Neutrophils in antiretroviral therapy-controlled HIV
demonstrate hyperactivation associated with
a specific IL-17/IL-22 environment
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Background: Despite control of HIV infection under
antiretroviral therapy (ART), immune T-cell activation persists
in patients with controlled HIV infection, who are at higher risk
of inflammatory diseases than the general population. PMNs
play a key role in host defenses against invading
microorganisms but also potentiate inflammatory reactions in
cases of excessive or misdirected responses.

Objective: The aim of our study was to analyze PMN functions
in 60 ART-treated and controlled HIV-infected patients (viral
load, <20 RNA copies/mL; CD4 count, >350 cells/mm®) with
(HIV[I] group) and without (HIV[NI] group) diseases related to
an inflammatory process and to compare them with 22 healthy
control subjects.

Methods: Flow cytometry was used to evaluate PMN functions
in whole-blood conditions. We studied in parallel the activation
markers of T lymphocytes and monocytes and the
proinflammatory cytokine environment.

Results: Blood samples from HIV-infected patients revealed
basal PMN hyperactivation associated with deregulation of the
apoptosis/necrosis equilibrium. Interestingly, this
hyperactivation was greater in HIV(I) than HIV(NI) patients
and contrasted with a lack of monocyte activation in both
groups. The percentage of circulating cells producing IL-17 was
also significantly higher in HIV-infected patients than in control
subjects and was positively correlated with markers of basal
PMN activation. In addition, the detection of IL-22
overproduction in HIV(NI) patients suggests that it might
contribute to counteracting chronic inflammatory processes
during HIV infection.
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Conclusions: This study thus demonstrates the presence of
highly activated PMNs in HIV-infected patients receiving
effective ART and the association of these cells with a specific
IL-17/IL-22 environment. (J Allergy Clin Immunol

2014 ;uuN: ENN-NEN,)
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HIV-1 establishes persistent infection in human subjects.
Although antiretroviral therapy (ART) prevents AIDS-related
complications and prolongs life expectancy, HIV-1-infected
patients have several physiologic impairments and comorbidities
(eg, atherosclerosis, osteoporosis, malignancies, cognitive impair-
ment, and frailty) that are usually observed during the human aging
process.' These clinical manifestations are thought to result from
chronic increased immune activation that occurs despite effective
HIV control by ART.” Activated adaptive (eg, T lymphocytes) and
innate (mainly monocytes) cells secrete proinflammatory media-
tors, leading to the chronic low-grade inflammation that is a hall-
mark of these non-AIDS comorbidities.”

PMNs are a key component of the early innate response to
bacterial and fungal pathogens.3 In response to pathogens, PMNs
rapidly migrate from the blood to inflamed tissues, where their
activation triggers such microbicidal mechanisms as rapid pro-
duction of reactive oxygen species (ROS) in oxidative bursts.’
ROS can be harmful to their environment, including cells and tis-
sues, especially in cases of excessive release, extracellular
release, or both.” After they kill microbes, PMNs die spontane-
ously, mainly through apoptosis. Although they have a very short
lifespan, their activation by circulating microbial products, as
well as by proinflammatory mediators, promotes their survival
and is a critical mechanism in their effectiveness against patho-
gens.” Nevertheless, inappropriate PMN survival might lead to
a chronic persistent inflammatory state with ongoing release of in-
flammatory mediators and damage-associated molecular patterns
through PMN necrosis.” Thus although PMNs are primarily pro-
tective, their inappropriate, excessive, or prolonged activation
presents the risk of tissue injury and organ dysfunction and has
been involved in various inflammatory diseases, including cardio-
vascular and osteoarticular disorders.””’ The severity of these in-
flammatory processes is controlled, at least in part, by factors that
regulate PMN functions, cell death, and survival, mainly proin-
flammatory cytokines, such as IL-8, TNF-«, IL-1B, IL-6, GM-
CSF, and IL-18.*"

The role of PMNs in HIV-1 disease has mainly been examined
from the point of view of patients’ increased susceptibility to
bacterial and fungal infections. HIV-1 does not infect PMNs but
leads to impaired PMN responses (phagocytosis, oxidative burst,
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Abbreviations used
7-AAD: 7-Amino-actinomycin D
APC: Allophycocyanin
ART: Antiretroviral therapy
FITC: Fluorescein isothiocyanate
HC: Healthy control subject
HIV(): HIV-infected patients with inflammatory diseases
HIV(NI): HIV-infected patients without an inflammatory disease
MDC-8: 6-Sulfo LacNAc (Slan) DC
NRTI: Nucleoside reverse transcriptase inhibitor
PE: Phycoerythrin
ROS: Reactive oxygen species
sCD14: Soluble CD14
TLR: Toll-like receptor

and bacterial killing) and a higher rate of PMN death.”'' ART
basically corrects these abnormalities associated with HIV infec-
tion, especially CD4 cell depletion.'® However, despite the persis-
tence of increased levels of proinflammatory cytokines” that can,
as stated above, stimulate PMN activities, the possible link be-
tween excessive PMN responses and chronic inflammation in
ART-treated HIV-infected patients has never been explored.
One reason might be the difficulty of studying PMN functional re-
sponses, especially given the need to handle these samples imme-
diately after taking them.

The aim of our study was to analyze PMN functions and
survival in ART-treated patients with controlled HIV-1 infection,
as well as activation markers of T lymphocytes and monocytes
and the proinflammatory cytokine environment. We also inves-
tigated associations between these indicators and the presence of
clinical disorders related to inflammatory processes.

METHODS
Study design and patients

This cross-sectional study took place in a cohort of 60 HIV-1-infected
subjects from the Infectious Diseases Department of the Pitié Salpétriere
Hospital (Paris, France). General inclusion criteria included documented HIV
infection, age of 18 years or greater, stable ART treatment, and viral (viral
load, <20 RNA copies/mL) and immunologic (CD4 count, >350 cells/mm?)
control. Exclusion criteria included current opportunistic infections, HIV/hep-
atitis B virus/hepatitis C virus coinfection, acute inflammatory or infectious
conditions, and corticoid or immunosuppressive therapy.

Next, we classified the included patients according to the presence of
diseases related to an inflammatory process. Because chronic inflammatory
diseases are a heterogeneous group of conditions that can affect any organ or
system, we decided to select patients with (1) at least 1 of the active conditions
(major criteria) of cardiovascular disease (atherosclerosis, coronaropathy,
stroke), chronic obstructive pulmonary disease, vasculitis, or chronic arthritis
or (2) at least 2 of the (minor criteria) conditions of hypertension, metabolic
syndrome, lipodystrophy, diabetes type 2 with vascular complications, or
osteoporosis/osteopenia. Patients meeting either criteria were assigned to
the group of HIV-infected patients with inflammatory diseases (HIV[I] group,
n = 18). The other group of HIV-infected patients (HIV[NI] group, n = 42)
included those with no inflammatory conditions, according to our inclusion
criteria.

All HIV-infected patients were enrolled after a physical examination
at which blood pressure, height, weight, and temperature were measured
and recorded. An extensive review was conducted of each patient’s chart
(Table I). Demographic characteristics were collected, including smoking
status and ethnicity. For comparison, peripheral blood from 22 aged-
matched healthy control subjects (HCs) was collected at the Etablissement
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Frangais du Sang (Pitié Salpétriere Hospital, Paris, France) after ethical
approval for the use of such material by the institutional review committees
of INSERM and Etablissement Frangais du Sang (convention 12/EFS/079).
Exclusion criteria in the control group included acute or chronic inflamma-
tory conditions and corticoid or nonsteroidal anti-inflammatory drugs;
smoking status and ethnicity were unavailable for these patients. The study
was approved by the local institutional ethics committee (Comité de Protec-
tion des Personnes of the Pitié Salpétriere Hospital). After written informed
consent had been obtained from the patients and control subjects, whole
blood was sampled, kept on ice, and transported immediately to the
laboratory.

Immunophenotyping of T cells and monocytes

The expression of cell-surface molecules in the T-cell and monocyte
subpopulations was assessed by using 10-color flow cytometry (Gallios Flow
Cytometer; Beckman Coulter, Fullerton, Calif). The detailed staining proce-
dure is described in the Methods section in this article’s Online Repository at
www.jacionline.org.

Determination of surface molecule expression on
PMNs

Heparin whole-blood samples were either kept on ice or incubated at 37°C
with PBS, Pam;CSK, (Toll-like receptor [TLR] 1/2 ligand, 1 pg/mL; Invivo-
Gen, San Diego, Calif), LPS from Escherichia coli serotype R515 (TLR4
ligand, 10 ng/mL; Invivogen), or TNF-a (5 ng/mL; R&D Systems, Abingdon,
United Kingdom) for 45 minutes. Samples were stained with phycoerythrin
(PE)-anti-human CD11b (DakoPatts, Glostrup, Denmark), allophycocyanin
(APC)—anti-human CD62L (BD Biosciences, San Jose, Calif), and fluorescein
isothiocyanate (FITC)—anti-human CD16b antibodies (Beckman Coulter)."
Samples were then analyzed by means of flow cytometry, as described in
the Methods section in this article’s Online Repository.

Measurement of oxidative burst of PMNs and

monocytes

Superoxide anion (O[O) production by PMNs and monocytes was
measured with a flow cytometric assay derived from the hydroethidine oxida-
tion technique.'” Heparin whole-blood samples (500 pL) were loaded for
15 minutes with 1500 ng/mL hydroethidine (Sigma Aldrich, St Louis, Mo)
at 37°C and then incubated for 45 minutes with PBS or various stimuli, as
described above. Samples were then treated with PBS or 107¢ mol/L
formyl-methionyl-leucyl-phenylalanine (Sigma Chemical, St Louis, Mo) for
5 minutes. Samples were then analyzed by means of flow cytometry, as
described in the Methods section in this article’s Online Repository.

Measurement of PMN apoptosis/necrosis

PMN cell death in whole blood was quantified with Annexin V and the
impermeant nuclear dye 7-amino-actinomycin D (7-AAD). Whole-blood
samples were incubated for 20 hours at 37°C with PBS or various stimuli, as
described above. Samples were incubated with APC-anti-CD15, FITC-
Annexin V, and 7-AAD (BD Biosciences).'” Samples were then analyzed by
means of flow cytometry, as described in the Methods section in this article’s
Online Repository.

Cytokine and soluble mediator assays

Intracellular analyses of IL-17 and IL-22 production were performed by
means of flow cytometry. A detailed procedure is described in the Methods
section in this article’s Online Repository. Cytokines and chemokines were de-
tected from serum with the Cytometric Bead Array kit (FACSCanto II, BD
Biosciences) or ELISA assays (Platinum ELISA; eBioscience, San Diego,
Calif). Soluble CD14 (sCD14) was detected from serum with an ELISA assay
(Quantikine ELISA, R&D Systems).
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TABLE Il. Characteristics of HIV-infected and uninfected subjects participating in the study

HIV-1-infected HIV(NI) patients  HIV(l) patients

HCs (n = 22) (n = 60) P value (n =42) (n =18) P value

Age (y), (median [minimum-maximum]) 44 (21-62) 48 (27-76) 126 46 (27-60) 49 (30-76) 17
Male sex, no. (%) 10 (45) 49 (82) <.02 33 (78) 16 (89) >4
Ethnicity, no. (white/black) ND 47/13 — 31 (11) 16 (2) >.1
CD4 nadir, median (minimum-maximum) — 251 (33-998) — 243 (33-998) 288 (60-468) 9
CD4 count (cells/mm?), median (minimum-maximum) 716 (510-1037) 664 (353-1499) NS 679 (343-1499) 601 (423-929) .09
CD4/CD8 ratio, median (minimum-maximum) 1.9 (1.2-3.1) 0.87 (0.11-3.18) <.001 0.89 (0.11-1.7) 0.74 (0.39-1.25) .07
Neutrophil count (cells/mm?), median (minimum-maximum) 5000 (2000-7000) 3040 (880-8236) NS 3115 (880-8236) 3020 (1750-7440) .88
ART with NRTIs, no. (%) — 46 (77) — 34 (80) 12 (66) >2
ART with protease inhibitors, no. (%) — 25 (42) — 16 (38) 9 (50) >3
Treatment duration (y), median (minimum-maximum) — 9.4 (0.17-20.01) — 7.7 (0.18-20.01) 13.96 (0.17-19.47) .13
Undectability duration (y), median (minimum-maximum) — 5.2 (0.03-13.07) — 4.8 (0.03-12.02) 5.8 (0.08-13.07) .7
Pathologies related to inflammatory process:

Chronic arthritis 2

Osteoporosis + lipodystrophy 1

Stroke with persistent neurologic symptoms 2

HT + diabetes type 2 + coronaropathy 1

HT + diabetes type 2 + peripheral vascular complications 3

HT + metabolic syndrome 4

HT + renal vascular complications 1

Coronaropathy + metabolic syndrome 1

Behget disease with vasculitis 1

Chronic obstructive pulmonary disease 1

Metabolic syndrome + lipodystrophy 1
hsCRP (mg/mL), median (minimum-maximum) 1.01 (0.19-1.97) 1.1 (0.18->10) NS 1.05 (0.18->10) 1.65 (0.2->10) 23

Statistical analysis of race/ethnicity, male sex, and type of treatment was performed with the x* test.
hsCRP, High-sensitivity C-reactive protein; HT, hypertension; ND, not determined; NS, not significant.

Statistical analysis

Data are reported as means = SEMs. The Mann-Whitney U test or 2-way
ANOVA was used to determine whether differences were significant between
groups, and Spearman correlation was used to examine the associations be-
tween PMN activation and cytokine production. All analyses were performed
with GraphPad Prism 5 software (GraphPad Software, La Jolla, Calif). The
significance level was set at a P value of less than .05.

RESULTS
Patients’ characteristics

Table | summarizes patients’ clinical and HIV-related charac-
teristics and notes the 18 HIV(I) group patients who had at least
1 chronic disease related to an inflammatory process. The 2
groups of patients, HIV(I) and HIV(NI), were similar for age,
ethnicity, sex, smoking rate, duration and type of treatment, dura-
tion of HIV undetectability, CD4/CD8 ratios, nadir CD4 counts,
PMN counts, and levels of C-reactive protein detected by using
a highly sensitive test (high-sensitivity C-reactive protein). More-
over, the indicators unrelated to disease and available for both
groups did not differ between patients and HCs.

In addition, the ultrasensitive test of viral load found less than 1
copy/mL in 46 patients, between 1 and 10 copies/mL in 8 patients,
and between 10 and 20 copies/mL in 4 patients. Furthermore, of
the 14 HIV-infected patients who did not receive nucleoside
reverse transcriptase inhibitors (NRTIs), 9 received NNRTIs
combined with either protease inhibitor (n = 2), integrase
inhibitor (n = 5), protease inhibitor plus integrase inhibitor
(n = 1), or integrase inhibitor plus CCRS antagonist (n = 1); 5
patients received either a protease inhibitor alone (n = 2) or a
protease inhibitor plus integrase inhibitor (n = 1), a protease
inhibitor plus integrase inhibitor plus CCRS antagonist (n = 1), or

an integrase inhibitor plus CCRS5 antagonist (n = 1). Clinicians
prescribed these various treatment combinations, taking account
of the duration of infection, ART drug resistance, and cumulative
toxicity of the different types of ART.

Highly activated circulating PMNs in HIV-infected
patients

PMN activation is associated with the modulation of surface
molecules, specifically a decrease in L-selectin (CD62L) or
FCyRIIIB (CD16b) and an increase in [(3,-integrins (CD11b/
CD18), through either stimulus-induced shedding'*'* or translo-
cation from intracellular granules.'> As Fig 1 shows, we observed
lower expression of CD62L and CD16b associated with higher
CD11b expression on resting PMNs from HIV-infected patients
than from HCs (Fig 1, A and B). Because PMNs are reported to
trigger microbicidal mechanisms on activation,” in unstimulated
whole-blood samples we measured ROS production and found
that it was significantly higher in HIV-infected patients than in
HCs (Fig 1, C). These results reflect the basal hyperactivation
of PMNs from HIV-infected patients.

Control of PMN death by apoptosis is paramount for effective
resolution of inflammation. In contrast, PMN death by necrosis
induces the release of harmful intracellular contents and thus
promotes proinflammatory responses.” Therefore we measured
the percentage of PMNs undergoing spontaneous apoptosis and
necrosis. Cultured whole-blood PMNs from HCs died rapidly,
mainly through apoptosis (43%) or necrosis (1.6%), as ex-
pected.'? The percentage of apoptotic PMNs was significantly
lower in HIV-infected patients because of their increased percent-
age of necrotic PMNs (Fig 1, D). This deregulation of the balance
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FIG 1. Highly activated circulating PMNs from HIV-infected patients. A and B, Expression of cell-surface
molecules on resting PMNs was studied on whole-blood samples maintained at 4°C. One histogram repre-
sentative of CD62L, CD11b, and CD16b expression at the surface of PMNs from HCs (black) and HIV-infected
patients (white) is shown; the isotype control is shown in gray (Fig 1, A). Average mean fluorescence inten-
sity (MFI) in each group is shown in Fig 1, B. C, Production of ROS by unstimulated PMNs. D, Spontaneous
PMN death was measured by incubating whole-blood samples with PBS for 20 hours at 37°C; results are
expressed as percentages of apoptotic (left) and necrotic (right) PMNs. *P < .05, **P < .01, and ***P < .001.

between apoptosis and necrosis, combined with basal PMN hy-
peractivation, might play a role in establishing chronic inflamma-
tion in these patients.

To evaluate the effect of the duration of viral undetectability on
PMN hyperactivation, we performed a sensitivity analysis that
excluded patients whose viral control was recent (<1 year) and
observed that the PMN abnormalities described above were still
detectable (data not shown). These data demonstrate that the
subgroup of HIV-infected patients with recent viral control was
not the main driver of the findings.

Lack of monocyte activation in HIV-infected
patients

Because the mononuclear phagocyte lineage also plays a
pivotal role in innate immunity and inflammatory responses, we
investigated whether this basal PMN hyperactivation in our
cohort was associated with an increased level of activated markers
in the monocyte population. Expression of the monocyte
activation markers CD44 and CDI11b and the percentage of
CD14 "HLA-DRM2" cells were similar in HIV-infected patients
and HCs (Fig 2, A), as was the sCD14 level (Fig 2, B) and distri-
bution of the different monocyte subpopulations: classical, inter-
mediate, and nonclassical (also called proinflammatory)

monocytes (Fig 2, €).' Among the proinflammatory monocytes,

we also investigated the 6-Sulfo LacNAc (Slan) DC (MDC-8)"
subset, which is a major producer of TNF-a in response to LPS
and has been found in inflamed tissues during chronic inflamma-
tory diseases, such as Crohn disease and rheumatoid arthritis.'”
As previously reported,'® the percentage of MDC-8" cells did
not differ in aviremic HIV-infected patients and HCs (Fig 2, D).
Finally, in contrast to the findings described above for PMNs,
unstimulated monocytes did not produce ROS at higher rates in
HIV-infected patients than in HCs (Fig 2, E).

Normal functional responses of PMNs from HIV-
infected patients

We next analyzed the functional capacity of PMNSs to respond
to various stimuli, including TNF-a and TLR agonists. Consistent
with previous reports that ART restores PMN functions,'"’
TLR1/2 and TLR4 agonists, as well as TNF-a, induced normal
CD62L shedding (see Fig E1, A, in this article’s Online Reposi-
tory at www.jacionline.org), normal CD11b translocation (see
Fig E1, B), and normal priming of oxidative bursts in response
to the bacterial formyl peptide formyl-methionyl-leucyl-
phenylalanine (see Fig El, C) in PMNs from HIV-infected
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FIG 2. Lack of monocyte activation in HIV-infected patients. A, Surface expression of CD44 and CD11b on
monocytes was evaluated as mean fluorescence intensity (MFI) on total CD14™" cells; HLA-DR expression
on monocytes was estimated by the percentage of CD14" cells that highly expressed HLA-DR. B, Serum
level of sCD14. C, Average percentages of classical, intermediate, and proinflammatory monocytes among
total CD14" cells in each group. D, Percentage of proinflammatory monocytes that expressed the MDC-8
marker. E, ROS production by unstimulated monocytes.

patients. Furthermore, the capacity of TLR1/2 and TLR4 agonists
to increase PMN survival did not differ between HIV-infected pa-
tients and HCs (see Fig E1, D).

Level of T-lymphocyte activation in HIV-infected
patients

Persistent T-cell activation in patients with HIV infection has
been associated with accelerated immune senescence, leading to
the accumulation of highly differentiated CD8" and CD4"
cells.”” As expected,”’*” ART-treated HIV-infected patients had
higher percentages of CD38" HLA-DR™ (activation markers)
and CD57 " (immunosenescence marker) CD8 and CD4 memory
T cells than did HCs (see Fig E2, A and B, in this article’s Online
Repository at www.jacionline.org). Percentages of CD57* CD8
and CD4 memory T cells correlated with percentages of the
corresponding CD38"HLA-DR™ CD8 and CD4 memory T cells
(see Fig E2, C).

Higher level of PMN activation in HIV-infected
patients with than in those without inflammatory
diseases

Excessive or inappropriate PMN stimulation is reported to
potentiate inflammatory responses.”> Thus we investigated
whether the PMN abnormalities described above in HIV-
infected patients compared with HCs were greater in patients
with chronic diseases related to inflammatory process (HIV[I]
group) than in the others (HIV[NI] group). First, we observed
that basal hyperactivation of PMNs was detectable even in HIV-
infected patients without inflammatory diseases. Furthermore,
unstimulated PMNs from the HIV(I) group showed stronger mod-
ulations in basal CD62L, CD11b, and CD16b expression at the
cell surface and higher basal ROS production than PMNs from
the HIV(NI) group (Fig 3, A and B). These results reflect a higher

level of basal PMN activation in patients with inflammatory dis-
eases. In addition, the percentage of necrotic PMNs was signifi-
cantly higher in the HIV(I) group compared with that seen in
the HIV(NI) group (Fig 3, C). Finally, PMN abnormalities did
not differ according to the regimen type, in particular according
to past use of some NRTIs (zidovudine, didanosine, and stavu-
dine) and protease inhibitors that have been involved in delete-
rious effects, such as mitochondrial toxicity, lipodystrophy, and
cardiovascular complications (data not shown).”*?

In contrast, we observed no significant differences in monocyte
and lymphocyte activation between the 2 groups of patients.
Monocytes from patients in the HIV(I) group did not express more
cell-surface activation markers (Fig 4, A), or produce more sCD14
(Fig 4, B) or ROS (Fig 4, C) or have a higher percentage of the
MDC-8* monocyte subpopulation (Fig 4, D) than those from the
HIV(NI) group. These findings point to a lack of monocyte
activation, even in HIV-infected patients with a history of
inflammatory diseases. In addition, the percentages of
CD38 HLA-DR™ and CD57" memory T cells were not
significantly higher in the HIV(I) group than in the HIV(NI) group
(Fig 4, E and Fig 4, F).

Specific cytokine environment in HIV-infected
patients

PMN hyperactivation during chronic inflammatory diseases
has been widely associated with excess production of proin-
flammatory cytokines.”® Therefore we investigated the cytokine
environment in HIV-infected patients. Serum IL-18, TGF-3, IL-
22 (Fig 5, A), and IL-8 (see Fig E3 in this article’s Online Repos-
itory at www.jacionline.org) levels were significantly higher in
HIV-infected patients than in HCs; in contrast, levels of various
other proinflammatory cytokines were either less than the detec-
tion limit in both groups or similar in HIV-infected patients and
HCs (see Fig E3).
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FIG 3. Higher level of PMN activation in HIV-infected patients with a history of inflammatory diseases than
in the HIV-infected patients without inflammatory diseases. A, Expression of cell-surface molecules (CD62L,
CD11b, and CD16b) on resting PMNs. B, ROS production by unstimulated PMNs. C, Percentages of
apoptotic and necrotic PMNs. All measurements were made in HCs and patients from the HIV(I) and HIV(NI)

groups. *P < .05, **P < .01, and ***P <.001.

IL-17 is widely documented to play a key role in establishing
inflammatory processes and is a critical mediator in PMN
recruitment, migration, and activation.’” Because IL-17 was not
detected in the serum of HIV-infected patients (see Fig E3), we
completed this analysis by studying intracellular production by
PBMC:s of this cytokine, as well as of IL-22, which is usually pro-
duced at the same time as IL-17.>7 After staphylococcal entero-
toxin B stimulation, PBMCs from HIV-infected patients showed
a normal capacity for intracellular production of IL-17/IL-22
(see Fig E4, B and C, in this article’s Online Repository at
www.jacionline.org), which was in accordance with previous re-
ports that long-term ART induces normalization of the capacity of
T cells to produce IL-17/IL-22.%**° More importantly, in the
absence of any stimulation, the percentages of IL-17- or IL-22—
producing PBMCs were significantly higher in HIV-infected pa-
tients than in HCs (Fig 5, B and C). The phenotypic analysis
showed that these circulating IL-17% and IL-22" cells were
mainly T helper cells (CD3+CD4+; see Fig E4, D).

We also analyzed the cells producing IL-17 or IL-22 in the
HIV() and HIV(NI) groups. Interestingly, these cytokines had
opposite profiles in the 2 groups: the percentage of IL-17" cells
was significantly lower in the HIV(NI) group than in the HIV(I)
group (Fig 5, D), whereas the percentage of IL-227 cells was
significantly higher (Fig 5, E). In addition, the percentage of
IL-22% cells (Fig 5, E), as well as the serum level of IL-22
(Fig 5, F), in patients in the HIV(I) group did not differ from
that observed in HCs.

Finally, to investigate the relation between the percentage of
circulating IL-17" cells and basal PMN activation, we set the
threshold for positivity at 0.03% of IL-17" cells (corresponding
to a tripling over the isotype control). We found that the percent-
age of IL-177 cells correlated positively with basal PMN expres-
sion of CD11b and ROS production and negatively with basal
PMN expression of CD62L (Fig 5, G).

DISCUSSION

Our results demonstrate the presence of continuous basal
hyperactivation of PMNs in patients with HIV infection
controlled by ART and thus extend the data previously
reported for uncontrolled treated and untreated patients.”’
PMN hyperactivation was associated with deregulation of the
equilibrium between PMN apoptosis/necrosis observed in
HIV-infected patients; this imbalance could be related to
impaired phagocytosis of apoptotic PMNs by macrophages
isolated from HIV-1-infected patients31 and might be a supple-
mental factor promoting the development of chronic inflamma-
tion. These abnormalities were associated with a specific
cytokine environment characterized by increased production
of IL-18, IL-17, and IL-22. Interestingly, we show that PMN
activation was exacerbated in the HIV(I) group compared
with that seen in the HIV(NI) group; the former also expressed
higher levels of IL-17 and low levels of IL-22. In contrast,
T-cell activation was similar in both groups, and circulating
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FIG 4. Similar level of monocyte and T-cell activation in HIV-infected patients with a history of inflammatory
diseases and HIV-infected patients without inflammatory diseases. A-D, CD44, CD11b, and HLA-DR expres-
sion on monocytes (Fig 4, A); serum level of sCD14 (Fig 4, B); ROS production by unstimulated monocytes
(Fig 4, C); and percentages of proinflammatory monocytes that expressed the MDC-8 marker (Fig 4, D). E
and F, Percentage of memory CD3"CD8" cells (left) or CD3"CD4" cells (right) that expressed both CD38
and HLA-DR (Fig 4, E) or CD57 (Fig 4, F) markers. All measurements were made in HCs and patients in
the HIV(I) and HIV(NI) groups. **P < .01 and ***P < .001.

monocytes were not activated in either, not even among the
patients in the HIV(I) group.

Chronic immune activation in HIV-infected patients receiving
ART has previously been associated with increased levels of
circulating classical proinflammatory cytokines, such as TNF-c,
IL-1P3, and IL-6.> Nevertheless, the level of these cytokines in our
study were less than the detection limit or similar to those of HCs.
These results are supported by the findings of Cozzi-Lepri et al,””
who observed median plasma concentrations of these cytokines of
less than 10 pg/mL in HIV-infected patients receiving long-term
ART. Our finding that levels of monocyte chemoattractant protein
1 were normal further extends our demonstration of the lack of
monocyte activation. Previous studies have reported higher circu-
lating levels of proinflammatory cytokines and monocyte activa-
tion in various cohorts of HIV-infected patients treated for a
maximum of 2 years and with inclusion criteria for the plasma
viral load that were higher than in our study.”®° These less strict
viral load criteria suggest the possibility of incomplete viral sup-
pression. The data obtained from our HIV cohort (median treat-
ment duration, 9.4 years/viral load <20 RNA copies/mL)
suggest that a longer duration of ART and consequently of viral
suppression can restore some HIV-associated immunologic

abnormalities, such as increased proinflammatory cytokine levels
and monocyte hyperactivation.

In contrast, serum IL-18 levels were significantly greater in
HIV-infected patients than in HCs, also as expected. IL-18
production requires activation of the inflammasome, a group of
multimeric protein complexes that sense stress signals, activate
caspase 1, and thus cause its proteolytic cleavage.”” HIV-1 is re-
ported to induce in vitro IL-18 production by macrophages.”' In
addition, Pontillo et al*> demonstrated that HIV can induce the
specific expression of NALP3 inflammasome components in den-
dritic cells within moments of virus-cell interaction. Although
ART induced undetectable plasma viral load in the HIV-
infected patients included in our study, HIV clearly persists in
tissues through multiple mechanisms and thus might activate
the inflammasome.®’ It might also be activated by increased
plasma levels of extracellular mitochondrial DNA released from
damaged or dead cells, such as necrotic PMNs.** Interestingly,
we found a higher percentage of necrotic PMNs in HIV-
infected patients than in HCs.

IL-18 enhances PMN functions, including priming PMN
oxidative bursts and degranulation.45'4(’ In turn, activated PMNs
produce IL-18,"” a process that might maintain a vicious cycle.
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Increased IL-18 production that matches increased TGF-f3 levels
might be involved, at least in part, in the expansion of cells ex-
pressing IL-17 in HIV-infected patients.”® Furthermore, IL-17
production was higher in the HIV(I) group than in the HIV(NI)
group and was positively correlated with basal PMN hyper-
activation. IL-17 plays a central role in both host defense and
the induction and progression of multiple chronic inflammatory
diseases.”’* Various immunohistochemical studies of inflamma-
tory diseases, such as rheumatoid arthritis and atherosclerosis,
have highlighted a high frequency of IL-17-expressing cells
entering tissue. The presence of IL-17" cells has been associated
with recruitment of PMNs, which is in turn related, at least in part,
to IL-17-induced production by endothelial cells of IL-8,7" a

major chemokine involved in PMN activation and survival.” In
agreement with those findings, we observed a significantly higher
circulating level of IL-8 in HIV-infected patients than in HCs.
IL-22, a member of the IL-10-related cytokine family, is
usually produced together with IL-17.>” Consistent with this gen-
eral rule, we observed a higher percentage of circulating IL-22*
cells in our cohort. IL-22 can play a pathogenic or protective role
in patients with chronic inflammatory diseases, depending on the
type of tissue and the local cytokine milieu.” > In particular, IL-
22 has properties that repair and regenerate epithelium,’® and its
protective role against HIV-induced damage to the gut epithelium
has recently been reported.”’ Interestingly, expression of IL-22 in
the HIV(I) group was poor. It might be hypothesized that the
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recruitment and activation of PMNs. IL-18 might also activate PMNs directly; this in turn might produce IL-
18. Cytotoxic contents released by activated and necrotic PMNs lead to tissue injury. Vascular and tissue
lesions might be counteracted by IL-22, depending on the level of this cytokine.

higher levels of IL-22 observed in the HIV(NI) group exert a
beneficial effect by moderating and controlling the tissue damage
mediated by PMN hyperactivation. The mechanisms involved in
the absence of IL-22 production observed in HIV-infected pa-
tients with inflammatory diseases also remain to be elucidated.

To sum up, IL-18 might act through one of 2 major
mechanisms, either directly by activating PMN functions or
indirectly by inducing the expansion of the IL-17-producing
cells involved in PMN recruitment and activation. Activated
PMNSs in turn produce IL-18, and necrotic PMNs stimulate the
inflammasome and thereby amplify IL-18 production. Acti-
vated and necrotic PMNs induce vascular and tissue lesions that
might be counteracted by IL-22, depending on the level of this
cytokine (Fig 6).

The limitations of the present study pertain to its observa-
tional design and the use of samples from patients who
already presented signs of inflammatory disease. Longitudinal
assessment of PMN activation, the IL-18/IL-17/IL-22 envi-
ronment, and the effect of both on the development and
severity of inflammatory diseases will be needed. In addition,
we had a relatively limited number of patients, and our
observations must be corroborated in larger cohorts. This
small headcount could explain the absence of significant
differences concerning the markers of T lymphocytes between
the HIV(NI) and HIV(I) groups. Nevertheless, our study
makes clear that PMN activation is the most sensitive
biological marker for discriminating between patients in the
HIV(NI) and HIV(I) groups.
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In conclusion, our clinical study performed in patients
receiving ART with controlled HIV infection brought to light
new immunologic features that might play a role in their increased
risk of chronic inflammatory pathologies, such as cardiovascular
and bone diseases.

We thank V. Cornette for his helpful contribution.

Key messages

o Neutrophil hyperactivation is observed in ART-treated

HIV-infected patients and associated with a specific IL-
17/IL-22 environment.

e This hyperactivation is more accentuated in HIV-infected
patients with chronic diseases related to an inflammatory
process.
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METHODS

Immunophenotyping of T cells and monocytes

Expression of cell-surface molecules in the T-cell and monocyte sub-
populations was analyzed with the Gallios flow cytometer. The following
fluorochrome-conjugated anti-human mAbs were used: CD45RA-FITC
(clone 2H4), CD27-PE (clone 1A4CD27), CD28-Electron Coupled Dye
(ECD) (clone CD28.2), CD38-PC5.5 (clone T16), CCR7-PC7 (clone 3D12),
HLA-DR-APC (clone Immu-357), CD8-AF700 (clone B9.11), CD3-AF750
(clone UCHT1), CD57-Pacific Blue (clone NC1), CD4—Krome Orange (clone
13B8.2), MDC-8-FITC (clone DD1), CD44-PE (clone J.173), CD14-ECD
(clone RMO52), CD11b-PC7 (clone Bearl), and CD16-PC7 (clone 3G8). All
antibodies were purchased from Beckman Coulter, except for CCR7, which
was obtained from BD Biosciences, and MDC-8, which was obtained from
Miltenyi Biotec (Bergisch Gladbach, Germany). EDTA whole-blood samples
were labeled for 30 minutes at 4°C with a cocktail of antibodies. The blood was
then lysed with BD FACS Lysing Solution, and cells were then resuspended
with Cell Fix 1X (BD Biosciences). At least 20,000 events corresponding to
lymphocytes or monocytes according to their forward- and side-scatter
characteristics were acquired with the Gallios flow cytometer and further
analyzed with Kaluza software (Beckman Coulter).

Flow cytometric analysis of PMN and monocyte

functions

PMNs and monocytes were analyzed with the Gallios flow cytometer and
Kaluza software. All fluorescence measurements were conducted with
identical settings. To determine the expression of surface molecules on
PMNs and ROS production by PMNs, forward- and side-scatter characteristics
were used to identify the PMN population and to gate out other cells and
debris, and 10,000 events were counted per sample. Results were expressed as
mean fluorescence intensity. An anti-CD14 antibody was used to identify the
monocyte population, which appeared on the ECD-CDI4 antibody
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fluorescence histogram as highly fluorescent CD14" cells (CD14"€" cells),
to measure ROS production by monocytes. CD14 expression was the same
in HIV-infected patients and control subjects. A total of 10,000 CD14"" cells
were counted per sample.

PMNs were identified as CD15"" cells to measure cell death in whole
blood by means of flow cytometry, and 2 X 10° events were counted per sam-
ple. Results were expressed as the percentages of apoptotic (Annexin V*/7-
AAD") and necrotic (Annexin V*/7-AAD™") PMNs.

Intracellular assays of IL-17 and IL-22 expression

Five hundred thousand PBMCs were cultured overnight in RPMI 1640
supplemented with 10% FCS, 1% glutamine, 1% pyruvate, 1% antibiotics
(Invitrogen GIBCO, Carlsbad, Calif), and 5 pg/mL Brefeldin A (Sigma-
Aldrich, St Louis, Mo) to block trans-Golgi trafficking (secretion pathway).
For stimulated conditions, staphylococcal enterotoxin B (2 pg/mL, Sigma-
Aldrich) was added 30 minutes before Brefeldin A. PBMCs were first
stained with eFluor 450 Fixable Viability Dye (eBioscience) and anti-
human CDI4-ECD, CD8 AF700, CD3-AF750, CD4-Krome Orange
(Beckman Coulter), iNKT-PE (clone 6B11, BD Biosciences) and T-cell
receptor yd—FITC (clone B1.1, eBioscience). For intracellular analyses,
cells were fixed and permeabilized for 45 minutes at 4°C with the Cytofix/
Cytoperm kit (BD Biosciences) and incubated with an anti-human IL-17A—
eFluor 660 (clone eBio64DEC17) and anti-human IL-22—peridinin-chloro-
phyl-protein complex eFluor 710 (clone 22URTI)-conjugated antibodies
(eBioscience) for 30 minutes at 4°C. Cells were then washed and fixed with
BD Cell Fix 1X.

Two hundred fifty thousand events were acquired with the Gallios flow
cytometer and analyzed with Kaluza software to determine the percentages of
IL-17" and IL-227 cells. Cells were first gated on the basis of forward- and
side-scatter characteristics. Then only singlets and live cells (defined by the
Fixable Viability marker) were included in the analysis.
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FIG E1. Normal functional capacities of PMNs from HIV-infected patients depending on the agonist. A and
B, CD62L (Fig E1, A) and CD11b (Fig E1, B) expression on the PMN surface was measured after incubation of
whole-blood samples for 45 minutes with PBS, TLR1/2 agonist, TLR4 agonist, or TNF-a. C, ROS production
by PMNs was measured after pretreatment of whole-blood samples for 45 minutes with PBS, TLR1/2
agonist, TLR4 agonist, or TNF and stimulation for 5 minutes with formyl-methionyl-leucyl-phenylalanine
(fMLP). D, PMN survival was analyzed by incubating whole-blood samples with PBS, TLR1/2 agonist, or
TLR4 agonist for 20 hours at 37°C; the percentage of apoptotic PMNs was determined, as described in
the legend of Fig 1. All measurements were taken in HCs and HIV-infected patients. Values are means *+
SEMs. ***P < .001.
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FIG E2. Levels of T-cell activation and immunosenescence. A, Percentage of memory CD3"CD8" (upper
panel) or CD3"CD4™ (lower panel) cells that express both CD38 and HLA-DR markers. B, Percentage of mem-
ory CD3*CD8" (upper panel) or CD3"CD4" (lower panel) cells that express the CD57 marker. Memory cells
were defined by means of Boolean gating with Kaluza Software (CD4" or CD8* and not naive cells). C, Cor-
relation between markers of T-lymphocyte activation and T-lymphocyte immunosenescence.
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FIG E3. Cytokine quantification in HIV-infected patients. Multiple cytokines and chemokines were quantified
in serum from HCs and HIV-infected patients. IL-23, IL-21, and IL-1B levels were measured by means of
ELISA, whereas IL-17A/F, monocyte chemoattractant protein 1 (MCP-1), IL-8, IL-6, TNF-q, IL-10, IFN-a, and
GM-CSF were detected by using the Cytometric Bead Array. *P < .05.
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FIG E4. Intracellular cytokine analysis. A, Gating process. Cells were first gated on the basis of forward-
scatter (FS) and side-scatter (SS) characteristics (gate A). Then only singlets (gate B) and live cells (defined
by the Fixable Viability marker eF450) were included in the analysis. B, Representative dot plots of IL-17*
cells after incubation without (NS) or with staphylococcal enterotoxin B (SEB) in 1 HC and one HIV-
infected patient. The negative control used isotype fluorochrome-conjugated antibodies (/so) correspond-
ing to anti-IL-17 fluorochrome-conjugated antibody. C, Percentage of total IL-17" (left) and IL-22" (right)
cells among PBMCs after SEB stimulation in HC and HIV-infected patients with (HIV[I]) or without (HIV
[NI]) inflammatory diseases. D, After gating on total IL-17" or IL-227 cells, phenotype analyses were per-
formed. We used the expression of CD3 and CD4 markers to define T helper cells, the CD14 marker to define
monocytes, and the iNKT (TCRVa24-VB11) and Tyd (TCRvy3) markers. Each selected dot plot represents 1

HIV-infected patient.
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