8 lymphocytes to HIV infection. This
study documents the specific association of HIV infection with

the activated subset of CD8 lymphocytes in vivo. Although DP
CD8 lymphocytes numerically represent a minor subset of CD8
lymphocytes (accounting for only 0.25 to 7% of CD8 lympho-
cytes found in peripheral blood) (Table 3), greater proviral
loads were found in this subset compared with CD4� CD8
lymphocytes in six of the eight study subjects (Fig. 7). It is possible
that the HIV-infected CD4� CD8 lymphocytes detected in this
study correspond to the infected CD45RA� CD8 lymphocytes

FIG. 6. Correlation between proviral loads in different lymphocyte
subsets measured by the C-LTR primers (x axis) and the pan-LTR
primers (y axis); the regression line and Spearman’s correlation coef-
ficient are shown. Symbols: E, CD4 lymphocyte; F, CD4� CD8 lym-
phocyte; �, other T cell; }, non-T cell.

FIG. 5. Analysis of the levels of expression of CD45RA (naive) and CD45RO (memory) cell markers on CD8 �-chain-positive lymphocytes
expressing CD4 molecules. A minimum of 15,000 CD8�� lymphocytes from each individual were collected and analyzed.
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reported in our previous study (32). Those cells had been
initially purified using negative selection for CD8, a procedure
which would have removed the CD8 DP population analyzed
in the present study. It is therefore possible that two popula-
tions of HIV-infected CD8 lymphocytes may be present in the
peripheral circulation, one associated with naive CD8 lympho-
cytes infected previously in the thymus and one associated with
activated, DP CD8 lymphocytes after antigenic exposure.

In common with our previous work on CD8 lymphocyte
infection (30, 32), we acknowledge that while magnetic bead
separation can produce highly purified subsets of lymphocytes
suitable for PCR-based detection of HIV proviral sequences,
considerable care has to be taken to ensure that the proviral
sequences detected in CD8 lymphocytes did not originate from
low frequencies of contaminating CD4 lymphocytes or other cell
types. As with the previous study (32), a combination of purity
measurements with calculations of the worst-case contribution to
proviral load of contaminating CD4 lymphocytes indicated that
proviral sequences detected in at least seven of the nine im-
munomagnetically purified subsets of CD8 lymphocytes could
not have originated from contaminating CD4 cells. Similarly,
the purity of T cells isolated by the pan-T negative selection
method and the lack of significant monocyte contamination
(Table 2) provided evidence against a significant contribution
to proviral load by other cell types in the PBMC population.

The expression of high levels of CD4 of activated CD8
lymphocytes detected in this study potentially confers a phe-

notype susceptible to infection with HIV. Productive infection
would be further favored by the activation status of the CD8
lymphocytes, which provides a suitable internal cellular envi-
ronment for completion of reverse transcription, integration,
and viral gene expression (10, 14, 43, 46, 48, 51, 52), as well as
up-regulating expression of the chemokine receptor, CCR5
(23), whose expression is required for entry of the majority of
HIV variants in vivo (5, 35).

Apart from our direct evidence for extensive infection of DP
CD8 lymphocytes in vivo, the hypothesis that activated CD8
lymphocytes may be susceptible to HIV infection is further
supported by observations of productive infection of mitogen-
or anti-CD3, anti-CD28-stimulated CD8 lymphocytes in vitro
in a CD4-dependent manner (16, 23, 50). Furthermore, this in
vitro susceptibility was observed despite the induction of gen-
erally lower levels of CD4 expression than observed on acti-
vated CD8 lymphocytes in vivo (see above). A direct cytopathic
effect of HIV on CD8 lymphocytes as they become activated
may therefore contribute to the decline in numbers and the
even more marked functional impairment of CD8 lymphocytes
observed upon disease progression.

Clinical significance of CD8 lymphocyte infection. Whether
direct infection of CD8 lymphocytes contributes to the immu-
nodeficiency observed in AIDS remains to be demonstrated,
and there are a number of other mechanisms for the observed
numerical decline and functional impairment of CD8 lympho-
cytes observed on disease progression. These include indirect

FIG. 7. Contribution to overall proviral load of CD4 lymphocytes, CD4� and CD4� CD8 lymphocytes, other T cells, and non-T cells (expressed
as copies per 106 PBMCs) in peripheral blood samples from eight HIV-seropositive individuals. HIV-seropositive individuals were ranked from
low CD4 count (p2) to high CD4 count (p20). VL, circulating viral load (RNA copies per milliliter of plasma).
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mechanisms such as the loss of CD4 lymphocyte helper func-
tion leading to impaired clonal expansion and function of CD8
lymphocytes on antigenic exposure (22). CD8 lymphocytes may
also become more susceptible to apoptosis from alterations in
the cytokine milieu in lymphoid tissue, bystander effects from
neighboring productively infected CD4 lymphocytes, or toxic-
ity from the release of HIV-encoded proteins such as gp120 or
Tat (18, 29).

There is also evidence from both the SIV-macaque model of
HIV infection (12) and examination of thymic tissue implanted
into SCID mice (9, 24, 25, 28) for extensive infection of T
lymphocyte precursors in the thymus. Infection of DP cells
during maturation may profoundly reduce the supply of T cells
into the peripheral circulation and cause a marked decline in
circulating numbers of the naive (CD45RA�) subsets of CD4
and CD8 lymphocytes during natural infection or in the
SCID-hu mouse animal model (9, 42, 53). Abortive, nonpro-
ductive, or noncytopathic infection of DP cells in the thymus
also leads to the subsequent release of HIV or SIV provirus-
positive CD4 and CD8 lymphocytes into the peripheral circu-
lation (9, 12, 24). Infection during thymic development may
therefore account for the detection of infected naive CD45RA�

CD4 lymphocytes in peripheral blood (38), as well as our
recent evidence for measurable frequencies of quiescently in-
fected CD45RA� CD8 lymphocytes in the peripheral circula-
tion of a proportion of HIV-seropositive individuals (32). In-
fection of CD4� CD8 lymphocytes found in three individuals
in the present study may similarly represent the outcome of
previous thymic infection.

However, our findings of even more extensive infection of
CD8 lymphocytes after cellular activation indicate an addi-
tional assault on the CD8 lymphocyte population. In particu-
lar, the association of susceptibility and cellular activation ob-
served in in vitro studies suggests that CD8 lymphocytes
recruited to respond to foreign antigen during HIV infection
would be specifically targeted for HIV infection and destruc-
tion. The process of specific deletion of responding CD8 lym-
phocytes would produce a potentially devastating impairment
of cytotoxic T-lymphocyte function, disproportionate to the
decline in circulating CD8 lymphocyte number and potentially
a major contribution to the overall immunosuppression seen in
HIV infection. Destruction of antigen-responding CD8 lym-
phocytes may underlie the previously observed rapid disap-
pearance of HIV-reactive clones of CD8 lymphocytes that oc-
curs during acute infection with HIV but not other viruses (40)
and following adoptive transfer of CD8 lymphocytes into SCID
mice or humans infected with HIV, particularly in the absence
of escape mutations in target epitopes (33).

In the future, it will be important to functionally characterize
HIV isolates infecting different lymphocyte subsets in vivo.
While the bulk of the evidence available to date indicates that
infection of CD8 lymphocytes is restricted to a CD4-dependent
pathway either on activation or in the thymus, apparently CD8-
tropic isolates of HIV-1 that use the CD8 surface molecule as
a receptor have recently been described (44, 54). Indeed, until
CD4 dependence can be demonstrated for naturally occurring
isolates of HIV-1 infecting CD8 lymphocytes, the preferential
distribution of proviral sequences in the DP CD8 lymphocytes
observed in this study might conceivably result simply from the
requirement of HIV for cellular activation for productive in-

fection and therefore be independent of the observed up-
regulation not only of CD4 but of the coreceptor CCR5, which
is apparently also not used for virus entry by these isolates (54).
Whether these apparently CD4-independent viruses are widely
distributed in HIV-1-infected individuals or whether HIV vari-
ants normally use cell surface-expressed CD4 to enter CD8
lymphocytes remains to be determined.
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