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Background. Lung CD4+ T-cell depletion and dysfunction, CD8+ T-cell alveolitis, smoking, and poor control of human immu-
nodeficiency virus (HIV) are features of HIV-associated chronic obstructive pulmonary disease (COPD), but these changes have
not been evaluated in smokers at risk for COPD. We evaluated the impact of viral suppression following initiation of antiretroviral
therapy (ART) on HIV-specific immunity and the balance of the CD4+ T-cell to CD8+ T-cell ratio in the lung.

Methods. Using flow cytometry, we assessed the T-cell immune response in lung and blood specimens obtained from 12 actively
smoking HIV-positive patients before ART initiation and after ART-associated viral suppression.

Results. HIV suppression resulted in enhanced lung and systemic HIV-specific CD4+ T-cell immune responses without signifi-
cant changes in CD8+ T-cell responses. We observed an increase in lung ratios of CD4+ T cells to CD8+ T cells and CD4+ T-cell
frequencies, decreased CD8+ T-cell numbers, and resolution of CD8+ T-cell alveolitis after ART in 9 of 12 individuals. Viral sup-
pression reduced Fas receptor and programmed death 1 expression in lung CD4+ T cells, correlating with enhanced effector function
and reduced susceptibility to apoptosis. HIV suppression rescued peripheral but not lung HIV-specific CD4+ T-cell proliferation,
resulting in augmented effector multifunction.

Discussion. Together, our results demonstrate that HIV suppression restores lung mucosal HIV-specific CD4+ T-cell multifunc-
tional immunity and balance in the ratio of CD4+ T cells to CD8+ T cells, often resolving CD8+ T-cell alveolitis in active smokers.
Peripheral expansion and redistribution of CD4+ T cells and increased resistance to apoptosis are 2 mechanisms contributing to
immunologic improvement following viral suppression in patients at risk for HIV-associated COPD.
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From early in the human immunodeficiency virus (HIV) epi-
demic, studies of bronchoalveolar lavage (BAL)–derived lung
mononuclear cells (LMNCs) demonstrated that HIV-infected
individuals frequently develop CD8+ T-cell alveolitis [1–3].
These studies showed that CD8+ T-cell lymphocytic alveolitis
often occurred in asymptomatic individuals and in the absence
of opportunistic infection. Additionally, lung mucosal CD8+

T cells from HIV-infected individuals demonstrated the capac-
ity to kill autologous HIV-infected macrophages and produce
high levels of the effector cytokine interferon γ (IFN-γ) [1, 4].

However, CD8+ T-cell alveolitis has also been associated with
respiratory symptoms and worse outcomes in HIV-infected
individuals, particularly in those with HIV progression and
decreased survival [2, 5]. The advancement of antiretroviral
therapy (ART) has led to improved survival among HIV-
infected individuals [6], with an estimated 1.2 million people
living with HIV/AIDS in the United States in 2008. However, a
recent study evaluating the use of ART in the United States sur-
prisingly found that only 37% of 1.2 million HIV-infected individ-
uals were prescribed ART and that only 30% achieved effective
HIV suppression [7]. Thus, suboptimal ART use and viral sup-
pression remain significant challenges in the HIV-infected popu-
lation, as poor HIV control is known to drive chronic immune
activation, HIV progression and shortened survival [8].

Evolving data support an increased likelihood of chronic
obstructive pulmonary disease (COPD) development among
HIV-infected individuals [9, 10]. Indeed, CD8+ lymphocytic
alveolitis was postulated early on to play an important role
in the pathogenesis of HIV-associated COPD, although the
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mechanisms were undefined [11, 12]. We previously showed
that increased levels of markers of poor HIV control were asso-
ciated with accelerated lung decline in HIV-infected smokers,
compared with HIV-negative controls [13]. Additionally, in
an analysis of lung autopsy specimens, areas of histologically
confirmed emphysema displayed a strong presence of HIV
RNA, whereas only rare HIV-infected cells were evident in nor-
mal lungs [14]. Further, we recently demonstrated that individ-
uals with HIV-associated COPD demonstrate a significant
CD8+ T-cell alveolitis immunophenotype, as well as depletion
and dysfunction of lung mucosal CD4+ T cells, compared
with HIV-infected controls without COPD [15]. Interestingly,
we observed that the HIV-specific CD8+ T-cell immune re-
sponse in the lung is preserved in subjects with HIV-associated
COPD, in contrast to CD4+ T-cell dysfunction. However, it re-
mains unclear what the contributory roles of both HIV control
and smoking have in driving CD8+ T-cell alveolitis and T-cell
function among individuals at risk for COPD, particularly with
smoking being more prevalent in the HIV-infected population.
We hypothesized that HIV replication would have a substantial
impact on the presence or absence of CD8+ T-cell alveolitis and,
in particular, lung CD4+ T-cell numbers and the HIV-specific
CD4+ T-cell immune response among smokers without spiro-
metric abnormalities consistent with COPD.

To test this, we studied paired samples from the LMNC and
peripheral blood mononuclear cell (PBMC) tissue compart-
ments following effective HIV suppression after initiation of
ART in individuals at risk for HIV-associated COPD, defined
as current smokers with no evidence of airflow obstruction re-
vealed by spirometry. We evaluated lung mucosal and periph-
eral lymphocyte subsets and phenotype and effector function
at time points before and after ART initiation and found that
effective HIV suppression with ART resulted in resolution of
CD8+ T-cell alveolitis in the majority of subjects, significant
enhancement in lung and peripheral CD4+ T-cell numbers,
and a striking enhancement of lung mucosal and systemic
HIV-specific CD4+ T-cell effector memory multifunction (ie,
cells producing >1 effector cytokine or molecule).

MATERIALS AND METHODS

Subjects and Tissue Samples
Participants were recruited from the Johns Hopkins HIV Care
Clinic after being screened at scheduled clinic visits. They were
considered eligible for this study if they provided informed con-
sent to undergo bronchoscopy before and following initiation of
ART and, in the prior 6 weeks, had no history of pneumonia or
worsening of breathing status requiring steroids or antibiotics.
Prebronchodilator spirometry testing was performed in 10 of
12 participants to assess for the presence of obstructive lung dis-
ease (defined as a forced expiratory volume in 1 second [FEV1]/
forced vital capacity [FVC] ratio of < 0.70). Prebronchodilator
spirometry to determine FEV1 and FVC was performed using

KOKO pneumotachometers (nSpire Health, Longmont, CO).
All spirograms were assessed automatically and reviewed by a
pulmonary physician in accordance with American Thoracic
Society guidelines [16]. Percentages of predicted values were
calculated using standard formulas [17]. COPD was defined
as an FEV1/FVC ratio of <0.70 [18]. Only individuals free of
COPD were eligible for this analysis. All study procedures
were approved by the Johns Hopkins Institutional Review
Board, and all participants provided informed consent. Study
participants underwent bronchoalveolar lavage (BAL) by use
of a standard protocol with instillation of 180 mL of sterile nor-
mal saline in the right middle lobe of the lung. A blood speci-
men was obtained on the same day for PBMC collection.

Cell Preparation, Culture, and Antigen Stimulation
PBMCs were isolated from heparinized blood by density gradi-
ent centrifugation, using Ficoll-Paque (GE Healthcare). LMNCs
were obtained via centrifugation of BAL fluid. Cells were cryo-
preserved in liquid nitrogen storage. Pooled overlapping 15-mer
peptides for HIV Gag and Pol were obtained from the National
Institutes of Health AIDS Reagent Program. Cells were cultured
in round-bottomed tissue culture tubes (Sarstedt) with or with-
out HIV peptides or anti-CD3/anti-CD28 antibodies at 1 µg/mL
each for 6 hours at 37°C. All stimulations for intracellular cyto-
kine production were performed using 106 cells/condition for 6
hours at 37°C, with brefeldin A (10 µg/mL) added for the final 4
hours of culture. Monensin (5 µg/mL) along with brefeldin A
and anti-CD107a-Pacific Blue (PacBlue) were added when
CD107a was measured. In proliferation assays, cells were labeled
with CFSE (0.2 μM; Invitrogen) and cultured for 6 days. Cell
cultures were harvested on day 6, washed, and rested overnight
in medium alone. Secondary restimulation was performed in
the presence or absence of HIV peptides (ie, Pol or Gag) or
anti-CD3/anti-CD28 for 6 hours, and proliferation was assessed
by CFSE dilution and intracellular cytokine staining (ICS).

Flow Cytometry
Following restimulation, cells underwent surface staining with
anti–CD3-AlexaFluor700, anti–CD4-allophycocyanin-Cy7,
anti–CD8-violet500, anti–CD95-FITC, and anti–programmed
death 1 (PD-1)-PE. Live/Dead Fixable Blue Dead Cell stain
was used for gating on viable cells (Invitrogen). ICS was
performed using anti–IFN-γ-allophycocyanin, anti–tumor
necrosis factor (TNF-α)-PE-cyanine7, anti–interleukin 2 (IL-2)-
BV650, and anti-CD107a-PacBlue (BD Biosciences). All cells
were collected for flow cytometry, with a range of 0.5 × 106 to
1 × 106 events collected per condition. All gates for cytokine fre-
quencies were set using the medium-alone control and subtract-
ed from peptide-restimulated sample frequencies. For apoptosis
studies cells, were stained with anti–annexin V-Brilliant Violet
450, using 10 µg/mL concentrations of either anti-Fas immuno-
globulin G1 (IgG1; clone-ZB4; neutralizing) or anti-Fas immu-
noglobulin M (IgM; clone-CH11; activating), and were bound
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to plates for 12 hours at 37°C, or they were stained with isotype
control antibodies (Millipore). LMNCs were cultured with or
without plate-bound anti-Fas antibodies (ZB4) or activating
antibodies (CH11) at 10 µg/mL, or they were cultured with an
isotype control (IgG1) with or without Pol peptides. Cell fluo-
rescence was analyzed using a custom LSR Fortessa cytometer
with a UV laser (BD Biosciences). Flow cytometry data were an-
alyzed using FlowJo software (Tree Star).

Statistical Analysis
Distributions of all measured variables were performed using
nonparametric testing. Mean ICS frequencies were compared
by means of Mann–Whitney and Wilcoxon signed rank analy-
sis, using GraphPad Prism. Multifunctional analysis and
presentation of distributions was performed using SPICE soft-
ware, version 5.1 (available at: http://exon.niaid.nih.gov/spice)
[19]. A P value of < .05 was used to determine statistical
significance.

RESULTS

HIV Suppression With ART Results in Increased Lung Mucosal and
Systemic CD4+ T-Cell Frequencies, Increased CD4+ T-Cell to CD8+ T-Cell
Ratios, and Diminished CD8+T-Cell Numbers
We assessed the impact of initiating ART on the balance of
T-cell subsets in LMNCs in 12 HIV-infected individuals. The
cohort characteristics are described in Table 1. At study enroll-
ment, the median age of the cohort was 40 years (interquartile
range [IQR], 29–48 years). Nearly two thirds of the cohort was
African American, and 82% were male. All participants were

active smokers at study enrollment, and none had ceased smok-
ing at the time of the second bronchoscopy. The median FEV1/
FVC ratio was 0.80 (IQR, 0.77–0.84; range, 0.70–0.86). The me-
dian percentage of the predicted FEV1 value was 96.5% (IQR,
89%–103%; range, 72%–113%). The median number of months
between the first and second bronchoscopy was 8.6 months
(IQR, 6.4–13.8 months; range, 6.2–17.7 months). As seen in
Table 1, at the time of the pre-ART bronchoscopy, the median
viral load was 19 646 copies/mL (IQR, 5114–48 363 copies/mL),
which decreased to a median of <20 copies/mL at the time of
the second bronchoscopy. The median CD4+ T-cell count
at time of the pre-ART bronchoscopy was 387 cells/mm3

(IQR, 331–532 cells/mm3), which significantly increased to
518 cells/mm3 after ART initiation, whereas the absolute
CD8+ T-cell counts did not significantly decrease. As shown
in Figure 1A–D, ART resulted in increased lung and blood
CD4+ T-cell frequencies, along with a significant increase in
the ratio of CD4+ T cells to CD8+ T cells, compared with pre-
ART values (the gating strategy is available in Supplementary
Figure 1). In contrast, CD8+ T-cell frequencies were reduced
in the LMNC and PBMC compartments following HIV sup-
pression (Figure 1D). In addition, absolute numbers of CD4+

LMNCs were significantly increased and CD8+ LMNCs were
significantly decreased per milliliter of BAL obtained (Supple-
mentary Figure 1B and 1C). Further, ART resulted in an
increase in the BAL ratio of CD4+ T cells to CD8+ T cells in
all patients and in resolution of CD8+ T-cell alveolitis in 9 of
12 patients, based on a BAL CD4+ T-cell to CD8+ T-cell ratio
of >1.0. Similar increases in CD4+ T-cell frequencies and ratios
of CD4+ T cells to CD8+ T cells were observed in PBMCs
following ART initiation, along with diminished CD8+ T-cell
frequencies. Together, these data demonstrate that HIV control
significantly increases lung mucosal and peripheral CD4+ T-cell
numbers while diminishing HIV-associated CD8+ T-cell alveo-
litis, despite ongoing cigarette smoking.

HIV Suppression With ART Leads to Strikingly Increased Lung Mucosal
HIV-Specific CD4+ T-Cell Effector Frequencies and Multifunction but No
Change in CD8+ T-Cell Effector Capacity
Mucosal virus-specific T-cell responses play an important role
in HIV control. Therefore, we next assessed HIV-specific effec-
tor function in lung mucosal T cells at time points before and
after ART initiation. Systemic HIV suppression resulted in sig-
nificant increases in HIV-specific lung mucosal production of
IFN-γ, TNF-α, IL-2, and cytotoxic CD107a (degranulation
marker) by CD4+ T cells in response to pooled peptides
of major HIV antigens (Pol [Figure 2A–2C] and Gag) and
anti-CD3/CD28 (Supplementary Figure 2A–2F ). HIV-specific
CD4+ T-cell responses in the periphery were mixed, with
enhanced Pol-specific responses and a trend toward IFN-γ–
secreting, Gag-specific CD4+ T-cell responses in PBMCs after
ART initiation, compared with before ART initiation (Supple-
mentary Figure 2). In contrast, we did not observe significant

Table 1. Clinical and Demographic Characteristics of 12 Human
Immunodeficiency Virus (HIV)–Positive Study Participants

Characteristic Value

Age, y, mean ± SD 39.6 ± 8.7

African American 8 (66)

Male sex 9 (75)

Current smoker 12 (100)

FEV1/FVC ratio 0.80 (0.70–0.86)

FEV1, % of predicted value 96.5 (72–113)

Time between bronchoscopies, mo 8.6 (6.2–17.7)

ART use 12 (100)

T-cell count and viral load

Before ART initiation

CD4+ T-cell count, cells/mm3 387 (6–668)

CD8+ T-cell count, cells/mm3 628 (185–1036)

Viral load, copies/mL 19 646 (1576–1 511 420)

After ART initiation

CD4+ T-cell count, cells/mm3 518a (158–853)

CD8+ T-cell count, cells/mm3 588 (95–1018)

Viral load, copies/mL <20a (<20–81)

Data are no. (%) of participants or median value (range), unless otherwise indicated.

Abbreviations: ART, antiretroviral therapy; FEV1, forced expiratory volume in 1 second; FVC,
forced vital capacity.
a P< .001, compared with before ART initiation.
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changes in HIV-specific or polyclonal effector CD8+ T-cell fre-
quencies in the lung mucosa or PBMC compartment following
ART initiation in our cohort (Supplementary Figures 3 and 4).
We next evaluated the quality of HIV-specific CD4+ T-cell im-
mune responses in the lung mucosa and PBMC compartment
and assessed effector multifunction (Figure 2C). CD4+ HIV
Pol–specific effector multifunction was significantly enhanced
in both LMNCs and PBMCs after ART initiation. Together,
these data show significant quantitative and qualitative im-
provements in lung mucosal HIV-specific CD4+ T-cell immune

response with HIV suppression following ART, compared with
less substantial changes in the HIV-specific CD8+ T-cell im-
mune response.

HIV Suppression Significantly Reduces Expression of the Fas Receptor
(CD95) and Coinhibitory Molecule PD-1 in Lung Mucosal CD4+ T Cells
and Correlates With Enhanced Effector Function and Reduced
Susceptibility to HIV Antigen–Induced Cell Death Via the Fas Pathway
We previously demonstrated increased surface expression of
CD95/PD-1 and susceptibility to activation-induced cell death
(AICD) via the Fas pathway in CD4+ T cells in the LMNC

Figure 1. Human immunodeficiency virus (HIV) suppression with antiretroviral therapy (ART) results in increased lung mucosal and systemic CD4+ T-cell frequencies, in-
creased CD4+ T-cell to CD8+ T-cell ratios, and diminished CD8+ T-cell frequencies in active smokers. A, Representative flow cytometry plots of CD4+ and CD8+ T-cell frequencies
of lung mononuclear cells (LMNCs; left panels) and peripheral blood mononuclear cells (PBMCs; right panels) obtained from individuals during chronic HIV infection (before ART
initiation), compared with post-ART values. B, Pooled data showing the ratio of CD4+ T cells to CD8+ T cells among LMNCs from 12 individuals (left panel) and PBMCs from 10
individuals (right panel) from HIV-positive patients before (filled triangles) and after (empty triangles) ART initiation. C, Pooled data showing the frequencies of CD4+ T cells
among LMNCs from 12 HIV-positive patients (left panel) and among PBMCs from 10 patients (right panel) after ART initiation (empty dots), compared with pre-ART values
(filled dots). D, Pooled data showing that CD8+ T-cell frequencies decreased in the LMNC (left panel) and PBMC (right panel) compartments before ART initiation (filled squares)
and after HIV suppression (empty squares). P values were calculated using the Wilcoxon signed rank test.
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Figure 2. Human immunodeficiency virus (HIV) suppression results in strikingly increased lung mucosal HIV-specific CD4+ effector T-cell frequencies and enhanced CD4+ T-
cell immune response and effector multifunction in lung mononuclear cells (LMNCs) and peripheral blood mononuclear cells (PBMCs). A, Pooled data showing frequencies of
HIV-specific CD4+ effector T cells expressing interferon γ (IFN-γ), tumor necrosis factor α (TNF-α), interleukin 2 (IL-2), and cytotoxic CD107a (degranulation marker) at time
points before (filled dots) and after (empty dots) antiretroviral therapy (ART) initiation in lung mucosal (upper panels) and PBMC (lower panels) compartments in response to
pooled peptides of the major HIV antigen Pol. P values were calculated using the Wilcoxon signed rank test. B, Representative flow cytometric plots of CD4+ T-cell frequencies
among LMNCs (left panels) and PBMC (right panels) from individuals during chronic HIV infection (before ART initiation; red dot plots), compared with after ART initiation (blue
dot plots). Analyzed plots from effector CD4+ T cells recovered before and after ART initiation were then overlayed (FlowJo) and compared. C, Pooled data showing individual pie
charts of multifunctional effector responses of HIV Pol–specific lung mucosal CD4+ T cells (left panels) and peripheral blood mononuclear CD4+ T cells (right panels) after ART
initiation (right pie charts), compared with before ART initiation (left pie charts). Using Boolean analysis, the percentage of total, individual multifunctional subset responses
before (black bars) and after (gray bars) ART initiation are shown in the bar graph for the multifunctional subsets. *P≤ .05 by the Kruskal–Wallis 1-way analysis of variance and
Wilcoxon signed rank test (SPICE) for comparison of mean frequencies of Pol-specific single and multifunctional responses.
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compartment in patients with HIV-associated COPD [15].
Therefore, we assessed expression of these molecules at time
points before and after ART initiation in lung CD4+ T cells.
Effective HIV suppression with ART resulted in reduced
expression of CD95 and PD-1 in CD4+ T cells in the LMNC
compartment (Figure 3A and 3B). In addition, we observed
reduced frequencies of CD4+CD95+ and CD4+CD95+PD-1+

T cells among LMNCs after ART initiation as compared to
before ART initiation, which directly correlated with increased

HIV-specific, IFN-γ–secreting effector function among CD4+

T cells in the lung (Figure 3C). Next, we investigated whether
a reduction in CD95 surface expression following HIV suppres-
sion influenced AICD in CD4+ T cells in the LMNC compart-
ment. For this, we measured the early apoptotic marker annexin
V and compared CD4+ T cells in the LMNC compartment in
medium alone and following in vitro restimulation with HIV
antigen or anti–Fas-activating antibody at time points before
and after ART initiation. We found that AICD was significantly

Figure 3. Human immunodeficiency virus (HIV) suppression reduces CD95/programmed death 1 (PD-1) surface expression on lung mucosal CD4+ T cells and correlates with
enhanced effector function during antiretroviral therapy (ART). A, Representative flow cytometric plots of CD4+ T-cell frequencies of 12 lung mononuclear cells (LMNCs) an-
alyzed from individuals during chronic HIV infection (before ART initiation; left dot plots), compared with after ART initiation (right dot plots). B, Pooled data showing the
expression of CD95+ in CD4+ LMNCs (left panel) and CD95+PD1+ in CD4+ LMNCs (right panel) at time points before (filled dots) and after (empty dots) ART initiation.
C, Correlation of frequencies of lung HIV Pol–specific, interferon γ (IFN-γ)–expressing CD4+ LMNCs and CD4+CD95+ (left panel) or CD4+CD95+PD-1+ (right panel) LMNCs
after ART initiation (empty dots), compared with before ART initiation (filled dots). Correlation coefficients (R) were calculated by Spearman rho analysis, and P values
were calculated using the Wilcoxon signed rank test.

HIV Suppression Restores Lung CD4+ T-Cell Immune Responses • JID 2016:214 (15 November) • 1525



reduced following stimulation after ART initiation, as compared
to time points before ART initiation (Figure 4A and 4B). We

also evaluated blockade of Fas/Fas-ligand interactions, using
an anti–Fas-neutralizing antibody, and found that HIV anti-
gen–induced AICD via the Fas pathway was significantly
reduced among CD4+ T cells in the LMNC compartment
after ART initiation, compared with controls (Figure 4A and
4B). Collectively, our data indicate that HIV control reduces
CD95/PD-1 surface expression on lung mucosal CD4+ T cells
and correlates with enhanced effector function and reduced
susceptibility of LMNC-associated CD4+ T cells to AICD via
the Fas pathway.

HIV Suppression Rescues Peripheral but Not Lung Mucosal HIV-
Specific CD4+ T-Cell Proliferation as a Mechanism for Enhanced
Effector Function
The capacity of virus-specific T cells to proliferate is critical for
the expansion of effector memory T cells [20]. Therefore, we
next measured HIV-specific proliferative responses from
T-cell subsets among LMNCs versus PBMCs at time points
before and after ART initiation, using the CFSE dilution meth-
od. Lung mucosal CD4+ and CD8+ T cells demonstrated very
poor to absent proliferative capacity in response to HIV antigen
at day 6 (Figure 5A–5C). In striking contrast, the suppression of
HIV viremia with ART resulted in strikingly (ie, 8–10-fold)
increased HIV-specific CD4+ T-cell proliferative responses at
day 6 among PBMCs. Proliferative responses among the
CD8+ T-cell subset in PBMCs only increased by approximately
2-fold following ART initiation (Figure 4B and 4C). We then
performed secondary restimulation of cultures of PBMCs
obtained before and after ART initiation at day 6, and evaluated
effector frequencies. The restoration of HIV-specific CD4+

T-cell proliferative responses with suppression of HIV viremia
resulted in significantly enhanced HIV-specific multifunctional
responses at day 6 after ART initiation, compared with those on
day 6 before ART initiation (Figure 4C). Collectively, our results
support enhanced peripheral but not local lung expansion of
HIV-specific CD4+ T cells as a mechanism for increased
CD4+ T-cell numbers and HIV-specific effector multifunction
in the lung mucosa following HIV suppression with ART.

DISCUSSION

Our results provide new insights into lung mucosal HIV-specific
immunity, particularly underscoring impaired CD4+ T-cell viral
immunity that was quantitatively and qualitatively restored
with viral suppression. Our studies also demonstrate resolution
of CD8+ T-cell alveolitis in the majority of patients with HIV
suppression, but there was no significant change in lung HIV-
specific effector frequencies, in contrast to CD4+ T cells. Prior
work had found either increased BAL-associated CD4+ T-cell
frequencies or decreased CD8+ T-cell alveolitis after initiation
of ART, although HIV-specific immunity was not directly as-
sessed [21]. Importantly, we have identified 2 mechanisms that
contribute to our observations of restored HIV-specific effector
function among CD4+ T cells: (1) an enhanced proliferative

Figure 4. Human immunodeficiency virus (HIV) suppression reduces the suscept-
ibility of lung mononuclear CD4+ T cells to activation-induced cell death via the Fas
pathway. A, Representative histograms depicting annexin V positivity among lung
mononuclear CD4+ T cells before (upper panel) and after (lower panel) antiretroviral
therapy (ART) initiation. Lung mononuclear cells (LMNCs) were cultured in the pres-
ence or absence of 10 µg/mL plate-bound anti-Fas antibodies that are either neutral-
izing (ZB4) or activating (CH11), or they were cultured in the presence of an isotype
control (immunoglobulin G1 for neutralizing clone shown) with or without stimulation
with HIV-specific Pol peptides, as described in Methods. B, Pooled data showing
annexin V–positive LMNC subsets from gating on live CD3+CD4+ T cells from 12
HIV-positive patients. Data are cumulative mean frequencies ± standard errors of
the mean of annexin V–positive lung mononuclear CD4+ T cells obtained before
(filled columns) and after (empty columns) ART initiation. P values were calculated
using the Wilcoxon signed rank test. Abbreviation: NS, not significant.
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Figure 5. Human immunodeficiency virus (HIV) suppression rescues peripheral but not lung mucosal HIV-specific CD4+ T-cell proliferation as a mechanism for enhanced
effector multifunction. A, Representative flow cytometry plots showing Pol-specific lung mononuclear CD4+ T-cell proliferative responses (left panels) and peripheral blood
mononuclear CD4+ T-cell responses (right panels) at day 6, determined by CFSE dilution, in HIV-positive patients before antiretroviral therapy (ART) initiation (left panel),
compared with after ART initiation (right panel). Numbers indicate frequencies (percentages) of CFSE-gated diluted events. B, Pooled data showing the frequencies of
HIV-specific CD4+ T cells with proliferative responses in lung mononuclear cell (LMNC; left panels) and peripheral blood mononuclear cell (PBMC; right panels) compartments
before (filled columns) and after (empty columns) ART initiation. C, Pooled data showing the frequencies of HIV-specific CD8+ LMNCs (left panels) and PBMCs (right panels)
before (filled columns) and after (empty columns) ART initiation. D, Individual pie charts of multifunctional responses at day 6 following restimulation with HIV Pol peptides and
lung mononuclear CD4+ T-cell effector multifunction after ART initiation (right pie charts), compared with before ART initiation (left pie charts). Using Boolean analysis, the
percentage of individual multifunctional subset responses for pre-ART (black bars) and post-ART (gray bars) time points are shown in the bar graph for the multifunctional
subsets. *P≤ .05 by Kruskal–Wallis 1-way analysis of variance or the Wilcoxon signed rank test for comparison of mean frequencies of Pol-specific single and multifunctional
responses. Abbreviations: IFN-γ, interferon γ; IL-2, interleukin 2; NS, not significant; TNF-α, tumor necrosis factor α.
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capacity of HIV-specific CD4+ T cells in the periphery but not
in the lung mucosa following viral suppression and (2) reduced
susceptibility of lung CD4+ T cells to AICD. Further, we have
shown that the enhanced capacity of peripheral HIV-specific
memory CD4+ T cells to proliferate results in enhanced effector
multifunction, consistent with our observations in the lung and
periphery. In contrast, these antigen-specific mechanisms might
not impact the total CD4+ T-cell pool in these compartments,
and they explain why polyclonal responses were impacted to a
lesser degree. Notably, in addition to increases in IFN-γ, TNF-
α, and CD107a secretion among CD4+ T cells with viral suppres-
sion, HIV-specific IL-2 responses significantly increased in the
lung and periphery. Earlier studies have demonstrated that loss
of multifunctional CD4+ T cells, and particularly IL-2 produc-
tion by HIV-specific CD4+ T cells, correlated with HIV disease
progression [22–24]. Unexpectedly, our studies found that viral
suppression did not significantly impact lung mucosal and
peripheral HIV-specific CD8+ effector T-cell frequencies and
multifunction, although some responses trended toward im-
provement. Taken together, our findings support the concept
that effective HIV control has a more substantial impact on
HIV-specific CD4+ effector T-cell frequencies and multifunction
in the lung and periphery.

CD8+ T-cell alveolitis is often present in asymptomatic indi-
viduals but is also found in patients with respiratory symptoms
and HIV disease progression. Our study shows a significant
increase in the ratio of CD4+ T cells to CD8+ T cells among
LMNCs due to increased CD4+ T-cell frequencies/absolute
numbers and reduced CD8+ T-cell frequencies/absolute num-
bers, with similar findings in the blood as previously described
[25]. Therefore, these dynamic changes in the lung mucosal
T-cell pool following ART initiation result in significant resolu-
tion of CD8+ T-cell alveolitis. Thus, while immune reconstitu-
tion pulmonary syndromes have been well described after
initiation of ART, the overall restoration to a more physiologic
ratio of CD4+ T cells to CD8+ T cells among LMNCs appears
beneficial in regard to long-term pulmonary symptoms and
disease [26]. For example, we recently showed that patients
with HIV-associated COPD demonstrated profound CD4+

T-cell depletion and CD8+ T-cell alveolitis, compared with
HIV-infected controls without COPD [15]. Moreover, the pa-
tients in our current study remained active smokers, underscor-
ing the critical importance of viral control in maintaining lung
mucosal homeostasis in the setting of HIV infection. However,
ongoing smoking may synergize with chronic inflammation
that is known to occur during chronic HIV infection even
after viral control and may contribute to persistent inflamma-
tion that may be deleterious to lung function [8, 27–29].

The negative impact of HIV viremia on the capacity for
peripheral HIV-specific CD4+ T-cell proliferation was first re-
ported in a seminal study by McNeil et al [30] Importantly,
this effect on CD4+ T-cell proliferation has been documented

in other viral infections, such as measles [31], hepatitis B [32],
dengue [33], and acute CMV infection [34, 35]. Using the sen-
sitive CFSE dilution method, we did not detect significant T-cell
proliferation in LMNCs even following effective viral suppres-
sion, in striking contrast to the observed restoration of HIV-
specific CD4+ grater than CD8+ PBMC proliferative responses.
Our results are consistent with those of earlier murine studies
that demonstrated an impaired ability of BAL-associated T
cells to proliferate yet retain a high capacity for effector cytokine
secretion and continual systemic recruitment to the airways [36,
37].Whether this represents an intrinsic defect in lung mucosal
T cells or whether it is due to reduced accessory cell function
capable of supporting robust proliferation, as suggested by ear-
lier human studies, remains unclear [38, 39]. Nevertheless, our
results support a model for peripheral redistribution of CD4+ T
cells leading to restoration of lung mucosal CD4+ T-cell num-
bers, rather than local expansion. In addition to restoration of
robust peripheral HIV-specific CD4+ T-cell proliferation with
ART, our studies show that viral suppression significantly re-
duces lung CD4+ T-cell susceptibility to apoptosis via the Fas
pathway [40, 41], providing a mechanism for enhanced survival.
However, while our data support the concept that reduced
chronic immune activation in aviremic individuals attenuates
susceptibility to apoptosis, other factors, such as ongoing im-
mune activation and persistent latent viral reservoirs, may
also contribute to AICD susceptibility in CD4+ T cells. Further,
our studies found that reduced surface expression of CD95 and
PD-1 following viral control correlated with improved lung
CD4+ effector T-cell function in addition to survival fitness.
These results are consistent with those of a recent study that
also reported lung T-cell dysfunction in the setting of chronic
HIV replication, as well as those of our previous study showing
a functional defect in lung mucosal CD4+CD95+PD-1+ T cells
in patients with HIV-associated COPD [15, 42]. Collectively,
our findings support restoration of peripheral but not local
CD4+ T-cell proliferation and reduced susceptibility to AICD,
resulting in enhanced HIV-specific CD4+ lung mucosal/system-
ic effector T-cell function following effective HIV suppression.

There are several caveats to our studies. First, we recognize
the small number of patients in our study, as the bronchosco-
pies were not clinically indicated, but rather were performed for
research purposes. Nonetheless, we were able to detect signifi-
cant differences in lung/systemic HIV-specific immunity, par-
ticularly in CD4+ T cells. However, the clinical relevance of
these findings for HIV host defense remains unclear, as these
immune findings may be a function of control of viremia,
given that patients relapse after stopping ART. Our findings
strongly support that initiation of ART restores the lung muco-
sal environment to a more physiologic balance in the ratio of
CD4+ T cells to CD8+ T cells despite ongoing smoking in
patients. This is important because 2 major risk factors for
the development of COPD, smoking and lower socioeconomic

1528 • JID 2016:214 (15 November) • Popescu et al



status, are overrepresented among HIV-infected individuals
[43, 44]. Further, recent evidence indicates that ART remains
significantly underprescribed in the United States and, surpris-
ingly, that a minority of patients have achieved optimal HIV
suppression [7]. Moreover, resolution of CD8+ T-cell alveolitis
may reduce the risk for development of HIV-associated COPD,
as we recently demonstrated that these patients have profound
lung CD4+ T-cell depletion and CD8+ T-cell alveolitis, which
may exacerbate the ongoing inflammation associated with
smoking. Importantly, several studies have implicated CD8+ T
cells in the pathogenesis of non–HIV-associated COPD, with
enhanced cytotoxic potential correlating with disease severity
[45–48]. However, while our BAL findings show decreased
lung mucosal CD8+ T cells following ART initiation, without
histopathologic analysis we cannot be absolutely certain that
lung parenchymal CD8+ T cells are decreased. A second limita-
tion to our study was that we were not able to fully discern the
inflammatory effect of smoking in this population, as all sub-
jects were actively smoking during the study. Nevertheless, we
argue that our immunologic findings underscore the impor-
tance of effective viral suppression in this population at risk
for developing HIV-associated COPD. Indeed, our findings
provide plausible mechanisms that support our previous find-
ings of an accelerated decline in subjects with markers of ad-
vanced HIV disease in a predominantly smoking population
[49, 50]. However, further studies are needed in HIV-infected
individuals with effective viral suppression to elucidate the
proinflammatory effects of smoking, compared to HIV+ non
smokers.

In summary, we report that effective HIV suppression with
ART restores lung mucosal HIV-specific CD4+ T-cell immune
responses and resolves CD8+ lymphocytic alveolitis in active
smokers at risk for HIV-associated COPD. We have found
that lung mucosal HIV-specific CD4+ immune responses were
quantitatively and qualitatively enhanced following ART initia-
tion. These numerical and functional increases in lung CD4+ T
cells were observed along with strikingly increased peripheral
but not local CD4+ T-cell proliferative responses to HIV antigen
and reduced susceptibility to AICD. Our findings support the
concept that initiating ART in HIV-infected smokers is an ef-
fective and conservative clinical management strategy for re-
storing more physiologic balance in the lung mucosal ratio of
CD4+ T cells to CD8+ T cells, notwithstanding continued efforts
at smoking cessation. An improved understanding of the under-
lying pulmonary immune mechanisms in patients at risk for de-
veloping HIV-associated COPD may lead to a more
comprehensive strategy and uncover novel targets to prevent
this important complication of chronic HIV infection.
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