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The massive depletion of gastrointestinal-tract CD4 T cells is a hallmark of the acute phase of HIV infection.
In contrast, the depletion of the lower-respiratory-tract mucosal CD4 T cells as measured in bronchoalveolar
lavage (BAL) fluid is more moderate and similar to the depletion of CD4 T cells observed in peripheral blood
(PB). To understand better the dynamics of disease pathogenesis and the potential for the reconstitution of
CD4 T cells in the lung and PB following the administration of effective antiretroviral therapy, we studied
cell-associated viral loads, CD4 T-cell frequencies, and phenotypic and functional profiles of antigen-specific
CD4 T cells from BAL fluid and blood before and after the initiation of highly active antiretroviral therapy
(HAART). The major findings to emerge were the following: (i) BAL CD4 T cells are not massively depleted or
preferentially infected by HIV compared to levels for PB; (ii) BAL CD4 T cells reconstitute after the initiation
of HAART, and their infection frequencies decrease; (iii) BAL CD4 T-cell reconstitution appears to occur via
the local proliferation of resident BAL CD4 T cells rather than redistribution; and (iv) BAL CD4 T cells are
more polyfunctional than CD4 T cells in blood, and their functional profile is relatively unchanged after the
initiation of HAART. Taken together, these data suggest mechanisms for mucosal CD4 T-cell depletion and
interventions that might aid in the reconstitution of mucosal CD4 T cells.

The assessment of the degree of memory CD4 T-cell deple-
tion at mucosal sites during human immunodeficiency virus
(HIV) infection is perhaps the most comprehensive way to
estimate the impact of HIV on the T-cell pool. As such, the
massive depletion of gastrointestinal CD4 T cells is a hallmark
of HIV and simian immunodeficiency virus (SIV) infection (5,
12, 17, 19, 20, 30). This depletion occurs during the acute phase
of infection and is maintained throughout the chronic phase.
Mechanisms underlying this depletion have been shown to
include the direct consequence of target cell infection (4, 19)
and virus-induced Fas-mediated apoptosis (17). However,
while it is clear that the substantial depletion of CD4 T cells
occurs in the gastrointestinal (GI) tract and vaginal mucosa
(31) of SIV-infected macaques and HIV-infected individuals

(5, 12, 20, 30), similar depletion does not manifest at all mu-
cosal sites, particularly the lung, in human studies (4).

Highly active antiretroviral therapy (HAART) has signifi-
cantly improved the prognosis of HIV-infected individuals (15,
16). Individuals who initiate HAART before their CD4 T-cell
counts in peripheral blood (PB) fall below 350 cells/�l have
significantly improved survival compared to that of individuals
who initiate HAART with CD4 T-cell counts less than 350
cells/�l (15). Several studies also have shown that when
HAART is initiated after CD4 T-cell counts fall below 350
cells/�l, the reconstitution of CD4 T cells in the GI tract is very
poor, even after years of therapy (10, 12, 21). However, HIV-
infected individuals treated with HAART during the early
phase of infection may reconstitute CD4 T cells in the GI tract
(18, 21). In contrast to the GI tract, little is known regarding
CD4 T-cell reconstitution in the lung compartment during the
course of HIV treatment. Nevertheless, the timing of HAART
initiation after infection appears to be an important predictor
of successful mucosal T-cell reconstitution.

The massive depletion of CD4 T cells during the acute phase
of infection does not occur at all mucosal sites, as CD4 T cells
in bronchoalveolar lavage (BAL) are relatively spared and are
slowly depleted during the chronic phase of infection (4). De-
spite this preservation of lung CD4 T cells, diminished BAL
T-cell immune responses to certain pathogens have been re-
ported in HIV-infected subjects (14). Given that many patients
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worldwide have access to and will receive antiretroviral ther-
apy, the study of mucosal responses longitudinally during the
course of treatment is likely to enhance our understanding of
immune restoration. In addition, the early cellular events fol-
lowing HAART initiation are likely to skew the immune sys-
tem toward both protective (i.e., immunosurveillance) and
pathological (i.e., immune reconstitution inflammatory syn-
drome) responses. In this context, the study of the human
pulmonary immune response remains an important aspect of
HIV infection and treatment. To examine the dynamics of lung
CD4 T-cell reconstitution, we studied the treatment of naïve
HIV-infected individuals longitudinally during their course of
HAART. We sampled peripheral blood and BAL T cells prior
to, at 1 month, and after 1 year of HAART. From each subject
and within each compartment, we examined the proliferative
and functional capacity of stimulated CD4 and CD8 T cells.

MATERIALS AND METHODS

Subjects. The pulmonary immune reconstitution inflammatory syndrome
(IRIS) study is an ongoing, prospective observational study designed to assess
protective and pathological immune responses in the lung after HAART initia-
tion. HIV-infected subjects who planned to initiate HAART based on clinical
criteria were asked to undergo bronchoscopy before initiating treatment and 1
month and 1 year after treatment initiation. Twenty HIV-infected, antiretroviral
therapy-naïve subjects who were �18 years of age and free of acute respiratory
tract symptoms were recruited for this study. Subjects were ineligible if they had
received antiretroviral therapy in the past 12 months. Clinical details are shown
in Table 1. HAART regimens were not dictated by protocol, but no patient
received a CCR5 antagonist. The study was approved by local institutional review
boards, and all subjects provided written informed consent. The viral load (VL)
was determined using either the Roche Amplicor Monitor assay or the Roche
Ultradirect assay.

Samples. Peripheral blood mononuclear cells were prepared from venous
blood by density gradient centrifugation. BAL cells were obtained after anesthe-
tizing the upper airways with a 4% lidocaine nebulizer and the vocal cords and
proximal airways with a 1% lidocaine solution. Bronchoscopy with lavage was
performed through a fiber optic bronchoscope wedged in a subsegmental bron-
chus of the right-middle and right-lower lobes as previously described (28). A
volume of 150 ml of normal saline at room temperature was instilled in 50-ml

aliquots into the medial segment of the right-middle lobe and repeated in the
anterior segment of the right-lower lobe. Typically, 300 ml was instilled to obtain
a return of 125 to 200 ml of BAL fluid. BAL fluid was filtered through 100-�m
nylon mesh (Tetko Inc., Elmsford, NY) to remove debris and was centrifuged at
400 � g for 10 min. Recovered BAL fluid was frozen at �70°C in small aliquots.
The cell pellet was washed twice and resuspended in complete medium at 106

cells/ml. Suspended cells then were shipped on wet ice overnight for T-cell
analysis. Cell differentials were obtained from cytospin slides.

Flow-cytometric analysis. Eighteen-parameter flow-cytometric analysis was
performed using a FACSAria flow cytometer (Becton Dickinson, San Jose, CA).
Fluorescein isothiocyanate (FITC), phycoerythrin (PE), Cy7PE, Cy5.5PE, allo-
phycocyanin (APC), Cy7APC, Alexa700, Texas red PE (TRPE), aqua blue amine
reactive dye, and Cascade blue were used as the fluorophores. At least 300,000
live lymphocytes were collected. The list-mode data files were analyzed using
FlowJo (Tree Star Inc., Ashland, OR). Functional capacity was determined after
Boolean gating, and subsequent analysis was performed using Simplified Pre-
sentation of Incredibly Complex Evaluations (SPICE; version 2.9, Mario Roe-
derer, VRC, NIAID, NIH). All values used for analyzing the proportionate
representation of responses are background subtracted.

Antigen-specific T-cell assay. Stimulation was performed on fresh or frozen
lymphocytes as described elsewhere (25). Freshly isolated or freshly thawed lympho-
cytes were resuspended at 106/ml in medium supplemented with 1 �g/ml anti-CD28
and anti-CD49d antibodies. Peptides 15 amino acids in length, overlapping by 11
amino acids and encompassing cytomegalovirus (CMV) pp65 and IE1, were used to
stimulate CMV-specific CD8 T cells in the presence of brefeldin A (BFA; 1 �g/ml;
Sigma) for 15 h at 37°C. A CMV whole-antigen preparation (Microbix) was used to
stimulate CMV-specific CD4 T cells, and Staphylococcus enterotoxin B (SEB; 1
�g/ml; Sigma) was used to mitogenically stimulate CD4 and CD8 T cells. All cells
were surface stained for phenotypic markers of interest and intracellularly stained
for cytokines (intracellular cytokine staining [ICS]).

Monoclonal antibodies and T-cell phenotyping. Monoclonal antibodies used for
the phenotypic and functional characterization of T-cell subsets were anti-CD3
Alx700, anti-CD45RO TRPE, anti-CD27 Cy5PE, CCR5 PE, anti-CD4 Cy5.5PE,
anti-CD8 Cascade blue, anti-gamma interferon (IFN-�) Cy7PE, anti-Ki67 FITC,
anti-tumor necrosis factor (TNF) FITC, and anti-interleukin-2 (IL-2) APC (Becton
Dickinson Pharmingen, San Diego, CA). As naïve T cells do not express CCR5, and
as HIV-specific T cells are not detectable in the naïve T-cell pool, we report these
data as percentages of memory T cells as appropriate. We first gated for memory
CD4 and CD8 T cells based upon characteristic expression patterns of CD45RO and
CD27. We then determined the percentage of CD4 and CD8 T cells that express
CCR5 or are producing cytokines after stimulation.

qPCR. The quantification of HIV gag DNA in sorted memory CD4 T cells was
performed by quantitative PCR (qPCR) by means of the 5� nuclease (TaqMan)

TABLE 1. Subject cohorta

Subject Age Gender Duration of
infection(days)

Baseline
CD4 pVL Baseline BAL

% lymphocyte Prior lung disease

3001 38 M 4,800 430 67,583 17 Pneumonia
3002 56 M 50 37 85,208 20 PCP
3003 28 M 50 25 24,656 10
3005 48 M 1,700 92 99,787 15 Pneumonia
3006 49 M 100 184 31,900 20
3007 37 M 200 48 750,000 16
3008 45 M 2,200 385 64,200 5
3009 47 M 2,800 395 53,400 1 Pneumonia
3010 50 F 100 48 3,480 1 Pneumonia
3011 43 F 350 814 23,800 12
3012 36 M 1,300 296 24,100 2
3014 24 M 50 286 100,000 25
3015 37 M 100 308 51,100 4 Asthma
3016 46 M 4,500 188 100,000 24
3017 49 M 2,600 649 100,000 15
3018 23 M 400 296 750,000 30
3019 46 M 5,600 16 100,000 51
3021 50 F 1,000 450 7,270 12
3022 51 M 5,200 277 46,400 9 Pneumonia
3023 43 M 700 440 94,750 19

a pVL, plasma viral load; baseline, day 0 relative to HAART; PCP, Pnuemocystis pneumonia; M, male; F, female. CD4 counts are given as cells/�l blood. HIV
duration is an approximation at the baseline.
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assay with an ABI7700 system (Perkin Elmer, Norwalk, CT) as previously de-
scribed (3, 8). To quantify cell numbers in each reaction mixture, qPCR was
performed simultaneously for albumin gene copy numbers as previously de-
scribed (9). Standards were constructed for the absolute quantification of gag and
albumin copy numbers and were validated with sequential dilutions of 8E5 cell
lysates that contain one copy of gag per cell. Duplicate reactions were run and
template copies calculated using ABI7700 software.

RESULTS

CD4 T cells reconstitute after 1 year of HAART. The ma-
jority of T cells within mucosal sites are CD45RO� memory T
cells that express the HIV coreceptor CCR5, and while
CCR5� CD4 T cells are preferentially depleted from the GI
tract in HIV-infected individuals, CCR5� CD4 T cells in BAL
are present at frequencies similar to those of healthy volun-
teers in most HIV-infected individuals (4). To determine
whether CCR5� CD4 memory T cells reconstitute the lung
compartment, we performed flow cytometry on BAL samples
obtained before HAART, 1 month after HAART, and 1 year
after HAART. Similarly to our previous cross-sectional study

(7), we found comparable frequencies of CCR5� CD4 memory
T cells in BAL samples of HIV-infected and uninfected indi-
viduals regardless of HAART duration (Fig. 1A). Moreover,
there was wide variability in the frequencies of CCR5� CD4
memory T cells in BAL, which was significantly associated with
plasma viral loads (Fig. 1B). However, the overall frequencies
of total CD4 T cells in BAL were significantly lower than the
frequencies of total CD4 T cells in blood of HAART-naïve,
HIV-infected individuals (Fig. 1D), but after 1 year of
HAART the frequencies of CD4 T cells were similar in blood
and BAL (Fig. 1E). These data strongly suggest that the total
CD4 T-cell pool in BAL was reconstituted after the initiation
of HAART. Indeed, by as early as 1 month after the initiation
of HAART, frequencies of CD4 T cells in BAL were signifi-
cantly higher than the frequencies of CD4 T cells in BAL prior
to HAART (Fig. 1C). CD4 T-cell frequencies in BAL were
further increased after 1 year of HAART (Fig. 1C). Most
individuals had reconstituted CD4 T cells in BAL samples to
frequencies observed in HIV-uninfected individuals (not

FIG. 1. CD4 reconstitution in BAL and PB. (A) Frequencies of CD4 T cells that express CCR5 prior to, after 1 month, and after 1 year of
HAART. (B) Association between frequencies of CD4 T cells that express CCR5 in BAL with plasma viral loads. (C) Percentage of CD4 T cells
(of all CD3� T cells) in BAL prior to, after 1 month, and after 1 year of HAART. (D) Percentage of CD4 T cells (of all CD3� T cells) in PB prior
to, after 1 month, and after 1 year of HAART. (E) Comparison of CD4 T-cell frequencies in PB and BAL prior to, after 1 month, and after 1 year
of HAART. Wilcoxon’s matched-pairs test was used to determine statistical significance.
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shown). Similarly to BAL, CD4 T cells in blood increased at 1
month and 1 year after HAART (Fig. 1D). These differences
between compartments are significant at 1 month but not at 1
year, suggesting it takes many months to reconstitute pulmo-
nary mucosal CD4 T cells.

The preferential infection and subsequent depletion of CD4
T cells at mucosal sites is associated with a lack of the recon-
stitution of CD4 T cells in the GI tract (21, 22). As we did not
find the massive depletion of CD4 T cells in BAL and CD4 T
cells appear to reconstitute the lung as early as 1 month after
the initiation of HAART, we examined the infection frequen-
cies of CD4 T cells in paired BAL and blood samples prior to,
after 1 month, and after 1 year of HAART. We found that the
infection frequency of PB and BAL memory CD4 T cells was
decreased by 1 month after the initiation of HAART and
stabilized thereafter (Fig. 2A and B). Indeed, the infection
frequency of BAL memory CD4 T cells was similar to the
infection frequencies of PB memory CD4 T cells at baseline
and 1 year, with a significant difference at 1 month (Fig. 2C).
Thus, unlike the GI tract, BAL CD4 memory T-cell infection
does not affect BAL’s ability to reconstitute.

Reconstitution of BAL CD4 T cells involves local prolifera-
tion of CD4 T cells. To determine a mechanism by which BAL
CD4 T cells are reconstituted after the initiation of HAART,
we measured the expression of Ki67 by memory T cells (Fig. 3).
Ki67 is a nuclear antigen expressed by all dividing cells and has
been used as a measure of immune activation and proliferation
in chronically infected individuals. We found similar frequen-
cies of memory Ki67� CD4 and CD8 T cells in PB and BAL at
baseline and 1 month after the initiation of HAART, but these
frequencies tended to decrease after 1 year of HAART (Fig.
3A to D). Since local homeostatic proliferation could underlie

the reconstitution of CD4 T cells, we compared CD4 T-cell
reconstitution in BAL samples to the frequency of Ki67�

memory CD4 T cells at 1 month after HAART. Indeed, we
found a significant positive correlation between CD4 reconsti-
tution in BAL (based on fold change) and the proliferation of
local CD4 T cells (Fig. 3E). However, there was no correlation
between the frequency of Ki67� memory CD4 T cells in PB
and the reconstitution of CD4 T cells in BAL (Fig. 3F). These
data suggest that local proliferation in lung or regional lym-
phoid tissue, rather than redistribution from the blood or dis-
tant sites, leads to the reconstitution of CD4 T cells in BAL
fluid.

Functionality of T cells in PB and BAL after HAART. Poly-
functional T cells are capable of secreting more than one
effector cytokine, confer protection in some vaccine studies
(7), and are associated with a nonprogressive course of HIV
disease (2). Based upon the inability to simultaneously produce
effector cytokines, the dysfunction of T cells is a hallmark of
the chronic phase of HIV infection (2). However, we previ-
ously noted that HIV-specific T cells in BAL of untreated
HIV-infected subjects were significantly more polyfunctional
than T cells in PB (4). The subsequent longitudinal analysis of
HIV-specific T-cell responses was not possible, as HIV-specific
responses were completely abrogated by HAART (not shown).
Therefore, we examined the functionality of CD4 and CD8 T
cells in PB and BAL in response to SEB and CMV prior to and
after the initiation of HAART. Initially, we mitogenically stim-
ulated T cells in PB and BAL samples with SEB to examine the
overall functionality of CD4 (Fig. 4) and CD8 (Fig. 5) T cells.
Consistently with the increased functionality of HIV-specific T
cells in BAL compared to that of PB, mitogenically stimulated
memory CD4 T cells from BAL were significantly more poly-

FIG. 2. Infection frequencies of CD4 T cells in PB and BAL before and after HAART. (A) Frequencies of infected memory CD4 T cells in
PB prior to, after 1 month, and after 1 year of HAART. (B) Frequencies of infected memory CD4 T cells in BAL prior to, after 1 month, and
after 1 year of HAART. (C) Comparison of memory CD4 T-cell infection frequencies in PB and BAL prior to, after 1 month, and after 1 year
of HAART. Wilcoxon’s matched pairs test was used to determine statistical significance.
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functional than memory CD4 T cells from PB (Fig. 4). More-
over, the functional profile of memory CD4 T cells in BAL and
PB remained fairly constant longitudinally after the initiation
of HAART. Indeed, at both 1 month and 1 year the function-
ality of memory CD4 T cells in PB and BAL were comparable
to the functionality of these CD4 T cells measured prior to the
initiation of HAART (Fig. 4).

Similar data were obtained from PB and BAL memory CD8
T cells stimulated mitogenically (Fig. 5). With the exception of
the 1-month time point, the memory CD8 T cells in BAL were
significantly more polyfunctional than the memory CD8 T cells
in PB. The lack of statistical significance at the 1-month time
point likely is related to the few data points we were able to
obtain from memory CD8 T cells in BAL. Moreover, while the
functionality of memory CD8 T cells in BAL appeared to

remain fairly constant after the initiation of HAART, memory
CD8 T cells in PB were significantly more polyfunctional, with
higher frequencies of memory CD8 T cells simultaneously pro-
ducing a combination of TNF-�, IFN-�, or IL-2 at 1 year after
the initiation of HAART compared to those at the treatment-
naïve time point. These data suggest that long-term HAART is
required to confer the improved functionality of some memory
T-cell subsets.

We were unable to study the functionality of HIV-specific T
cells beyond the baseline, as their frequencies significantly
decrease after the initiation of HAART (6). Thus, we exam-
ined the functionality of memory T cells specific for cytomeg-
alovirus (Fig. 6 and 7). In contrast to mitogenically stimulated
memory T cells, CMV-specific CD4 (Fig. 6) and CD8 (Fig. 7)
T cells tended to be significantly more polyfunctional in PB

FIG. 3. Proliferation of T cells in BAL and PB before and after HAART. (A) Frequencies of Ki67� memory CD4 T cells in BAL prior to, after
1 month, and after 1 year of HAART. (B) Frequencies of Ki67� memory CD8 T cells in BAL prior to, after 1 month, and after 1 year of HAART.
(C) Frequencies of Ki67� memory CD4 T cells in PB prior to, after 1 month, and after 1 year of HAART. (D) Frequencies of Ki67� memory CD8
T cells in PB prior to, after 1 month, and after 1 year of HAART. (E) Association between CD4 T-cell reconstitution (fold change from day 0 to
1 month) in BAL and the frequency of memory CD4 T cells in BAL that express Ki67 at 1 month after HAART. (F) Association between CD4
T-cell reconstitution (based upon the fold increase after baseline) in BAL (fold change from day 0 to 1 month) and the frequency of memory CD4
T cells in PB that express Ki67 at 1 month after HAART. Wilcoxon’s matched-pairs test or Spearman’s rank correlation was used to determine
statistical significance.
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than BAL regardless of HAART duration, and there was little
change in the functionality of CMV-specific T cells in either
BAL or PB longitudinally. These data are consistent with pre-
vious work demonstrating differences in the clonal hierarchy of
antigen-specific T cells in PB and BAL (4).

DISCUSSION

To characterize the pulmonary immune response during the
course of HIV treatment, we investigated viral infection, T-cell
functionality, CD4 T-cell depletion, and CD4 T-cell reconsti-
tution following HAART from PB and BAL. Five major points
emerged: (i) BAL CD4 T cells are not massively depleted or
preferentially infected by HIV compared to levels for PB; (ii)
CD4 T cells reconstitute following HAART, coincidently with
decreases in the frequencies of memory CD4 T cells infected
by HIV in vivo; (iii) in PB and BAL, the reconstitution of CD4
T cells in BAL involves the compartmentalized proliferation of
memory CD4 T cells; (iv) mitogenically stimulated T cells are
more polyfunctional in BAL than in PB, and functionality can
improve moderately with long-term HAART; and (v) CMV-
specific T cells, on the other hand, are significantly more poly-

functional in PB than in BAL, and functionality remains fairly
constant longitudinally after the administration of HAART.

There are a number of reasons for studying the pulmonary
immune response during the course of HAART. In HIV-in-
fected subjects, pulmonary infections are common and likely
due to the failure of local immunity during the course of
disease (14). Additionally, the ability to repeatedly access the
lung compartment by BAL permits a relatively noninvasive
way to monitor mucosal responses, which has been shown to
have prognostic value in early HIV studies (1, 28). Lympho-
cytes obtained from BAL are analogous to lymphocytes ob-
tained from other noninductive mucosal sites, such as the GI
lamina propria, as they lack a naïve population (unlike PB). In
pathogenic SIV infections of Asian macaques, CD4 T cells are
depleted rapidly from the lung, much like the GI tract, and
suggest a common theme of mucosal T-cell depletion in these
animals (23, 24).

In contrast to SIV models of infection, our recent cross-
sectional human study showed that BAL CCR5� CD4 memory
T lymphocytes, unlike lymphocytes at other mucosal sites, were
maintained in HIV-infected subjects (4). This difference in the
lung compartment between SIV- and HIV-mediated CD4 T-

FIG. 4. Functionality of mitogenically stimulated CD4 T cells in PB
and BAL before and after HAART. The frequency and functionality
of mitogenically stimulated CD4 T cells in PB and BAL prior to, after
1 month, and after 1 year of HAART. P values represent the results of
Mann Whitney U tests. The frequency of the total producing one
(green), two (blue), or three (red) cytokines and the relative contri-
bution to the total response were determined using SPICE as de-
scribed in Materials and Methods.

FIG. 5. Functionality of mitogenically stimulated CD8 T cells in PB
and BAL before and after HAART. Shown are the frequency and
functionality of mitogenically stimulated CD8 T cells in PB and BAL
prior to, after 1 month, and after 1 year of HAART. P values represent
the results of Whitney U tests. The frequency of the total producing
one, two, or three cytokines and the relative contribution to the total
response were determined using SPICE as described in Materials and
Methods.
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cell depletion during infection could be due to differences in
the kinetics of virus replication, pulmonary host factors such as
local concentrations of CCR5-binding chemokines, or the di-
verse nature of the cohorts enrolled in human studies. Indeed,
we found a significant correlation between the frequencies of
BAL CCR5� CD4 memory T cells and plasma viral replica-
tion. These data indicate that CCR5� CD4 memory T cells in
BAL support viral replication and are a source of plasma viral
load. However, after these cells are depleted, possibly by direct
viral infection, plasma viral loads subsequently decrease. Re-
gardless, these data highlight the anatomically restricted im-
munological occurrences of chronically HIV-infected individ-
uals and suggest that, unlike SIV-infected rhesus macaques,
BAL cannot be used as a reflection of occurrences at all mu-
cosal sites.

Our current study suggests that both CCR5� and, to a lesser
extent, CCR5� CD4 T cells are reconstituting the BAL com-
partment, an event not likely to occur in the GI tract. The
differential reconstitution after the initiation of HAART
within the GI tract (11, 13, 18, 21) compared to that of BAL
might be explained by fibrosis within lymphoid tissue (10, 26,
27). The lung has a paucity of locally organized lymphoid
tissue. However, fibrosis described within peripheral lymph

nodes (27) and, to a greater extent, within the GI tract (10)
clearly correlates with the inability to restore CD4 T-cell pools.
Indeed, this hypothesis is consistent with the requirement for
the local proliferation of mucosal CD4 T cells upon immune
reconstitution within BAL. On the other hand, the contraction
of the virally expanded CD8 T-cell pool in BAL may be par-
tially responsible for the increased frequencies of BAL CD4 T
cells we observe after the initiation of HAART (29). Never-
theless, increases in BAL CD4 T-cell frequency in combination
with proliferating Ki67� memory CD4 T cells strongly suggests
a component of local pulmonary T-cell reconstitution. How-
ever, it is possible that these cells actually were proliferating in
lymph nodes and then homed to BAL, leading to reconstitu-
tion.

The presence of T cells capable of simultaneously producing
several effector cytokines has been associated with better pro-
tection against HIV (2, 4) and leishmania (7). The increased
functionality of memory T cells we observe within the BAL
compared to that of PB may help explain the lack of pulmonary
opportunistic infections within HIV-infected individuals dur-
ing the long, asymptomatic chronic phase of infection. Inter-
estingly, CMV-specific (in contrast to mitogenically stimulated

FIG. 6. Functionality of CMV-specific CD4 T cells in PB and BAL
before and after HAART. Shown are the frequency and functionality
of CMV-specific CD4 T cells in PB and BAL prior to, after 1 month,
and after 1 year of HAART. P values represent the results of Whitney
U tests. The frequency of the total producing one, two, or three
cytokines and the relative contribution to the total response were
determined using SPICE as described in Materials and Methods.

FIG. 7. Functionality of CMV-specific CD8 T cells in PB and BAL
before and after HAART. Shown are the frequency and functionality
of CMV-specific CD8 T cells in PB and BAL prior to, after 1 month,
and after 1 year of HAART. P values represent the results of Whitney
U tests. The frequency of the total producing one, two, or three
cytokines and the relative contribution to the total response were
determined using SPICE as described in Materials and Methods.
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and HIV-specific) CD8 and CD4 memory T cells are more
polyfunctional in blood than lung, suggesting a hierarchy of
antigenic responses in various compartments. Moreover, the
decreased T-cell polyfunctionality observed within PB of HIV-
infected individuals is maintained even after 1 year of
HAART. Further studies are required to examine the impact
of the early initiation of HAART on local immune reconstitu-
tion to pulmonary pathogens.

There are several confounding issues that require further
study and analysis. First, half of our volunteers were smokers at
the time of enrollment, which may decrease the breadth of
local T-cell responses. Second, Ki67� memory CD4 T cells
frequently are increased at 1 month. It is unclear if this pro-
liferation represents pathological proliferative responses to an-
tigens present in the HIV-infected lung in some subjects.
Third, although all subjects were on HAART, occasional in-
creases in viral load were noted in blood throughout the 1-year
course of follow-up. The impact of low-level intermittent vire-
mia cannot be completely assessed. Finally, given the small
numbers of T cells in some samples, not all analyses could be
performed on all subjects at every time point. Increased num-
bers of samples and longitudinal analysis beyond 1 year may be
useful in this regard.

In summary, while causal relationships between viral repli-
cation, T-cell functionality, CD4 T-cell reconstitution, and lo-
cal immunological phenomena often are difficult to delineate,
our findings show an anatomically distinct mucosal site that
contains ample cellular targets for HIV infection that never-
theless remains relatively intact, is capable of compartmental-
ized reconstitution after HAART, and maintains polyfunc-
tional T cells. These findings provide a mechanism underlying
the differential depletion and subsequent reconstitution after
HAART of mucosal CD4 T cells.
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