Research Article

Journal of INMN a..te
Immunity

JInnate Immun 2020;12:170-181
DOI: 10.1159/000499841

Received: October 29, 2018
Accepted after revision: March 21,2019
Published online: June 21,2019

Mass Cytometry Reveals the Immaturity
of Circulating Neutrophils during SIV

Infection

Julien Lemaitre® Antonio Cosma?

Roger Le Grand?

Delphine Desjardins?

Olivier Lambotte® P

2INSERM U1184, Immunology of Viral Infections and Autoimmune Diseases, IDMIT Department, IBFJ, CEA -
Université Paris-Sud 11, Fontenay-aux-Roses/Le Kremlin-Bicétre, France; PService de Médecine Interne et
Immunologie Clinique, Hopital Bicétre, Assistance Publique — Hopitaux de Paris, Le Kremlin-Bicétre, France

Keywords
AIDS - Antiretroviral treatment - Mass cytometry -
Neutrophils - Nonhuman primate - Phagocytosis

Abstract

The infected host fails to eradicate HIV-1, despite significant
control of viral replication by combinational antiretroviral
therapy. Here, we assessed the impact of HIV infection on
immune-cell compartments in a SIVmac251 nonhuman pri-
mate infection model, which allowed the choice of contam-
ination route, time of infection, and treatment follow-up. We
performed high-throughput multiparameter single-cell
phenotyping by mass cytometry to obtain a global vision of
the immune system in blood and bone marrow. Circulating
polymorphonuclear neutrophils (PMNs) with impaired
phagocytosis had altered surface expression of CD62L and
CD11b during early chronic infection. The initiation of com-
binational antiretroviral treatment during primary infection
did not restore PMN function. The maturation state of PMNs
was highly altered during late chronic SIV infection, showing
a primarily immature phenotype. Our results provide new

insights into PMN involvement in the pathogenesis of HIV
infection and may play a role in the establishment and main-
tenance of chronic immune activation.
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Introduction

Combinational antiretroviral treatment (cART) has in-
creased life expectancy and the quality of life of HIV-infect-
ed patients. Nevertheless, lifelong treatment is necessary to
control virus replication because of the inability of cART
and host defenses to eradicate the virus. HIV persistence is
associated with chronic inflammation in many infected pa-
tients, leading to an increased risk of comorbidities, such as
cardiovascular diseases [1], neurocognitive disease [2], kid-
ney disease [3], and cancer [3]. The proinflammatory cyto-
kine IL-6 and soluble (s)CD14 and sCD163 levels are asso-
ciated with an increased risk of mortality for both treated
and untreated HIV-infected patients [4-6]. Inflammatory
markers can also be directly linked to the monocyte and
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macrophage activation associated with microbial translo-
cation that occurs in HIV infection [7]. Finally, chronic in-
flammation contributes to exhaustion of the adaptive im-
mune system and T-cell activation. Polymorphonuclear
neutrophils (PMNs) are myeloid cells that are also associ-
ated with chronic inflammation in autoimmune diseases,
such as rheumatoid arthritis [8]. However, few studies have
been conducted on their role in HIV infection. In chronic
HIV-1 or SIV infection, neutrophils show an activated pro-
file [9], increased sensitivity to apoptosis [10], and impaired
phagocytosis [11, 12]. Neutrophils have been shown to sup-
press interferon-y production by CD8+ T cells in chronic
HIV-1 infection via the PD-L1/PD-1 axis and were more
prone to degranulation, contributing to chronic immune
activation in patients [13].

It is currently difficult to obtain a global view of the
impact of HIV infection on the immune system, espe-
cially on myeloid cells. Available studies have several lim-
itations. Bone marrow, which is the differentiation and
maturation compartment of myeloid cells, is still poorly
characterized in HIV infection. In addition, innate im-
munity plays a major role in the first steps of any infec-
tion, but the study of the first days of infection is rare in
humans because of limited sample availability. Cynomol-
gus macaques infected with SIVmac251 are a suitable
model to overcome such limitations, because many as-
pects of this model parallel those of HIV-1 physiopathol-
ogy [14-17] and the hematopoietic system of macaques
is similar to that of humans [18, 19].

We characterized myeloid-cell heterogeneity in cyno-
molgus macaque blood and bone marrow using recently
developed mass cytometry technology, based on metal iso-
tope-conjugated antibodies, that enables the detection of
more than 40 markers per cell [20], providing major ad-
vantages over conventional flow cytometry. The back-
ground is very low because heavy metals are not present in
biological specimens and there is no need for channel com-
pensation, as required for laser-based flow cytometry. Our
analysis suggests significant modification of the myeloid-
cell compartment, especially circulating PMNs. During the
early chronic phase, PMNs had surface expression of PMN
CD62L decreased and that for CD11b increased, suggest-
ing that PMNs were primed in SIV infection. In parallel,
circulating PMNs demonstrate a mature phenotype but
phagocytosis was impaired. In late chronic SIV infection,
blood PMNs consisted of mostly immature neutrophils.
These results highlight the need for further study of tissue
myeloid-cell dynamics in an HIV infection model to better
understand chronic inflammation and design new treat-
ments for HIV remission and a functional cure.

Immature Neutrophils in SIV Infection

Materials and Methods

Nonhuman Primates and Whole-Blood Collection

Twenty-nine cynomolgus macaques (Macaca fascicularis), im-
ported from Mauritius, were housed at the IDMIT infrastructure
animal facility at the CEA, Fontenay-aux-Roses, France. Animals ex-
pressing the H6 MHC haplotype were excluded because of their in-
creased natural capacity to control SIVmac251 infection [21]. Seven-
teen animals were infected by intravenous inoculation with 1,000
animal infectious dose 50% (AID50) of pathogenic STVmac251 iso-
late and followed for 18 months [22]. Six SIV-infected animals were
subcutaneously treated daily, starting from 28 days after infection,
with a combination of two nucleoside reverse-transcriptase inhibi-
tors, emtricitabine (40 mg/kg) and tenofovir disoproxil fumarate (5.1
mg/kg), and one integrase inhibitor, dolutegravir (2.5 mg/kg) [23].
Twelve healthy macaques were used as an uninfected control group.

Three healthy animals and 2 SIV-infected animals, which were
sampled 18 months after inoculation, were used for mass cytometry
analysis. In addition, 15 animals in the early chronic phase of SIV
infection (120-288 days after inoculation) were used, along with 9
uninfected macaques (online suppl. Table 1; for all online suppl.
material, see www.karger.com/doi/10.1159/000499841), for flow
cytometry analysis. Blood was drawn, and bone marrow aspirates
were collected under anesthesia, consisting of an intramuscular in-
jection of 10 mg/kg ketamine (Rhone-Mérieux, Lyon, France).
Blood was collected into lithium-heparin tubes (Vacutainer BD,
USA) and bone marrow aspirates from the iliac crest usinga 10-mL
18-G syringe containing citrate dextrose (10 mg/mL).

The macaque studywasapproved bythe Ministérede]’Education
Nationale, de 'Enseignement Supérieur et de la Recherche (France)
and the ethics committee Comité d’éthique en expérimentation an-
imale No. 44 under reference 2015102713323361.02 (APAF-
IS#2453). Animals were handled in accordance with national regu-
lations (CEA accreditation No. D92-032-02) and European Direc-
tive (2010/63, recommendation No. 9) in compliance with the
Standards for Human Care of the Office for Laboratory Animal
Welfare (OLAW, USA) under OLAW Assurance No. A5826-01.

Reagents and Cell Preparation and Storage for Mass Cytometry

Blood and bone marrow samples were processed using a previ-
ously described procedure, consisting of fixation, red blood cell lysis,
and freezing [19], that allows the recovery of all blood leukocyte pop-
ulations, especially PMNs, which are highly labile and cryosensitive.
Briefly, 1 mL of whole blood or bone marrow aspirate was mixed
with 10 mL fixation mixture and incubated on ice for 10 min. After
centrifugation, red blood cells were lysed by adding 10 mL Milli-Q
water at room temperature (RT) and incubating the samples for 20
min. After two washes with 1x modified Dulbecco’s phosphate-buft-
ered saline (DPBS), the cells were counted and stored at —-80°C in
fixation mixture at a final concentration of 15 x 10° fixed leukocytes/
mL and distributed into aliquots containing 3 x 10° cells.

Staining and CyTOF Acquisition

Three million fixed cryopreserved cells were thawed at 37°C,
washed twice with PBS/0.5% bovine serum albumin and incubated
on ice for 30 min with the metal-labeled surface antibodies listed
in online supplementary Table 2. All antibodies were previously
tested for cross-reactivity against cynomolgus cells [19]. After two
washes with 1x modified DPBS, the cells were fixed with PBS/1.6%
paraformaldehyde (PFA) at RT for 20 min and permeabilized with
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Abundance analysis

notated, and abundance variation was ana-
lyzed using the SPADRVizR R-package.

1x Perm/Wash Buffer (BD Biosciences) at RT for 10 min. Intracel-
lular antibodies and iridium nucleic acid intercalator were incu-
bated on ice for 30 min. After two washes with 1x modified DPBS,
the cells were fixed with PBS/1.6% PFA at RT for 20 min, centri-
fuged, and stored overnight in 0.1 uM iridium nucleic acid interca-
lator in PBS/1.6% PFA. The following day, the cells were washed
with Milli-Q water, resuspended in 1 mL Milli-Q water, and fil-
tered through a 35-um nylon mesh cell strainer (BD Biosciences),
before the addition of EQTM Four-Element Calibration Beads
(Fluidigm, San Francisco, CA, USA), according to the manufac-
turer’s instructions. Each sample was split in half and run the same
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day to reduce instrument variation. The number of acquired cells
is given in online supplementary Table 3 for each sample.

Data Processing and Analysis for CyTOF

Data were normalized using Rachel Finck’s MATLAB normal-
izer [24]. Replicates were concatenated using the FCS file concat-
enation tool (Cytobank, Mountain View, CA, USA). Four-Element
Calibration Beads were excluded by manual gating on the Ce!%
channel. Singlets were selected on an '°!Ir DNA intercalator/cell
length bivariate plot (Fig. 1). We consistently observed a clear pop-
ulation of cells showing a strong background in all channels and in
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all samples, but absent from the CD66abce/CD3 bivariate plot. Re-
cently, Rahman et al. [25] reported generalized nonspecific metal-
conjugated antibody binding by eosinophils during the staining of
fixed whole-blood cells, resembling the pattern observed in our
fixed whole-blood samples, suggesting that these double-positive
cells were eosinophils. We further excluded CD66abce/CD3 dou-
ble-positive eosinophils from mass cytometry analysis.

One spanning-tree progression analysis of density-normalized
events (SPADE) [26] was performed on both blood and bone mar-
row data sets using 33 clustering channels. Cell nodes generated by
SPADE were manually annotated accordingly to the rules shown
in online supplementary Table 4. We performed a deeper analysis
of these nodes using our recently released SPADEVizR R-package
[27], dedicated to cytometry data analysis and focusing primarily
on SPADE-derived data. The SPADE nodes were categorized by
calculating the 1st and 99th percentiles of the expression distribu-
tion of the total cells for each marker and dividing this range into
five expression categories (online suppl. Fig. 1). The mean of the
median marker expression of cells contained in each node was
then used to assign the expression of each marker to one of the five
categories. Data for individuals with less than 50 events in a given
node were excluded from the calculation to avoid biasing the phe-
notypical characterization of these small cell nodes. Hierarchical
clustering was performed using the Euclidean metric and complete
linkage method we recently published [27].

Flow Cytometry Cell Preparation and Phagocytosis Assay

Briefly, heparinized whole blood was processed within 1 h fol-
lowing blood draw to preserve neutrophils. For the phagocytosis as-
say, 100 uL whole blood was incubated for 15 min onice orina 37°C
water bath with Escherichia coli fluorescent bioparticules (pHrodo™
BioParticles, ThermoFisher) at a 20:1 ratio of particles to phagocytes.
Phagocytosis was stopped by transferring the samples to ice and the
addition of 20 ng cytochalasin D, inhibiting actin polymerization
and further stopping phagocytosis of bioparticles. For phenotypic
analysis and the phagocytosis assay, viability staining was first per-
formed for 15 min at room temperature, according to the manufac-
turer’s protocol (Live Dead, ThermoFisher). Then, antibody staining
was performed with the following antibodies for 15 min at RT: CD64
BUV732 (10.1, BD Bioscience), CD11b V450 (ICRF144, BD Biosci-
ence), CD3 BV605 (SP34.2, BD Bioscience), CD8a BV605 (RPATS,
BD Bioscience), CD20 BV605 (2H7, BD Bioscience), CD62L BV711
(SK11, BD Bioscience), CD32abc BV786 (FLI8.26, BD Bioscience),
CD14 FITC (M5E2, BD Bioscience), CD16 PerCP-Cy55 (3G8, BD
Bioscience), CDw125 PE (A14, BD Bioscience), CXCR4 PE-Dazzle
594 (12G5, Biolegend), CD89 PE-Cy7 (A59, Biolegend), HLADR
AF700 (L234, Biolegend), and CD66abce APC-Vio770 (TET?2,
Myltenyi Biotec). Samples were then lysed and fixed using BD fluo-
rescence-activated cell sorting (FACS) Lysing (BD Bioscience) for 15
min. After an additional wash with PBS, acquisition was performed
on a BD FORTESSA flow cytometer (BD Bioscience) and analyzed

Fig. 2. Bone marrow and blood leukocyte characterization by mass
cytometry. The SPADE tree shows the global analysis of leukocyte
populations in blood and bone marrow from uninfected and
chronically SIV-infected macaques. a The topology of the SPADE
tree is shown with the cluster number associated with each node
and color according to manually annotated leukocyte populations.

Immature Neutrophils in SIV Infection

using Flow]Jo software. The fluorescence of the bioparticles increases
with acidification of the phagolysosome. Thus, we measured neutro-
phil phagocytosis by determining the percentage of pHrodo-positive
PMN:Ss. Then, we calculated the phagocytosis ratio to remove back-
ground fluorescence as follows:

% pHrodo PMN at 37 ° — % pHrodo PMN at 0°C
% pHrodo PMNsat 0°C '

Neutrophil Cell Sorting and Cytology

For cell sorting by flow cytometry, whole blood or bone mar-
row from two uninfected animals were first NH4Cl lysed, then FcR
were blocked using cynomolgus macaque serum. Cells were count-
ed and incubated 30 min with the following antibodies: CD11b
(ICRF44), CD45 (D058-1283), CDw125 (A14), CD3 (REA994),
CD20 (LT20), CD8a (BW135/80), CD14 (TUK4) CD32a (IV.3),
and CD66 (TET2). Cell sorting was performed on FACSAria I flow
cytometer (Becton Dickinson). Sorted populations were cyto-
spined and then stained by May-Griinwald-Giemsa. Pictures were
taken by a Nikon Eclipse 80i with Dxm 1200C digital camera at
60x magnification. Cells were identified by morphological criteria
by a cytologist. Myeloblasts, promyelocytes, and myelocytes were
considered as pre-neutrophils, metamyelocytes, and band cells as
immature neutrophils and segmented neutrophils as mature.

Results

Identification of Leukocyte Changes during

SIVmac251 Infection by Mass Cytometry

We first performed a pilot study in animals in the late
chronic phase of SIV infection (18 months) to maximize
the chance of unraveling major changes among cell sub-
sets by multidimensional mass cytometry analysis. We
used an unsupervised computational approach to objec-
tively uncover cellular phenotypic heterogeneity from
single-cell high-dimensional data (Fig. 1). SPADE analy-
sis allows the organization of cells into a hierarchy of re-
lated phenotypes, forming cell clusters with close pheno-
typic profiles [26]. We created a 100-cluster common
SPADE tree, which recapitulates the phenotypes of blood
and bone marrow cell populations, to investigate the im-
pact of SIVmac251 infection in the macaques. Clusters
were grouped based on major cluster determinant mark-
ers (Fig. 2 and online suppl. Table 4), such as neutrophils,
basophils, T lymphocytes, B lymphocytes, monocytes,

¢DC, classical dendritic cells; pDC, plasmacytoid dendritic cells.
b The tree was built using all samples and split according to the
compartment and SIV status. Each dot represents a cluster with
the size proportional to the cell abundance among all cells. SIV
infection led to changes in the abundance of neutrophil clusters in

both blood and bone marrow.
(For figure see next page.)
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classical dendritic cells, and plasmacytoid dendritic cells.
The study focused on myeloid cells. Thus, few markers for
lymphoid cells were included, resulting in a limited num-
ber of T-, B-, and NK-cell clusters determined by the
SPADE algorithm.

Despite the lack of lymphocyte markers, we observed
already described CD4 T-cell, CD8 T-cell, and NK-cell
phenotypes that characterize chronic SIV and HIV infec-
tion, thus validating the mass cytometry approach and
analysis pipeline we used. Late chronic SIV infection af-
fected peripheral T cells, decreasing the abundance of five
clusters of CD4 T cells (#3, 12, 13, 26, and 36) in SIV-in-
fected individuals (Fig. 2), as expected. Clusters 3, 12, and
13 were characterized by CD25M&h CCR7Msh CD29mid/high
cells, which disappeared from the blood (online suppl.
Fig.1). CD8 T-cell clusters (#73,42,and 22) that increased
during late chronic SIV infection were CX3CR1high 4
marker previously correlated with cytotoxic function and
effector differentiation [28]. NK-cell clusters enriched
during late chronic SIV infection (#14, 35, and 70) ex-
pressed granzyme and perforin, displaying a cytotoxic
profile. Peripheral B-lymphocytes had a specific pheno-
typic pattern during SIV infection (Fig. 2). The bone mar-
row of infected monkeys showed a striking decrease in T
cells, associated with an increase in CD45 cell subsets.

Mass Cytometry Shows Neutrophils to Be Diverse and

Immature during Late Chronic SIV Infection

We focused our analysis on PMNS, as mass cytometry
associated with SPADE analysis revealed strong hetero-
geneity of PMN populations in blood and bone marrow.
Indeed, 28 of 100 clusters were classified as PMNs, based
on the expression of CD66 and the lack of other lineage
markers.

In the uninfected control group, PMN clusters were
separated into two distinct branches, depending on blood
or bone marrow origin (Fig. 2). Bone marrow and blood
PMNs had clearly distinct phenotypes, as expected. Pe-
ripheral PMNs appeared to be highly affected by infec-

tion, showinga clear enrichment of bone-marrow pheno-

Fig. 3. Determination of neutrophil maturation stage during SIV
infection. a Neutrophil maturation stage and phenotype according
to compartment. The relative expression of CD11b, CD32, CD45,
CD66, and CXCR4 allow us to split neutrophils into three popula-
tions according to maturation: pre-neutrophils, immature neutro-
phils, and mature neutrophils. b FACS gating strategy and repre-
sentative May-Griinwald-Giemsa-stained cytospin of sorted
CD11b- CD32a- pre-neutrophils, CD11b+ CD32a™ immature
and CD11b+ CD32a"s" mature neutrophils. ¢ SPADE tree from

Immature Neutrophils in SIV Infection

type. Neutrophil granulopoiesis can be divided into three
different maturation stages based on proliferation capac-
ities, phenotype, and cell morphology [29]. Pre-neutro-
phils are PMN precursors with proliferative capacities,
which further differentiate into immature and mature
neutrophils. We were able to associate cluster phenotypes
by neutrophil maturation stage in bone marrow from the
uninfected control group based on CD66, CD45, CXCR4,
CD32, and CD11b expression profiles (Fig. 3a) [30, 31].
Using FACS, in combination with cytospin, we were able
to confirm cell morphology associated with maturation
phenotypes identified by mass cytometry in blood and
bone marrow (Fig. 3b). Pre-neutrophil phenotype was as-
sociated with myeloblasts, promyelocytes, and myelo-
cytes in May-Griinwald-Giemsa-stained cytology. Im-
mature phenotype was mainly associated with metamy-
elocyte/band cell cytology, and the mature fraction
contained segmented neutrophils. Frequency of pre-neu-
trophils, immature and mature neutrophils obtained in
FACS analysis were consistent with mass cytometry data.
Bone marrow had highly abundant pre-neutrophils and
immature neutrophils (Fig. 3b, c) [29, 32], as expected.
Mass cytometry analysis was also able to detect a small
number of pre-neutrophils and immature neutrophils in
the blood of uninfected macaques, with the dominant
population being mature neutrophils, as expected. Late
chronic SIV infection led to a redistribution of neutro-
phils in the blood and bone marrow. Mature neutrophils
were no longer present in the circulation and were re-
placed by immature neutrophils (Fig. 3c). This global
change in neutrophil maturation was characterized by
low expression of CD11b, CD32, CD45, and CD66
(Fig. 3a). In addition, bone marrow pre-neutrophils were
more abundant in chronically SIV-infected animals.

Neutrophil Priming Occurs during Early Chronic SIV

Infection, Shown by the Impairment of Phagocytosis

We then characterized the redistribution of neutrophils
at earlier stages of infection and the impact of cART by
analyzing peripheral blood from 15 SIV-infected and 9 un-

Figure 1, focusing on neutrophil clusters with the associated clus-
ter number and colored by maturation stage. Abundance of each
neutrophil maturation stage among leukocytes from the uninfect-
ed control group and SIV-infected animals. SIV infection induced
a decrease in the abundance of mature neutrophils in blood and an
enrichment of immature neutrophils in blood. Clusters with less
than 150 cells were excluded, and cluster annotation was per-
formed according to online supplementary Table 4.

(For figure see next page.)
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Fig. 4. SIV infection induces neutrophil priming during the early
chronic phase, which is partially restored by treatment. a Gating
strategy used in cynomolgus macaques to isolate neutrophils from
eosinophils by flow cytometry. b Neutrophil blood count in three
groups. ¢, d CD11b and CD62L marker expression in blood neu-

infected macaques by conventional flow cytometry. They
included 12 macaques 120 days after infection, with 6 ani-
mals under cART from day 28 of infection; the remaining
3 macaques were at 288 days of infection, without cART.
We identified neutrophils as CD66abce positive, lineage
negative (CD3, CD20, and CD8a), CD89 positive, and

Immature Neutrophils in SIV Infection

trophils. SIV infection-induced neutrophil priming during the
early chronic phase was partially restored by cART. e, f CXCR4
and CD89 MFI of blood neutrophils from uninfected control, un-
treated SIV-infected, and treated SIV-infected macaques. Kruskal-
Wallis test and Dunn’s multiple comparison test.

CDw125 negative, due to the lack of a CD66b antibody that
cross-reacts with cynomolgus macaque cells (Fig. 4a).
There was no difference in the neutrophil count from
whole blood between control, SIV+ cART and SIV+ un-
treated groups (Fig. 4b). Neutrophil CD66 and CD32 ex-
pression was similar between groups, showing no differ-
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Fig. 5. Neutrophil phagocytosis during early chronic infection. a
Gating strategy used to analyze neutrophil phagocytosis in cyno-
molgus macaques and E. coli bioparticle fluorescence measure-
ment. b Phagocytosis ratio of blood neutrophils in the three
groups. Neutrophil phagocytosis decreased during early chronic

ence in terms of maturation during the early stages of in-
fection (online suppl. Fig. 2). We analyzed CD62L
shedding and the increase in CD11b expression, which
have been linked to priming [33], between PMN of treat-
ment groups in order to identify changes in their activa-
tion state associated with SIV infection. Neutrophil CD11b
expression was significantly higher for both SIV-infected
groups (treated, p = 0.014, and untreated, p = 0.004,
Fig. 4d) than that for uninfected controls. In parallel,
CD62L expression was lower for all infected animals, sug-
gesting an increased PMN priming during the early stages
of SIV infection (treated: p < 0.0001, untreated: p = 0.0011,
Fig. 4c) [34]. Differential expression of CD62L and CD11b
was partially reduced by cART, as shown by higher CD62L
expression, but CD11b expression was unaffected. Neu-
trophils from early treated and untreated SIV-infected
macaques showed a significantly lower expression of
CXCR4 than those of uninfected macaques (p = 0.0073,
Fig. 4f). Moreover, SIV infection induced an increase in
CD89 (Fca-RI) expression, which was not corrected by
cART (Fig. 4e). Thus, neutrophils displayed altered ex-
pression of surface molecules, with modulation of the che-
mokine receptor CXCR4 and CD89 Fc receptor levels.
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SIV infection, and treatment initiation during primary infection
could not restore phagocytosis. ¢ Correlation between the MFI of
CD11b and CD62L of neutrophils with phagocytosis. Spearman
test and Kruskal-Wallis associated with Dunn’s multiple compari-
son test.

We characterized phagocytosis of whole blood neutro-
phils to determine whether priming modulates neutrophil
function. We used bacterial particles coated with a pH-de-
pendent fluorescent dye, allowing us to measure phagocy-
tosis by following acidification of the phagosome (Fig. 5a).
The phagocytic capacity of neutrophils of untreated SIV-
infected animals was significantly less than that of the un-
infected control group (Fig. 5b). This decrease in phagocy-
tosis correlated inversely with CD11b expression (Fig. 5¢)
and positively with CD62L expression (Fig. 5d) but not
with CXCR4 or CD89 expression, a finding consistent with
the idea that exposure of neutrophils to SIV causes func-
tional impairment. Early cART initiation failed to restore
PMN phagocytosis in the treated group.

Discussion

We describe, for the first time, the diversity of the leu-
kocyte population in the blood and bone marrow of SIV-
infected macaques using multiparametric mass cytome-
try. Such analysis highlights numerous modifications of
the repartition of leukocyte subsets. Neutrophils were par-
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ticularly heterogeneous, with distinct complex pheno-
types in blood and bone marrow. We used myeloid mark-
ers and published phenotypes [35-38] to differentiate pre-
neutrophils, with proliferative capacities, from immature
and mature neutrophils in a cynomolgus macaque model
of HIV infection. During late chronic SIV infection, im-
mature bone marrow neutrophils were found in the blood,
showing mobilization of the medullary neutrophil pool, as
described in emergency granulopoiesis and sepsis [37].
Immature neutrophils were the most abundant circulat-
ing granulocyte populations found in SIV-infected ani-
mals. Moreover, mature neutrophils almost completely
disappeared from the blood and bone marrow, probably
undergoing apoptosis or tissue mobilization [39]. It will
be necessary for future studies to determine whether func-
tions differ between mature and immature PMN subpop-
ulations, and if so, whether they are functionally different
populations during SIV infection.

Mass cytometry showed elevated levels of the chemo-
kine receptor CXCR4 in bone marrow neutrophils and
subsets of peripheral neutrophils from chronically SIV-
infected macaques. At steady state, CXCR4 maintains
neutrophils in the bone marrow by interacting with
CXCL12 expressed on endothelial cells [30]. CXCLI12 is
downregulated when inflammation occurs or upon
G-CSF signaling in endothelial cells, resulting in neutro-
phil mobilization. CXCR4 expression decreases in young
circulating neutrophils [40] and aged neutrophils re-ex-
press CXCR4, allowing them to home to specific sites and
be cleared by macrophages in the spleen and bone mar-
row [41]. It is difficult to determine whether neutrophils
are immature or aged based on CXCR4 expression alone.
However, the association of strong CXCR4 expression
with CD66, CD32, and CD45 suggests that the circulating
neutrophils were immature, just having been mobilized
from the bone marrow. Mature neutrophils were no lon-
ger present in the blood of chronically infected macaques,
indicating apoptosis of aged neutrophils or mobilization
to tissues where viral replication sustains inflammation.

Reducing the number of markers in flow cytometry
abolished the ability to differentiate immature from ma-
ture neutrophils in blood as the neutrophil population
was homogeneous in terms of CD66 and CD32 expres-
sion. Other markers are necessary to better delineate neu-
trophil maturation, such as CD49d, CD101, and CD10,
recently described to distinguish between pre-neutro-
phils, immature neutrophils, and mature neutrophils in
human blood and bone marrow [32].

The combination of mass cytometry and flow cytom-
etry results suggests that CXCR4 expression on neutro-
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phils evolves, depending on the stage of SIV infection and
the neutrophil subset: CXCR4 downregulation during
early phases, probably due to the presence of young
primed neutrophils, followed by an increase in CXCR4
expression during the late stages of infection to normal
levels or higher, due to the massive egress of immature
neutrophils from the bone marrow and the presence of
rare aged mature neutrophils.

Neutrophils observed during the early chronic phase
of SIV infection had changes in surface expression of
CD62L and CD11b, which have been previously associ-
ated with priming [33]. There is a continuum of PMN
activation from priming to full activation depending on
the stimulus intensity [42]. Priming is a complex mecha-
nism in which the environment induces changes in neu-
trophil responsiveness to stimuli. Priming relies on mo-
bilization of secretory vesicles and gelatinase granules,
whereas fully activated neutrophils are characterized by
NAPDH oxidase activation along with azurophilic gran-
ule release [43]. In this study, the analysis of CD62L and
CD11b alone did not allow conclusions to be drawn about
the extent of PMN activation following exposure to SIV.

In the early chronic phase, PMN phagocytic capacity
was also impaired. The oxidative burst in neutrophils and
phagocytosis correlated with viral load, CD4 T-cell count,
and treatment success, as reported in a recent study [12]. In
the same study, the phagocytic activity in HIV-infected pa-
tients was significantly less than that of healthy individuals,
but without a beneficial effect of cART. However, patients
from this cohort had advanced chronic HIV infection, and
treatment was initiated long after transmission. We dem-
onstrated that neutrophil phagocytosis was impaired from
early chronic SIV infection using E. coli bioparticles. Treat-
ment initiated 1 month after inoculation did not restore
neutrophil phagocytosis in SIV-infected animals. Early
cART partially reduced the impact on CD62L and CD11b
expression, but neutrophil phagocytosis was still impaired,
probably because of chronic immune activation. Since the
phagocytosis assay is based on acidification, it is also pos-
sible that neutrophils lost their capacities to acidify their
vacuoles during SIV infection, making them less potent
pathogen killers. Neutrophil priming must be explored in
further detail, to understand the inflammatory environ-
ment associated with SIV infection which shapes their
functionality and in turn fuels chronic immune activation.

The use of mass cytometry allowed us to identify numer-
ous neutrophil subsets and show the presence of immature
populations during the chronic phases of SIV infection. The
monitoring of immature circulating neutrophils is per-
formed for the diagnosis and prognosis of patients with sys-
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temic inflammatory response syndrome [44]. Patients with
high levels of myelocytes and metamyelocytes (called my-
elocytosis) had a poor outcome, regardless of whether the
origin was infectious or noninfectious. Whether myelocy-
tosis is associated with HIV progression or treatment es-
cape could be determined, as a blood smear could be a sim-
ple and valuable bedside prognostic tool. Moreover, we
demonstrated that cART initiated during primary infection
could not reduce neutrophil priming and function. Wheth-
er neutrophils play a role in the establishment and mainte-
nance of chronic immune activation should be explored, as
neutrophils represent 40-60% of circulating leukocytes.
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