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Human immunodeficiency virus type 1 (HIV-1) infection requires cell surface expression of CD4. Costimu-
lation of CD81/CD42 T lymphocytes by anti-CD3 and anti-CD28 antibodies or by allogeneic dendritic cells
induced expression of CD4 and rendered these CD8 cells susceptible to HIV-1 infection. Naive CD45RA1 cells
responded with greater expression of CD4 than did CD45RO1 cells. CD81 lymphocytes derived from fetal or
newborn sources exhibited a greater tendency to express CD4, consistent with their naive states. This mech-
anism of infection suggests HIV-induced perturbation of the CD8 arm of the immune response and could
explain the generally rapid disease progression seen in HIV-infected children.

Human immunodeficiency virus type 1 (HIV-1) infection
requires coordinated cell surface expression of CD4 as well as
expression of one of several chemokine receptors, which func-
tion as coreceptors for HIV-1 entry (1, 4, 9, 12, 13, 16). The two
accessory molecules most prevalently used by HIV-1 as core-
ceptors for infection are CXCR4 and CCR5 (10). In addition,
the activation state of a cell affects many stages in the viral life
cycle, including entry, reverse transcription, integration, and
proviral expression (5, 6, 37, 42). Several studies have recently
examined differential regulation of levels of CXCR4 and
CCR5 expression on potential HIV target cells following cell
cycle activation (2, 5, 6, 38, 40).

Optimal T-cell activation requires engagement of the T-cell
receptor as well as engagement of costimulatory molecules
such as CD28 (7, 20, 22). Our laboratory recently examined the
effects of costimulation of primary peripheral blood lympho-
cytes (PBL) with anti-CD3 and anti-CD28 monoclonal anti-
bodies (MAbs) on reverse transcription of HIV-1 (27). During
these analyses, following stimulation, we noted a de novo ap-
pearance of CD4 on the surface of cells that were previously
CD8 single positive.

Because of the critical role of CD4 in HIV infection, in this
study, we further evaluated this phenomenon by analyzing en-
riched CD81/CD42 lymphocytes from several human sources,
including fetal thymus, fetal spleen, umbilical cord blood, and
adult PBL. Stimulation either with mitogen (phytohemagglu-
tinin [PHA]) or with anti-CD3 or anti-CD28 MAbs alone
failed to promote expression of CD4 on any of these cells. In
contrast, costimulation provided by the combination of anti-
CD3 and anti-CD28 MAbs or by allogeneic dendritic cells
during a mixed leukocyte reaction (MLR) resulted in expres-
sion of CD4 on a subpopulation of previously single-positive
CD8 T cells. Depletion studies which enriched for either naive
(CD45RA1) or memory (CD45RO1) T cells demonstrated
that costimulation of the naive subset was primarily responsi-

ble for the de novo acquisition of CD4. Expression of CXCR4
and/or CCR5 coreceptors was also noted on these stimulated
cells. Furthermore, we documented that CD81/CD42 T cells
stimulated in this manner became susceptible to HIV-1 infec-
tion.

This mechanism of infection, which allows HIV-1 entry into
a cell type usually thought to be resistant to this virus, could
have many pathogenic consequences, including increasing the
reservoir of infected cells and perturbing the CD8 arm of the
immune response. Heightened expression of CD4 by the naive
CD81/CD42 T cells that predominate in fetal and newborn
samples suggests that this mechanism of infection may contrib-
ute to the more rapid disease progression seen in the infected
pediatric population.

MATERIALS AND METHODS

Cell purification. Fresh peripheral blood was obtained from healthy, HIV-
seronegative donors. Spleen and thymus from fetuses ranging in gestational age
from 20 to 24 weeks were obtained from the Anatomical Gift Foundation
(Woodbine, Ga.), and umbilical cord blood was obtained from the UCLA Cord
Blood Bank, as approved by the UCLA Human Subjects Protection Committee.
Peripheral blood, fetal spleen, and cord blood mononuclear cells were isolated
following Ficoll-Hypaque (Sigma, St. Louis, Mo.) separation. Cells were then
passed through a nylon wool column to remove B cells and monocytes and
further purified to remove macrophages by adherence to plastic for a minimum
of 2 h. For purification of CD42, CD42/CD45RA2, or CD42/CD45RO2 pop-
ulations, cells were incubated on ice with saturating amounts of MAbs either for
CD4, CD4 and CD45RA, or CD4 and CD45RO (Becton Dickinson, San Jose,
Calif.), respectively. Cells were extensively washed, resuspended in RPMI 1640
with L-glutamine (Bio-Whittaker, Walkersville, Md.), and subjected to panning
in flasks coated with goat anti-mouse antibodies (Sigma) which depleted cells
expressing either CD4, CD4 and CD45RA, or CD4 and CD45RO, respectively.
Postdepletion purity was determined by flow cytometry.

Cell culture and cell activation. Following purification, cells were cultured in
RPMI 1640 containing penicillin (100 U/ml), streptomycin (100 mg/ml) (Sigma),
and 10% human AB serum (Gemini Bioproducts, Inc., Calabasas, Calif.). Cells
were stimulated by culture in either PHA (1 mg/ml; Sigma), anti-CD3 MAb (1
mg/ml) immobilized on goat anti-mouse antibody-coated plates, or immobilized
anti-CD3 MAb and soluble anti-CD28 MAb at a concentration of 1 mg/ml.
Dendritic cells were prepared from fresh human PBL as described previous-
ly (23). MLRs were performed by the addition of 200,000 CD42, CD42/
CD45RA2, or CD42/CD45RO2 cells to 10,000 allogeneic dendritic cells in a
96-well plate in a total volume of 200 ml of RPMI 1640 containing antibiotics,
10% human AB serum, and interleukin 12 (IL-12; 1 ng/ml; Pharmingen, San
Diego, Calif.).

Flow cytometry. Fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-, bi-
otin-, or allophycocyanin-conjugated MAbs specific for human CD3, CD4, CD8,
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CD45RA, and CD45RO and the activation markers CD25, CD69, and CD71
were obtained from Becton Dickinson. Biotinylated antibodies were stained in a
second step with streptavidin conjugated with red 613 (Becton Dickinson). Con-
jugated MAbs specific for CXCR4 and CCR5 were obtained from Pharmingen.
Four-color acquisition was performed with a FACStarPlus flow cytometer (Bec-
ton Dickinson). Immunophenotypic analysis was performed with the Cellquest
program (Becton Dickinson). Live cells were gated by using forward-versus-side
scatter dot plots. Conjugated mouse isotype antibodies were used as a negative
control for gating of those cells staining negative for a cell surface marker. As a
control for autofluorescence, unstimulated populations were acquired by the
FACStarPlus, using instrument settings determined by unstimulated cells sepa-
rately stained with either an FITC-, PE-, red 613-, or allophycocyanin-conjugated
isotype control MAb. Stimulated populations were likewise acquired, using in-
strument settings from single-color-stained stimulated cells.

RT-PCR. RNA was extracted from cells by using the RNeasy column extrac-
tion procedure (Qiagen, Chatsworth, Calif.) and DNase treated as described
elsewhere (25). Reverse transcriptase PCR (RT-PCR) for CD4 mRNA was
performed as previously described, using primers specific for CD4 and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH), with one of each set of primers
being radiolabeled, to quantitate cellular RNA input (25). The sample was
subsequently analyzed by 6% polyacrylamide gel electrophoresis (25) followed by
radioanalytic image quantitation.

Virus stocks and infection. HIV-1NL-thy has been previously described (21, 30);
virus stocks were obtained by electroporation of CEM cells with plasmid con-
taining full-length infectious DNA (30 mg), followed by coculture with uninfected
CEM cells. Quantitation of p24gag in virally infected culture supernatants was
performed by enzyme-linked immunosorbent assay (Coulter, Hialeah, Fla.). De-
termination of infectious units of virus per milliliter was performed by PCR on
infected PBL as described previously (26). It was determined that 1 ng of p24 is
approximately equivalent to 125 infectious units.

Infection of stimulated and unstimulated PBL was performed by the addition
of HIV-1NL-thy virus stock with Polybrene (10 mg/ml) at a multiplicity of infection
of approximately 0.5 for 1 h as described previously (27). For CD4 blocking
experiments, 100 mg of CD4 immunoglobulin G per ml (19) was added to the
virus stock immediately before infection and subsequently to cultures following
infection.

RESULTS

Stimulation of CD42 PBL. To determine the effects of dif-
ferent types of stimulation on the expression of surface mark-
ers on subsets of human PBL, CD4- or CD8-depleted cells
from peripheral blood of adults were stimulated in the pres-
ence of either PHA, anti-CD3 MAb, or anti-CD28 MAb or
costimulated with anti-CD3 and anti-CD28 MAbs. Three days
later, the cells were analyzed for expression of CD4 and CD8
by flow cytometry. Costimulation resulted in de novo expres-
sion of CD4 (along with CD8) on cells that previously lacked
CD4 expression. Stimulation by either PHA, anti-CD3 alone
(Fig. 1A), or anti-CD28 alone (data not shown) did not result
in this phenotype. Costimulation of cells lacking CD8 cell
surface expression likewise resulted in de novo expression of
CD8; however, expression of CD8 on these CD41 cells was less
frequent than the expression of CD4 on previously CD81 cells.
Costimulated cells also expressed greater levels of the activa-
tion markers CD25, CD69, and CD71, thus confirming their
activated state (not shown).

Due to the importance of CD4 for HIV infection, we fo-
cused on characterizing the expression of CD4 on CD8 single-
positive T lymphocytes. To determine whether expression of
CD4 on the surface of the cell was the result of greater CD4
mRNA transcription, CD4 mRNA levels were assessed in
purified CD42 cells following costimulation, using RT-PCR.
Overall levels of CD4 mRNA (in relation to GAPDH expres-
sion) were approximately 20-fold higher in CD42 populations
following costimulation than in unstimulated CD81 cells (Fig.
1B). Therefore, costimulation by anti-CD3 and anti-CD28
MAbs resulted in increased transcription and protein expres-
sion of CD4 in cells that were previously CD42, consistent with
the increase in cell surface expression.

Phenotypic analysis of CD81/CD42 lymphocytes. Adult
CD81/CD42 PBL are of predominantly two functional pheno-
types: CD45RA1, which is thought to indicate cells that have

not encountered sufficient stimulatory signals, and CD45RO1,
the memory phenotype which is found on cells thought to have
previously responded to antigenic stimulation (11, 32). Expres-
sion of CD45RA and CD45RO is mostly reciprocal on naive
and memory T lymphocytes, respectively. However, there also
exists a minor population of cells that express both isoforms;
these cells are believed to more functionally resemble cells of
the naive phenotype (3, 8, 34). To determine whether these phe-
notypes influence the ability of a CD42 cell to express CD4 fol-
lowing costimulation, CD42/CD45RA2 and CD42/CD45RO2

cells from adult PBL were separately purified by negative se-
lection, subjected to costimulation, and examined for expres-
sion of CD4 (Fig. 2). Three days following costimulation, a
greater percentage of cells expressing CD4 was observed in the
previously naive CD81/CD45RO2 population than in the total
CD81 or CD81/CD45RA2 (memory/activated) population.
The relative mean fluorescence intensity (MFI) of CD4 was
also greater in the costimulated CD81/CD45RO2 population
than in the CD81/CD45RA2 population. These levels of CD4
expression, however, are 5- to 10-fold lower than the level of
CD4 expression seen on bona fide costimulated CD41 cells
cultured and examined in parallel (Fig. 1 and data not shown).
CD81/CD45RO2 cells displayed a greater percentage of CD25,
CD69, and CD71 than CD81/CD45RA2 cells following acti-
vation, confirming their differential susceptibility to costimula-
tion (not shown).

Stimulation of CD81/CD42 lymphocytes in an MLR. Lym-
phocytes are stimulated in vivo through contact with antigen in
the context of an antigen-presenting cell (APC). Dendritic cells
are professional APCs capable of stimulating T lymphocytes to
a high degree of activation by presenting antigen on major
histocompatibility complex (MHC) molecules while simulta-
neously expressing costimulatory ligands (36). To determine
whether CD4 expression is induced on CD81 lymphocytes in a
setting more closely resembling in vivo cellular activation,
MLRs with allogeneic dendritic cells were examined. Dendritic
cells were derived from a CD141 population of PBL treated
with granulocyte-macrophage colony-stimulating factor and
IL-4 (23). Purified allogeneic CD42, CD42/CD45RA2, or
CD42/CD45RO2 PBL were then added to these cultures and
later examined for expression of CD4 on CD81 T cells. Seven
days following coculture, CD4 expression was observed on
CD81 lymphocytes (Fig. 3). Similar to results seen with anti-
body costimulation, a greater percentage of CD81/
CD45RO2 cells than of the CD81/CD45RA2 population re-
sponded by expressing CD4. Interestingly, in contrast to
antibody costimulation, CD81/CD45RO2 cells responded with
greater levels of CD4 expression on those few cells expressing
CD4. The differences between these results and those observed
with anti-CD3 and anti-CD28 costimulation may reflect the
different methods of cellular activation or differences in the
length of time in culture. The percentage of cells expressing
activation markers CD71 and CD25 was also greater in the
CD81/CD45RO2 population than in the CD81/CD45RA2

population (not shown), indicating greater overall cellular
activation. Thus, costimulation during the process of antigen
presentation also induces CD4 expression on purified CD81/
CD42 T lymphocytes, similar to that observed with antibody
costimulation.

Stimulation of fetal CD42 lymphocytes. The fetal or new-
born immune system is comprised of predominantly naive
cells. Typically greater than 95% of fetal T lymphocytes ex-
press CD45RA (3, 8), whereas only 45 to 60% of circulating
adult PBL express this marker (3, 34). To determine whether
this difference influences the induction of expression of CD4
on CD81 lymphocytes, purified CD4-depleted adult PBL and
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similarly purified fetal splenocytes were costimulated with anti-
CD3 and anti-CD28 and cultured in parallel. Three days fol-
lowing costimulation, in three of three experiments using
different cell donors, a greater percentage of CD81 fetal

splenocytes than of adult PBL expressed CD4 following co-
stimulation (Fig. 4). Costimulation of CD42 lymphocytes de-
rived from umbilical cord blood or from fetal thymus induced
expression of CD4, similar to that seen on fetal splenocytes
(data not shown). Thus, CD81 lymphocytes derived from
very young humans responded to costimulation by more read-
ily expressing CD4 than did cells derived from adults. These
differences are consistent with the relative distribution of
CD45RA1 cells in each population.

Expression of HIV coreceptors on costimulated CD81 lym-
phocytes. To determine whether CD81 cells that have been
stimulated to express CD4 could potentially be susceptible to
HIV infection, cells were costimulated and analyzed for ex-
pression of the two major coreceptors for HIV-1, CXCR4 and
CCR5 (Fig. 5). Greater overall levels of both coreceptors were
seen on the costimulated CD81 cells expressing CD4 than on
unstimulated or activated CD81/CD42 cells. In fact, the ma-
jority of lymphocytes in this newly CD41 population expressed
both coreceptors, suggesting that this population of cells might
be susceptible to infection by most, if not all, HIV-1 strains.

Susceptibility to HIV-1 infection. To determine whether ex-
pression of CD4 following costimulation renders the CD81 cell
susceptible to infection by HIV-1, CD4-depleted adult PBL and
fetal splenocytes were exposed in parallel to HIV-1NL-thy 3

FIG. 1. (A) Stimulation of CD8-depleted (top row) and CD4-depleted (bot-
tom row) PBL. PBL were depleted by panning and stimulated with either PHA,
anti-CD3 MAb, or anti-CD3 and anti-CD28 MAbs. Cells were analyzed by flow
cytometry for expression of CD4 (red 613) and CD8 (allophycocyanin) following
3 days of stimulation. CD41/CD81 cells were not observed when cells were
stimulated with anti-CD28 alone (data not shown). The percentage of cells in
each quadrant is shown. (B) CD4 mRNA expression in costimulated and un-
stimulated CD4-depleted leukocytes. PBL were depleted of CD41 cells by pan-
ning and stimulated with anti-CD3 and anti-CD28 MAbs or cultured unstimu-
lated in parallel. Three days later, RNA was purified from the CD4-depleted and
undepleted populations and subjected to RT-PCR for CD4 (top panel) and
GAPDH (middle panel). Standards consisting of dilutions of undepleted stim-
ulated PBL were amplified in parallel and are indicated by number of input cell
equivalents. The primers for CD4 mRNA amplify a region containing an RNA
splice site and therefore do not amplify potentially contaminating chromosomal
DNA sequences. A “no RT” control was performed for GAPDH (bottom panel)
to detect the presence of contaminating DNA sequences, of which there were
none. The ratio of the level of CD4 mRNA signal to GAPDH signal was 22-fold
higher in the costimulated CD81 population than in the unstimulated CD81

population.
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days following stimulation. This CXCR4-tropic virus contains
the murine thy1.2 gene inserted into the viral nef region, ren-
dering productively infected cells detectable by flow cytometry
specific for the murine protein (30). Thy1.2 expression was
detected in CD81 cells newly induced to express CD4 in both
cultures (Fig. 6). The high levels of CD8 found on these virus-
expressing cells confirm their origin. No Thy1.2 expression was
detected in unstimulated cultures or in stimulated cultures
pretreated with CD4 linked to immunoglobulin G, a reagent
which has previously (19) been demonstrated to block infection
(not shown). Thus, infection of these cells occurred through
a CD4-mediated pathway. Although not directly tested here,
the high levels of CCR5 on costimulated CD81/CD41 cells
suggest that viruses tropic for this coreceptor should similarly
infect these cells, and very recent studies by Yang et al. have
demonstrated this to occur (41).

DISCUSSION

Our results indicate that costimulation of purified CD81/
CD42 lymphocytes induces CD4 expression. The levels of CD4
expression on these cells, however, are lower than those ob-

served on bona fide CD41 cells examined in parallel. The CD4
molecule functions as a coreceptor in antigen recognition dur-
ing T-cell responses and thymic selection. CD4 binds to MHC
class II and appears to provide stability to weak-affinity T-cell
receptor–MHC interactions, and it is also involved in triggering
the signal transduction cascade in antigen-specific responses (24).
The biologic function of CD4 expression on CD81 cells is not
known. However, induction of expression of CD4 on the sur-
face of a previously CD42 cell might allow a more efficient
interaction with an APC. The ability of the naive population to
express CD4 in greater amounts than memory cells may reflect
the functional requirement of this population to receive addi-
tional signals from APCs to encourage differentiation into a
memory phenotype.

Our results and those recently reported by two other groups
(17, 41) further indicate that induction of CD4 expression on
CD81 cells renders these cells susceptible to HIV-1 infection.
The lower levels of CD4 expression on these populations,
however, suggest that these cells may be less susceptible to
infection in vivo than are CD4 single-positive cells. Infection of
CD81 cells could have profound effects on altering cell num-
ber and function. Late in HIV disease progression, CD81 cell

FIG. 2. Costimulation of CD45RA- or CD45RO-depleted, CD4-depleted PBL. PBL were depleted of either CD4, CD4 and CD45RA, or CD4 and CD45RO cells
and stimulated with anti-CD3 and anti-CD28 MAbs. Three days following stimulation, cells were analyzed by flow cytometry for CD4 (red 613) and CD8
(allophycocyanin). CD8-expressing cells were gated, and CD4 expression was assessed. The gray histograms represent CD4 expression in unstimulated cells, and the
black histograms represent CD4 expression in costimulated cells. Percentages of CD41 cells in the unstimulated populations were all less than 0.2%. Percentages of
costimulated CD41 cells are given within the respective gates. The MFI of CD4 expression in the CD41 gate is given below the respective histogram. The MFI of true
CD41 cells cultured in parallel was 197 (not shown).

FIG. 3. Allogeneic dendritic cell stimulation of CD42 PBL populations. CD4-, CD4/CD45RA-, or CD4/CD45RO-depleted cells were placed in an MLR mixture
with purified human allogeneic dendritic cells for 7 days and assessed for expression of CD3 (FITC), CD4 (red 613), and CD8 (allophycocyanin) by flow cytometry.
CD4 expression was analyzed by gating on the CD3- and CD8-expressing populations to distinguish T cells from dendritic cells, which do not express CD3 (23). The
light gray histograms represent CD4 expression on the unstimulated depleted PBL, the darker gray histogram represents CD4 expression in CD4-depleted PBL cultured
for 7 days in IL-12 in the absence of dendritic cells, and the black histograms represent CD4 expression in cells cultured in the MLR. CD4 expression in the unstimulated
and IL-12-cultured populations was less than 0.9%. Percentages of stimulated CD41 cells are given within the respective gates. The MFI of CD4 expression in the CD41

gate is given below the respective histogram.
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numbers significantly decline in the peripheral blood (18, 29,
31). Whether this is due to indirect means or to virus-mediated
killing is not known. However, recent clinical studies have
demonstrated the presence of HIV-1 proviral DNA in CD81

cells in the lungs of infected patients (35). Furthermore, it has
been reported that late in disease progression, the major res-
ervoir for HIV proviral sequences in the peripheral blood is
the CD81 lymphocyte (28). It is interesting to speculate that
the high levels of CXCR4 present on activated CD4-bearing
CD81 cells might influence the acquisition of CXCR4-tropic

virus strains seen late in disease. It is not known how frequently
CD81 cells express CD4 in vivo, although this phenomenon
might occur most often in lymphoid tissues, where costimula-
tion occurs. We have recently shown that infection of an im-
mature CD81/CD41 thymocyte that undergoes further differ-
entiation into a CD81/CD42 cell results in CD81 thymocytes
that express HIV-1 (25). Thus, mechanisms such as infection of
a CD41 precursor or de novo acquisition of CD4 may explain
the presence of proviral sequences in and loss of CD81 cells
during disease progression.

FIG. 4. CD4 expression on costimulated cells derived from the adult and the fetus. CD4-depleted adult PBL or fetal splenocytes were analyzed for CD4 (PE) on
gated CD8-expressing cells immediately following purification and 3 days following costimulation with anti-CD3 and anti-CD28 MAbs. Percentages of cells within each
gate are given. Data are representative of three experiments using different cell donors.

FIG. 5. Expression of HIV-1 coreceptors CXCR4 and CCR5 on costimulated adult PBL. CD4-depleted adult PBL were analyzed for CCR5 (FITC), CXCR4 (PE),
CD8 (allophycocyanin), and CD4 (red 613) 3 days following costimulation with anti-CD3 and anti-CD28 MAbs. Coreceptor expression on the different CD8-expressing
subsets was quantitated by gating. Gates are denoted by black boxes in the left column. Cells within the different gates expressing CCR5 and CXCR4 are represented
on the right. The percentage of cells single positive (SP) or double positive (DP) for the indicated marker is given within each quadrant.
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HIV-infected children display a more rapid disease progres-
sion than do adults (15, 39). Approximately one out of four
perinatally infected children develops AIDS within the first
year after birth, and the remainder typically develop AIDS
within a mean of approximately 6 years, in contrast to the
median 10-year period seen in adults (14, 15, 33). The abun-
dance of naive cell types in the fetus and newborn and the
greater ability of the CD81/CD45RO2 population to express
CD4 following costimulation could influence infection of these
cells and contribute to the increased rate of disease progres-
sion in children.
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