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Abstract

airway mucosa and an increase in tissue-resident memory T cells. Mucosal
CD8" T-cell numbers inversely correlated with lung aeration, suggesting
an association with inflammation and remodeling. HIV-1 infection and
smoking lead to retention of CD8" T cells within the airway mucosa.

Smoking and human immunodeficiency virus 1 (HIV-1) infection are risk
factors for chronic obstructive pulmonary disease (COPD), which is
among the most common comorbid conditions in people living with
HIV-1. HIV-1 infection leads to persistent expansion of CD8" T cells, and
CD8" T cell-mediated inflammation has been implicated in COPD
pathogenesis. In this study, we investigated the effects of HIV-1 infection
and smoking on T-cell dynamics in patients at risk of COPD. BAL fluid,
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endobronchial brushings, and blood from HIV-1 infected and uninfected

nonsmokers and smokers were analyzed by flow cytometry, and lungs Clinical Relevance

were imaged by computed tomography. Chemokines were measured in

BAL fluid, and CD8 " T-cell chemotaxis in the presence of cigarette smoke Human immunodeficiency virus 1 (HIV-1) promotes
extract was assessed in vitro. HIV-1 infection increased CD8 " T cells in recruitment of CD8" T cells to the lung, whereas smoking
the BAL fluid, but this increase was abrogated by smoking, Smokers had inhibits their migration into the airspaces. Consequently,
reduced BAL fluid concentrations of the T cell-recruiting chemokines there is an increase in effector memory CD8" T cells and
CXCL10 and CCL5, and cigarette smoke extract inhibited CXCL10 and resident memory CD8" T cells in the airway mucosa of
CCLS5 production by macrophages and CD8" T-cell transmigration HIV-1-infected smokers. These findings suggest a potential
in vitro. In contrast to the T cells in BAL fluid, CD8" T cells in mechanism for the accelerated development of chronic
endobronchial brushings were increased in HIV-1-infected smokers, obstructive pulmonary disease in patients living with HIV-1.
which was driven by an accumulation of effector memory T cells in the
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People living with human immunodeficiency
virus 1 (PLHIV) are at increased risk of
chronic obstructive pulmonary disease
(COPD) (1, 2), which is one of the most
common comorbid conditions in this
population (3). Smoking is the major risk
factor for COPD (4-6), and PLHIV are
nearly twice as likely to smoke than the
general population (7). However, numerous
studies suggest that human
immunodeficiency virus 1 (HIV-1) is an
independent risk factor for COPD (1, 2, 8).

Lung inflammation mediated by CD8 *
T cells is a critical component of COPD
pathogenesis (9-14). CD8 ™ T cells are
increased in the pulmonary vasculature, lung
interstitium, and airways of patients with
COPD compared with healthy control
subjects (12, 13). In particular, T cells that
express the chemokine receptors CCR5 and
CXCR3, which mark IFN-y-producing T
cells, are increased in the lungs of patients
with COPD and correlate with the severity of
disease (15, 16).

HIV-1 infection leads to robust
activation and progressive dysfunction of
CD8™ T cells (17, 18), and HIV-1-induced
CD8™ T-cell activation has been postulated
as a mechanism for the accelerated
development of COPD in PLHIV (19).
Despite viral suppression with combination
antiretroviral therapy (cART), PLHIV
experience persistent expansion of
circulating and alveolar CD8™" T cells and a
reduced CD4/CD8 T-cell ratio, which is
associated with immune activation at
mucosal sites and non-acquired
immunodeficiency syndrome-related
morbidity, including COPD (20, 21).
Previous studies of CD8 ™" T cells in the lungs
of PLHIV included primarily smokers
without comparisons with uninfected
nonsmokers. Thus, the relative effects of
HIV-1 and smoking on T-cell dynamics in
the lung remain unclear.

To characterize immunologic events
early in COPD development, we studied
T-cell dynamics in the lungs of individuals
with HIV-1 infection and chronic tobacco
smoke exposure before the onset of airway
obstruction or emphysema. We recently
demonstrated that these subjects have an
increase in pulmonary perfusion
heterogeneity, which reflects the vascular
dysfunction that occurs early in COPD
pathogenesis (22-24). We found that
although HIV-1 infection increases
recruitment of CD8 " T cells to the lung,
smoking reduces production of T
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cell-recruiting chemokines from alveolar
macrophages. Consequently, CD8™ T cells
are retained in the airway mucosa of HIV-
1-infected smokers. Mucosal CD8 " T-cell
numbers inversely correlate with lung
aeration as measured by chest computed
tomography (CT), suggesting that they
promote inflammation and remodeling
within the lung. Thus, our data identify a
novel mechanism by which HIV-1 and
chronic tobacco smoke exposure may act
synergistically to accelerate the development
of COPD in PLHIV.

Methods

Study Design

The objective of this study was to evaluate
the effects of HIV-1 and smoking on T cells
in the lungs of human subjects at risk for
COPD. Inclusion and exclusion criteria and
the study protocol are provided in the data
supplement. We recruited HIV-1-uninfected
nonsmokers (n = 25), HIV-1-uninfected
smokers (n = 14), HIV-1-infected
nonsmokers (1 = 18), and HIV-1-infected
smokers (11 =16) (see Table E1 in the data
supplement). Smokers were defined as
current smokers with =100 lifetime
cigarettes. Nonsmokers were defined as
never-smokers or former smokers. Former
smokers were required to have been smoke-
free for =5 years before enrollment. HIV-
1-infected subjects were virally suppressed
through cART for =12 months. Eligible
subjects underwent bronchoscopy and
phlebotomy. Some subjects also underwent
CT imaging of the lungs. These subjects were
previously shown to have pulmonary
perfusion heterogeneity consistent with
preclinical COPD (24). The study was
approved by the Partners Healthcare
Institutional Review Board. Subjects gave
their written informed voluntary consent
before inclusion in the study.

Bronchoscopy

BAL fluid was obtained from the right
middle lobe and lingula by washing each
with saline (25). A cytology brush was then
repeatedly passed around the circumference
of the lavaged bronchus to obtain
endobronchial mucosal samples.

Chest CT

CT imaging and analysis details are provided
in the data supplement. Hounsfield units
(HU) less than —950 were used to calculate

the percentage of low-attenuation area. The
fraction of gas content (Fgas) in the lung was
calculated as Fgas = (tissue density — density
value of the voxel)/(tissue density — density
of air), where tissue density =0 HU and the
density of air= —1000 HU. For example, a
mean Fgas of 0.7 indicates that 70% of the
total lung volume is gas and the remaining
30% is a combination of blood and tissue.

Flow Cytometry

Cells were stained with fluorescence-
conjugated antibodies (Table E2) and fixable
viability dye, run on an LSR Fortessa system
(BD Biosciences), and analyzed by using
FlowJo software (BD Biosciences).

Cell Culture and Chemotaxis
Monocyte-derived macrophages (MDMs)
(26) were exposed to cigarette smoke extract
(CSE) (Murty Pharmaceuticals) before
co-culture with peripheral blood
mononuclear cells in a Transwell assay and
were incubated with CXCL10 (R&D
Systems), CCL5 (R&D Systems),
anti-human CXCR3 antibody (CXCR3-173,
BioLegend), or an IgG isotype control
antibody (HTK888, BioLegend).

Quantitative Real-Time PCR

RNA was extracted (RNAeasy, Qiagen),
quantified, transcribed into cDNA (Applied
Biosciences), and normalized against a
housekeeping gene (27). Primer sequences
are summarized in Table E3.

Chemokine Analysis

Chemokines were measured with a Milliplex
panel (EMD Millipore) by using a
30-fold-concentrated BAL supernatant on a
Luminex-200 system and were analyzed by
using xPONENT 3.1 software (Luminex
Corp.) (25). CXCL10 and CCL5 were
measured by using an ELISA (R&D
Systems).

Statistical Analysis

Data are expressed as the median and
interquartile range. Nonparametric one-
way ANOVA (Kruskal-Wallis test) with the
Dunn’s test for multiple comparisons or
the Mann-Whitney test were used to
compare medians (GraphPad Prism,
GraphPad Software). A Wilcoxon signed
rank test was used to compare paired data
between two groups. Spearman’s
correlation coefficients were used to assess
the strength of associations between
predefined variables. Differences were
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considered statistically significant when the
P value was determined to be <0.05 on the
basis of two-sided test results.

Results

Subject Characteristics

Subjects were well matched across groups
(Table E1). Blood CD4" T-cell numbers
were not different in HIV-1-infected subjects
compared with uninfected subjects (Table
E1). The viral load and years on cART were
similar among HIV-1-infected subjects, and
pack-years were similar among smokers. All
subjects had normal pulmonary function,
but uninfected nonsmokers had a higher
forced expiratory volume in 1 second and
forced vital capacity than HIV-1-infected
smokers. The median HU and percentage of
low-attenuation area on chest CT images
were similar across groups.

Smokers Have Reduced BAL Fluid

T Cells

We first compared T cells in peripheral
blood with those in the BAL fluid. There
were no differences in CD4 " T-cell numbers
in peripheral blood across groups (Figures
E1A and E1B). However, HIV-1-infected
subjects had increased CD8" T cells in the
blood and a reduced CD4/CD8 T-cell ratio
compared with uninfected subjects (Figures
E1B and E1C). Smokers had higher total
numbers of BAL fluid cells (Figure 1A),
irrespective of HIV-1 status, which was
driven by an increase in the number of
macrophages and granulocytes (Figure E2).
The number and frequency of BAL fluid
CD4" T cells was reduced in smokers
compared with nonsmokers, regardless of
HIV-1 status (Figure 1B). We also observed
an increased frequency and a trend toward
increased numbers of BAL fluid CD8" T
cells in HIV-1-infected nonsmokers
compared with uninfected nonsmokers. BAL
fluid CD8 ™" T-cell frequency was reduced in
smokers, independent of HIV-1 status, and
HIV-1-infected smokers had reduced
numbers of BAL fluid CD8 " T cells
compared with HIV-1-infected nonsmokers
(Figure 1C). The BAL fluid CD4/CD8 T-cell
ratio was reduced in HIV-1-infected subjects
compared with uninfected subjects (Figure
E1D), in findings similar to those observed
in blood. There were no significant
differences in the frequencies of CD4 " or
CD8" T cells expressing markers of anergy
or exhaustion, including CD28, PD-1, or

BTLA (Figure E3). Thus, HIV-1 is associated
with an increase in the BAL fluid CD8*
T-cell frequency in nonsmokers. However,
smoking reduces CD4 " and CD8™ T cells in
the airspaces independently of HIV-1 status.

Smoking and HIV-1 Increase
CCR5*CXCR3™ T Cells

To better understand the smoking-
associated decrease in BAL fluid T cells, we
assessed T-cell apoptosis and proliferation.
There were no differences in the frequency
of Annexin V"CD95 " or Ki67 " CD4" or
CD8" T cells between groups (Figures 2A,
2B, and E4). Thus, the decrease in T cells in
smokers was not explained by increased
apoptosis or decreased proliferation.
Therefore, we examined expression of the
lung-homing chemokine receptors CCR5
and CXCR3 (28-30). The frequency of BAL
fluid CCR5"CXCR3" CD4 " and CD8™" T
cells was increased in uninfected smokers
compared with nonsmokers (Figures 2C and
E4) and further increased in HIV-1-infected
subjects compared with uninfected subjects.
Similar increases in CCR5 " CXCR3" CD4 "
and CD8™ T cells from blood were observed
with smoking and HIV-1 (Figure E5). Thus,
smoking and HIV-1 increase expression of
the lung-homing chemokine receptors
CCR5 and CXCR3 on T cells.

Smoking Reduces CXCL10 and CCL5
in BAL Fluid

Despite an increase of CCR5 " CXCR3 ™ T
cells in the blood and BAL fluid, we observed
fewer total BAL fluid CD8" T cells in
smokers. Therefore, we measured RNA and
protein levels of CXCL10 and CCL5 in bulk
BAL fluid cells and cell-free BAL
supernatants, respectively. CXCL10 is the
primary ligand for CXCR3, and CCL5 is the
ligand for CCR5. RNA and protein levels of
CXCL10 were reduced in smokers compared
with nonsmokers, independent of HIV-1
status (Figure 3A). CCL5 RNA and protein
concentrations were reduced only in HIV-
1-infected smokers (Figure 3B). We
observed the same pattern for the CXCR3-
binding chemokines CXCL9 and CXCL11
but not for other CC- or CXC-family
chemokines (Figures E6 and E7 and Table
E4). In addition, we found a significant
correlation between the protein
concentrations of CXCL10 and CCL5 in BAL
fluid and the BAL fluid CD8" T-cell numbers
(Figure 3C) that was not observed for BAL
fluid CD4™ T cells (Figure 3D). These data
suggest that smoking leads to specific
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downregulation of chemokines that mediate
CD8™" T-cell recruitment to the airspaces.

Cigarette Smoke Decreases MDM
CXCL10 Production and

T-Cell Chemotaxis

Macrophages are the primary cell type in the
alveolar space and are a major source of
CXCL10 and CCLS5 (31, 32). To investigate
whether smoking directly affects production
of these chemokines, we exposed MDMs to
CSE and then quantified T-cell chemotaxis
and chemokine production in a Transwell
assay (Figure E8). Exposure of MDMs to
CSE reduced RNA amounts and protein
concentrations of CXCL10 and CCL5 RNA
(Figures 4A and E9A). Protein
concentrations of CCL5 were only decreased
in CSE-exposed MDMs incubated with
peripheral blood mononuclear cells from
HIV-1-infected donors (Figure 4A),
consistent with our observations in BAL
fluid (Figure 3B). The CSE-mediated
decrease in CXCL10 production was dose
dependent and not accompanied by
increased cell death (Figure E9B). Exposure
of MDMs to CSE reduced CD4 " and CD8 ™"
T-cell migration independently of HIV-1
status (Figure 4B). Similarly, antibody-
mediated inhibition of CXCR3 prevented
CD8" T-cell chemotaxis (Figures 4C and
E9C). Importantly, recombinant CXCL10
but not CCL5 rescued CSE-mediated
impairment of T-cell chemotaxis (Figures
4D and E9D). These results demonstrate
that CXCL10 binding of CXCR3 directs
T-cell migration and suggest that the
reduction of BAL fluid T cells in HIV-
1-infected smokers is due to smoking-
induced impairment in the production of T
cell-recruiting chemokines.

CD8" T Cells Are Increased in the
Airway Mucosa of HIV-1-

infected Smokers

Increased numbers of CD8™" T cells in the
airways have been associated with the
development and severity of COPD.
However, we found that HIV-1-infected
smokers have a significant reduction in BAL
fluid CD8™ T cells compared with HIV-1-
infected nonsmokers. BAL is widely used to
study immune responses in the lung but
provides only an indirect measure of
mucosal inflammation. We therefore
directly sampled the airway mucosa by
using endobronchial brushing and
quantified the number of T cells recovered
relative to the number of CD326 ™ epithelial
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Figure 1. Smokers have reduced BAL fluid (BALF) CD4" and CD8" T cells. (A) Total cells per milliliter of BALF. (B) CD4" T-cell frequency and
number per milliliter of BALF. (C) CD8" T-cell frequency and number per milliliter of BALF. P values were determined by using nonparametric
one-way ANOVA with the Dunn'’s test for multiple comparisons. Scatter plots are labeled with the median and interquartile range. HIV = human

immunodeficiency virus.

cells. The majority of T cells in the mucosa
were CD8 " T cells, and no differences were
observed in the number of CD4™ T cells
across groups (Figure E10). However, we
found an increase in the number of mucosal
CD8" T cells in HIV-1-infected smokers
compared with uninfected nonsmokers
(Figure 5A). Nearly all of the mucosal CD8 ™"
T cells were CD69 " CD103 * tissue-resident
memory T (Tryy) cells (Figures 5B, 5C, and
E11). In contrast, only a minority of BAL
fluid CD8™ T cells were Ty cells, and
CD8™ Try cells were not present in the
blood. These results suggest that
endobronchial brushing samples a distinct
immunologic compartment compared with
BAL and blood sampling. We therefore
compared mucosal CD8™ T cells across
groups. Although almost all of the mucosal
CD8™ T cells were Tgy cells in uninfected
nonsmokers, both smoking and HIV-1
increased the number of mucosal
CD8"CD62L~ CD45RO™" effector memory
T (Tgpm) cells (Figures 5D, 5E, and E11).
HIV-1-infected smokers had the highest
number of mucosal CD8" Ty cells, in
addition to having an increase in Ty, cells.
Notably, the mucosal CD8" Ty cell
numbers mirror the profile of circulating
CXCR3"CCR5"CD8" T cells (Figure E5).
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To determine whether mucosal CD8" T
cells are associated with subclinical changes
in the lung structure, we correlated the
number of cells with the mean Fgas
obtained via chest CT imaging. Fgas
measures lung aeration, with higher values
indicating a larger component of gas and
lower values indicating a higher component
of blood or tissue. We found an inverse
correlation between the number of mucosal
CD8" T cells and the mean Fgas (Figure
5F). Taken together, these data suggest that
circulating CD8 " T cells are recruited into
the lungs of HIV-1-infected smokers and
then retained in the airway mucosa.
Accumulation of mucosal CD8™ T cells
correlates with lower lung aeration,
suggesting that these cells are associated
with inflammation and remodeling.

Discussion

PLHIV are at increased risk of developing
COPD, and both smoking and HIV-1 have
been identified as independent risk factors
for COPD (1, 2, 8). In this study, we directly
compared the effects of HIV-1 and chronic
smoke exposure on T cells in the airspaces
and airway mucosa of at-risk individuals

before the onset of clinical disease. HIV-1
infection was associated with an increase in
BAL fluid CD8" T cells in nonsmokers.
However, smoking decreased the frequency
of BAL fluid T cells independently of HIV-1
status and was associated with lower
expression of T cell-recruiting chemokines
in the BAL fluid. Importantly, the decrease in
BAL fluid CD8 " T cells was accompanied by
an increase in mucosal CD8 ™" T cells in HIV-
1-infected smokers. Thus, our data suggest
that HIV-1 infection and smoking lead to
retention of CD8 " T cells within the airway
mucosa. Furthermore, we found that the
number of mucosal CD8 " T cells inversely
correlated with the mean lung aeration as
measured by using chest CT (24). In the
absence of clinically apparent structural lung
disease, lower lung aeration suggests that
mucosal CD8 " T cells may be associated
with lung inflammation and remodeling.
Our study confirmed that HIV-
1-infected nonsmokers have increased
CD8™ T cells in the alveolar space (28,
33-35). This parallels the persistent
expansion of circulating CD8™ T cells
observed in HIV-1-infected individuals
despite viral suppression. Interestingly,
smoking completely abrogated the HIV-
1-induced increase in BAL fluid CD8 "
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T cells by specifically inhibiting production
of the T cell-recruiting chemokine CXCL10.
There was a trend toward lower CCL5 in
smokers that only reached significance in
HIV-1-infected subjects, suggesting an
additional suppressive effect of HIV-1 on
CCL5 production. Importantly, CXCL10 and
CCLS5 expression correlated with the number
of BAL fluid CD8" T cells.

Alveolar macrophages are the dominant
cell type in the BAL fluid, and in concert
with other cells, including T cells, are known
to be significant producers of CXCL10 and
CCL5 (28, 31, 32). The reduced expression of
these chemokines in smokers in vivo was
replicated in vitro. Furthermore, expression
of other chemokines was not altered,
implying that smoking-induced suppression
of chemokine production from macrophages
is relatively specific. Indeed, smoking-
induced suppression of CXCL10 and CCL5
production by alveolar macrophages
progresses with the development of COPD
(36). Several components of cigarette smoke
might contribute to suppression of T
cell-recruiting chemokines. For example,
nicotine inhibits proinflammatory cytokine
production by alveolar macrophages (37),
and cigarette smoke contains free radicals
and aryl hydrocarbons that induce oxidative
stress and apoptosis (38, 39). Further
investigation is required to identify the
essential components of cigarette smoke
that cause downregulation of CXCL10 and
CCLs.

In contrast to CD8 " T cells in the
airspaces, airway mucosal CD8 ™" T cells were
increased in HIV-1-infected smokers and
trended higher in uninfected smokers and
HIV-1-infected nonsmokers. This paralleled
the frequency of circulating
CXCR3"CCR5"CD8" T cells and suggests
that smoking and HIV-1 synergize to
promote retention of CD8 " T cells in the
mucosa. The increase in mucosal CD8 " T
cells was driven by an increase in Tgy; cells

and, in HIV-1-infected smokers, an
expansion in the number of Tgy; cells. The
Tgpm pool is expanded in chronic HIV-1
infection (40), and Ty numbers in the lung
are determined by the balance of Try
apoptosis and replenishment by circulating
Tewm cells (41). Thus, the increase in mucosal
Try cells in HIV-1-infected smokers may be
driven by persistent recruitment of Tgy cells
to the lung, impaired Trys-cell apoptosis, or
both.

To our knowledge, endobronchial
brushing has not previously been used to
characterize CD8 " T-cell responses in the
lung. Our data demonstrate that the
proportion of CD8" Ty cells in the mucosa
is higher than that in the BAL fluid and
indicate that Tgy; and Try cells occupy
specific niches within the lung.
Endobronchial sampling was performed after
the airways were lavaged. However, it is not
clear whether mucosal CD8 " T cells are
localized in the submucosal space or whether
they are luminal but tightly associated with
the epithelium. Regardless, endobronchial
brushing appears to access a unique immune
compartment and should prove to be a
useful technique for studying CD8" Tgy
cells in COPD and other lung diseases.

A substantial body of literature supports
arole for CD8™ T cells in COPD. CD8™"
T-cell depletion in a mouse model of
emphysema attenuates inflammation and
protects against alveolar destruction (11, 14).
Furthermore, the number of CD8" T cells in
the airways correlates with the severity of
airway obstruction and the presence of
emphysema in patients with COPD (12, 13).
It is not known whether the increase in
CD8" T cells observed in COPD is driven by
an expansion of Tgy cells, Try cells, or both,
and the specific roles of these subsets in
COPD pathogenesis have not been
elucidated.

Our study has several limitations. All of
the HIV-1-infected subjects in our cohort

were virally suppressed with cART. Thus, it
is possible that some of the differences
observed between HIV-1-uninfected
subjects and HIV-1-infected subjects are
related to cART rather than to HIV-1
infection itself. In addition, we studied
subjects at a single point in time before the
onset of structural lung disease. Longitudinal
studies are needed to determine whether
retention of CD8" T cells in the airway
mucosa leads to clinically apparent COPD
over time. Nevertheless, our data reveal a
striking increase in airway mucosal CD8 " T
cells in HIV-1-infected smokers and suggest
that this group of patients may benefit

from targeted efforts aimed at smoking
cessation.

Taken together, the findings of our
study indicate that smoking and HIV-1
promote the migration of CD8 " T cells from
the circulation into the lung through
upregulation of CXCR3 and CCR5. In HIV-
1-infected nonsmokers, CD8 " T cells are
recruited from the mucosa into the airspaces
by macrophages producing CXCL10 and
CCL5. Conversely, suppression of CXCL10
and CCLS5 production by chronic tobacco
exposure results in accumulation of CD8" T
cells in the airway mucosa of HIV-1-infected
smokers. Thus, our data identify a potential
mechanism by which HIV-1 and smoking
may accelerate the development of COPD. H
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