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Abstract
Classical dendritic cells (cDCs) play a pivotal role in the early events that tip the immune response toward persistence or viral 
control. In vitro studies indicate that HIV infection induces the dysregulation of cDCs through binding of the LILRB2 inhibitory 
receptor to its MHC-I ligands and the strength of this interaction was proposed to drive disease progression. However, the dynam-
ics of the LILRB2/MHC-I inhibitory axis in cDCs during early immune responses against HIV are yet unknown. Here, we show 
that early HIV-1 infection induces a strong and simultaneous increase of LILRB2 and MHC-I expression on the surface of blood 
cDCs. We further characterized the early dynamics of LILRB2 and MHC-I expression by showing that SIVmac251 infection of 
macaques promotes coordinated up-regulation of LILRB2 and MHC-I on cDCs and monocytes/macrophages, from blood and 
lymph nodes. Orientation towards the LILRB2/MHC-I inhibitory axis starts from the first days of infection and is transiently induced 
in the entire cDC population in acute phase. Analysis of the factors involved indicates that HIV-1 replication, TLR7/8 triggering, 
and treatment by IL-10 or type I IFNs increase LILRB2 expression. Finally, enhancement of the LILRB2/MHC-I inhibitory axis 
is specific to HIV-1 and SIVmac251 infections, as expression of LILRB2 on cDCs decreased in naturally controlled chikungunya 
virus infection of macaques. Altogether, our data reveal a unique up-regulation of LILRB2 and its MHC-I ligands on cDCs in 
the early phase of SIV/HIV infection, which may account for immune dysregulation at a critical stage of the anti-viral response.
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Introduction

Classical dendritic cells (cDCs) include all dendritic cells 
other than plasmacytoid dendritic cells (pDCs) [1]. The 

regulation of cDC functions in the early phase of viral 
infection plays a critical role in the immune balance toward 
control or persistence of the virus. Indeed, cDCs are crucial 
components of the processes that bridge innate and adaptive 
immunity, due to their unique capacity to sense viruses and 
prime T cell responses [2]. Hence, dysregulation of cDCs 
represents an attractive way for viruses to subvert immune 
defenses at the onset of infection. cDCs from HIV-infected 
patients exhibit altered functions, including poor maturation 
capacity and inefficient antigen presentation to CD4+ T cells 
[3]. Furthermore, SIV infection of rhesus macaques induces 
dysregulation of early cDC immune responses that corre-
lates with disease progression [4, 5]. However, the molecular 
basis of these dysfunctions is still poorly understood.

LILRB2 (also known as ILT4) is an inhibitory recep-
tor specifically expressed on myeloid cells that plays an 
important role in the regulation of cDC functions and was 
proposed as an immune checkpoint molecule [6–9]. The 
main ligands of LILRB2 are MHC-I molecules that bind 
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to LILRB2 through trans and cis interactions, resulting in 
the recruitment of SHP1/2 phosphatases which leads to the 
inhibition of on-going signaling pathways [10–13]. In vitro 
studies indicate that in HIV infection, strengthened interac-
tion of LILRB2 with its MHC-I ligands induces the dysregu-
lation of cDCs which is characterized by an altered capacity 
to stimulate CD4+ T cells and produce cytokines [14]. It was 
also reported that the strength of the LILRB2/MHC-I inter-
action is correlated with the level of cDC dysregulation and 
consequently the rate of disease progression in HIV-infected 
patients [15, 16]. The potency of the LILRB2/MHC-I inhibi-
tory axis can be modulated by genetic polymorphisms of 
MHC-I haplotypes [15–17], as well as variations in the 
sequence of the HIV-Gag antigenic peptides presented by 
MHC-I [7]. The simultaneous enhancement of LILRB2 and 
MHC-I surface expression could also be a potent way for 
HIV to dysregulate cDC functions in early infection that 
is a critical stage for the installation of efficient immune 
responses against viruses. However, the characterization of 
LILRB2 and MHC-I expression on cDCs from blood and 
secondary lymphoid tissues at the onset of HIV infection is 
very difficult in humans. Indeed, longitudinal studies aiming 
to study immune responses in the first days of HIV infec-
tion are hampered by the late diagnosis of the disease and 
the difficulty of accessing lymphoid tissues in patients. In 
this context, the infection of macaques by SIV represents 
a unique model to longitudinally assess the dynamics of 
immune responses in vivo [18]. Moreover, macaques possess 
a LILRB2-like inhibitory receptor that is highly homologous 
with human LILRB2, making this model suitable for charac-
terizing the modulation of LILRB2 expression during viral 
infections [19].

In this study we have investigated the dynamic of 
expression of LILRB2 and MHC-I on cDCs during the 
early immune response against HIV and SIV. For this 
purpose we first analyzed cDCs from primary HIV-1-in-
fected patients and then used the SIV-infected macaque 
model to decipher the early dynamics of LILRB2 and 
MHC-I expression on cDCs in vivo. Our data reveal that 
the simultaneous expression of LILRB2 and its MHC-I 
ligands transiently increases at the surface of cDCs from 
blood and lymph nodes during the first days of infection. 
In contrast to SIV infection, LILRB2 levels decreased rap-
idly on cDCs after CHIKV infection in macaques which 
is characterized by efficient immune responses leading to 
rapid control of viral replication [20, 21], supporting our 
hypothesis that early dysregulation of cDC functions hin-
ders the initiation of an efficient host immune response 
to control viral infection. Overall, these findings show 
coordinated enhancement of LILRB2 and MHC-I expres-
sion on cDCs during the acute phase of SIV/HIV infec-
tion. They suggest a major role of the LILRB2/MHC-I 
inhibitory axis in the early dysregulation of cDCs that 

could considerably attenuate the efficiency of immune 
responses and result in viral persistence.

Materials and methods

Ethics statement

All enrolled patients gave written informed consent to par-
ticipate in the study. The C021 CODEX cohort and this 
substudy protocol were approved by the ethics review com-
mittee of Ile de France VII. The C06 ANRS PRIMO cohort 
and this substudy were approved by the Paris-Cochin ethics 
review committee.

For animal experimentation adult cynomolgus macaques 
(Macaca fascicularis) imported from Mauritius were 
housed in the facilities of the Infectious Disease Models and 
Innovative Therapies (IDMIT) Center, part of the “Commis-
sariat à l’Energie Atomique et aux Energies Alternatives” 
(CEA, Fontenay-aux-Roses, France). Non-human primates 
(NHP) were used in accordance with French national regula-
tions, under the supervision of national veterinary inspectors 
(CEA Permit Number A 92-032-02). The CEA complies 
with the Standards for Human Care and Use of Labora-
tory Animals, of the Office for Laboratory Animal Welfare 
(OLAW, USA) under OLAW Assurance number #A5826-01. 
The use of NHP at the CEA is in conformity with the recom-
mendations of European Directive (2010/63, recommenda-
tion No. 9). The animals were used under the supervision 
of the veterinarians in charge of the animal facility. These 
studies were approved and accredited under statement num-
bers A 13-028, A14-067, A-16-035 by the ethics committee 
“Comité d’Ethique en Expérimentation Animale du CEA” 
registered under the number 44 by the French Ministry of 
Research. Animals were housed under controlled condi-
tions of humidity, temperature, and light (12-h light/12-h 
dark cycles). Water was available ad libitum. Animals were 
monitored and fed commercial monkey chow and fruit 1–2 
times daily by trained personnel. The macaques were pro-
vided with environmental enrichment, including toys, novel 
foodstuffs, and music, under the supervision of the CEA 
Animal Welfare Body.

Patient samples

Patients with primary HIV infection (PHI) were recruited 
from the multicenter ANRS CO6 PRIMO cohort. PHI was 
defined by a negative or indeterminate HIV ELISA associ-
ated with positive plasma HIV-RNA or p24 antigenaemia, 
an evolving western blot profile (no anti-Pol antibodies), or 
HIV seropositivity after a negative antibody test < 6 months 
before. All patients were antiretroviral-naive at enrolment 
in the cohort. HIV-controllers (HIC) patients were defined 
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as patients infected by HIV-1 for ≥ 5 years who never 
received antiretroviral treatment and whose last five con-
secutive plasma HIV RNA values were < 400 copies/mL. 
They were recruited in the ANRS CO21 Codex cohort. All 
enrolled patients gave written informed consent to partici-
pate in this study. All recovered samples from HIV-infected 
patients were received as cryopreserved peripheral blood 
mononuclear cells (PBMCs) and stored at −180 °C. Bio-
logical samples from six HIV-1 seronegative donors (HIV-) 
were obtained from the Etablissement Français du Sang 
(EFS). PBMCs were isolated from fresh whole blood by 
density gradient in lymphocyte separation medium (Eurobio, 
Abcys). Red blood cells were lysed by hypotonic shock and 
cell counts performed using a Vi-CELL (Beckman-coulter). 
Cells were frozen in SVF/10% DMSO and stored at −180 °C 
for further analysis.

Animals, infections, and sample collection

Among the cynomolgus macaques included in our studies, 
males weighed ≥ 5 kg and females weighed ≥ 3.5 kg. Ani-
mals were intravenously administered 1000 animal infec-
tious dose 50% (1000 AID50) of the isolate SIVmac251. 
NHPs enrolled in the CHIKV infection longitudinal study 
were infected with 103 PFU (100 AID50) of CHIKV iso-
late LR2006-OPY1 by inoculation into the saphenous vein. 
Blood and lymph node sampling was performed at various 
time points before and after infections and collected under 
general anesthesia by intra-muscular injection of 10 mg/kg 
ketamine (Rhone-Mérieux). Experimental procedures (ani-
mal handling, virus inoculations, and tissues sampling) were 
conducted after sedating the animals with ketamine chlory-
drate (Rhône-Mérieux, Lyon, France, 10 mg/kg). Macaques 
were killed at defined time points by sedation with ketamine 
chlorhydrate (10 mg/kg) followed by intravenous injection 
of 180 mg/kg sodium pentobarbital (CEVA santé animale 
S.A., La ballastiere). Tissues not needed for this project 
were shared. Samples of spleen and peripheral and mesen-
teric lymph nodes, as well as blood, were harvested. Plasma 
was isolated from EDTA blood samples by centrifugation 
for 10 min at 950×g, and cryopreserved at −80 °C. Ani-
mal plasma was processed for viral RNA extraction using a 
Viral RNA and DNA isolation kit (Macherey–Nagel), fol-
lowed by titration of viral RNA copy numbers by quantita-
tive real-time RT-PCR. Tissue samples were collected in 
RPMI 1640 GlutaMAX™ Medium (Thermo Fischer) for 
further cell preparation.

SIV vRNA quantification in plasma

Blood plasma was isolated from EDTA-treated blood sam-
ples by centrifugation for 10 min at 1500×g, and stored 

frozen at − 80 °C. Viral RNA was prepared from 200 μL 
cell-free plasma using the High Pure viral RNA kit (Roche 
Diagnostics, Meylan), according to the manufacturer’s 
instructions. Absolute concentrations of plasma viral RNA 
(vRNA) were determined by RT-qPCR assay with the Super-
script III Platinum one-step quantitative RT-PCR system 
(Invitrogen), using the following SIV gag primers and probe: 
Forward GCA​GAG​GAG​GAA​ATT​ACC​CAG​TAC​/Reverse: 
CAA​TTT​TAC​CCA​GGC​ATT​TAA​TGT​T/Probe: TGT​CCA​
CCT​GCC​ATT​AAG​CCCGA. The quantification limit (QL) 
was estimated to be 111 copies/mL and the detection limit 
(DL) 37 copies/ml.

Cell preparations, antibodies, and FACS analysis

For longitudinal follow-up studies of SIV- and CHIKV-
infected animals, 500 µL whole blood was stained with 
monoclonal antibodies (Table S1) for 15 min at room tem-
perature. RBCs were lysed by hypotonic shock using diluted 
Lysing Solution 10X Concentrate (BD biosciences) for 
15 min at room temperature, followed by washing in PBS 
and fixation using CellFIX (BD biosciences). Peripheral 
and mesenteric lymph node and spleen cells were obtained 
by mechanical dissociation using a GentleMACS dissocia-
tor (Miltenyi Biotec). Suspensions were passed through a 
70-µm-pore size cell strainer, followed by a second mechani-
cal disruption with a 3-mL needle-free syringe and passage 
through a second 70-µm-pore cell strainer, before washing 
with PBS. For spleen cells, we performed density gradient 
isolation using lymphocyte separation medium (Eurobio, 
Abcys) followed by the lysis of red blood cells by hypo-
tonic shock. Cell counts were determined with a Vi-CELL 
(Beckman-coulter) and surface staining was performed on 
1 × 107 isolated cells from tissues. Except for blood cells, 
staining of cells extracted from tissues was performed after 
saturation of Fc receptors with 5% healthy macaque serum 
at 4 °C for 20 min. To discriminate live from dead cells 
in our analysis, samples were incubated with the amine-
reactive dye LIVE/DEAD® Fixable Blue Dead Cell Stain 
Kit and exposed to UV (Life technologies) for 15 min at 
room temperature. Cells were then labeled with monoclo-
nal antibodies (Table S1) for 15 min at room temperature, 
washed in PBS, and fixed in CellFIX (BD biosciences). 
Monoclonal antibody 17E5.3E9 was generated by the Baylor 
Research Institute, using the amino acid sequence shown in 
Figure S1A which corresponds to the extracellular part of 
human LILRB2 protein, following the procedure reported 
in Banchereau et al. [22]. Screening by ELISA assays indi-
cated no cross-reactivity of the antibody with LILRB1 
and reactivity with soluble human LILRB4. The reactiv-
ity of the 17E5.3E9 antibody for LILRB2 was first evalu-
ated by comparing the expression profile of blood immune 
cell subsets by flow cytometry in humans and cynomolgus 
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macaque (Figure S1B). The specificity of the 17E5.3E9 
antibody against LILRB2 in cynomolgus macaque was fur-
ther confirmed by staining blood neutrophils before or after 
up-regulation of LILRB2 induced by granules exocytosis 
as previously reported [23]. As shown in Figure S1C, after 
stimulation for 30 min of cynomolgus macaque or human 
neutrophils with TNF-a (100 ng/ml), staining with 17E5.3E9 
antibody revealed an up-regulation of LILRB2 expression 
on neutrophils of both species.

For the study of HIV-1-infected patients, including 
non-infected donors, cryopreserved PBMCs were rap-
idly thawed and washed with RPMI 1640 GlutaMAX™ 
Medium, (Thermo Fischer). For each sample, 5 million 
PBMCs were stained using the LIVE/DEAD® kit, to select 
live cells, followed by surface antibody staining (Table S1) 
for 15 min. Cells were washed and fixed using CellFIX 
(BD biosciences). Data for all samples were acquired on 
an LSR Fortessa (BD biosciences) equipped with five 
lasers (355, 405, 488, 561 and 640 nm) and analyzed using 
FlowJo v9.9 (FlowJo LLC, USA). For longitudinal follow-
up studies, data acquisition was performed after calibra-
tion (using BD cytometer setup and tracking beads), using 
automated application settings. Isotype-specific antibodies 
for LILRB2, MHC-I, and CD86 were used as intra-assay 
controls. Absolute cell counts were calculated from leuko-
cyte counts obtained by automated cell counting (Beckman 
Coulter) combined with flow cytometry data. Absolute cDC, 
lymphocyte, and monocyte counts were determined as the 
product of total leukocyte counts and the percentage of cells 
in the CD45+ gate.

Generation of monocyte‑derived dendritic cells 
(MoDC)

PBMCs were isolated from fresh whole blood of healthy 
donors by density gradient in lymphocyte separation medium 
(Eurobio, Abcys). Red blood cells were lysed by hypotonic 
shock. Monocytes (CD14+) were purified from PBMCs by 
positive selection with anti-CD14 magnetic beads (Miltenyi 
Biotec). Sorted monocytes were differentiated into immature 
MoDCs by culture in RPMI 1640 Medium, GlutaMAX™ 
(Thermo Fischer) supplemented with 10% SVF and 1% anti-
biotic cocktail, along with GM-CSF (10 ng/ml) and IL-4 
(25 ng/ml) (PeproTech) for 6 days.

HIV‑1 strain

Infections were performed with HIV-1BaL (R5-monocyto-
tropic). The HIV-1BaL viral strain was amplified for 10 days 
in IL-2/PHA-stimulated PBMCs, from three blood donors. 
Cell supernatants were collected 7 and 10 days post-infec-
tion and stored at − 20 °C. Viral replication was measured 
by quantifying reverse transcriptase (RT) activity in the 

cell-culture supernatants, using the Lenti RT Activity Kit 
(Cavidi), and TCID50 was calculated using Kärber’s for-
mula. Virus was concentrated by centrifugation on Vivaspin 
100,000 kDa columns (Sartorius) at 1500×g for 30 min.

Infection and stimulation of MoDCs

Immature MoDCs (5 × 106 cells) were pulsed with HIV-1 BaL 
(10-1MOI) by spinoculation at 1200×g for 60 min followed 
by incubation at 37 °C, in the presence of 5% CO2, for another 
hour. Pulsed cells were then washed three times and cultured for 
up to 8 days. Culture supernatants were discarded and replen-
ished with fresh medium every 3 days. For in vitro stimulation 
of immature MoDC, cells were cultured in media alone or sup-
plemented with various concentrations of the TLR7/8 Agonist, 
R848 (Invivogen) for 24 h or with the cytokines IFN-a, IL-10, 
or TNF-a (Miltenyi) individually for 48 h.

Analysis of LILRB2 and MHC‑I expression in HIV‑1 
BaL‑infected MoDCs

MoDCs were harvested and stained for surface expression 
analysis of LILRB2 and MHC-I by flow cytometry 5 and 
8 days after pulsing with HIV-1 BaL. To discriminate dead 
from live cells during analysis, MoDCs were incubated 
with LIVE/DEAD® Fixable Blue Dead Cell Stain Kit (Life 
technologies) for 15 min, followed by incubation with anti-
LILRB2 (PE, clone 42D1, eBioscience) and anti-MHC-I 
(APC/Cy7, clone W6/32, Biolegend) antibodies. MoDCs 
were then fixed, permeabilized (Cytofix/Cytoperm Buffer, 
BD), and stained with anti-HIV p24 (FITC, clone KC57, 
Beckman Coulter) antibody. Cells were washed and fixed 
using CellFIX (BD biosciences) and data for each sample 
were acquired on an LSR Fortessa (BD Biosciences).

Statistical analysis

To assess surface expression of LILRB2, MHC-Class I and 
CD86-specific isotype control antibodies for each marker 
were used to calculate the Mean Fluorescent Intensity as 
previously described [24]. The nonparametric Mann–Whit-
ney U test was used to compare data between healthy 
donors and HIV-infected patients and the paired nonpara-
metric Wilcoxon signed-rank test was used to compare data 
of PHI individuals before and after cART. We performed 
the Wilcoxon matched-pairs signed rank test to statically 
analyze LILRB2 and MHC-I levels at various time points 
during the longitudinal study of NHP infected by SIV. The 
non-parametric Mann–Whitney U test was used to analyze 
data between noninfected and HIV-infected MoDC for the 
in vitro MoDC assays, and the paired nonparametric Wil-
coxon signed-rank test was used to compare data from the 
same cells at various times after HIV infection or various 
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TLR7/8 agonist or cytokine concentrations. All statistical 
analyses were performed using GraphPad Prism 6.0 (Graph-
Pad Software).

Results

The expression of LILRB2 and MHC‑I are 
simultaneously increased on the surface of cDCs 
during early HIV infection

Since cDCs play a key role in the installation of the host’s 
anti-viral immune response and that their functions are 
tightly regulated by LILRB2-MHC-I interactions, we 
first assessed the expression level of both LILRB2 and its 
MHC-I ligands in cDCs during primary HIV infection. To 
this end, we analyzed blood samples from HIV-1-infected 
patients collected less than 30 days after infection (primary 
HIV+) and after 1 year of combined antiretroviral treatment 
(cART). Primary infected HIV+ patients exhibited high viral 
loads at inclusion, whereas viral loads were almost unde-
tectable in these patients after 1 year of cART (Table 1). 
We also included HIV-infected elite controllers samples col-
lected 5 years following infection at least and who naturally 
control HIV replication, and samples from non HIV-infected 
healthy donors.

We established and applied a flow cytometry gating 
strategy to discriminate cDCs (CD1c+) among the PBMC 
samples (Figure S2). Both LILRB2 and MHC-I levels were 
highly elevated on cDCs from HIV+ patients in acute phase 
of viral infection (Fig. 1). In contrast, the cDCs from these 
patients exhibited much lower levels of LILRB2 and MHC-I 
after 1 year of cART (Fig. 1a, b). Similarly, LILRB2 and 
MHC-I levels were lower on cDCs from elite controllers 
than those from primary HIV-infected patients. LILRB2 
levels were slightly higher on cDCs from elite controllers 
than those from healthy donors, in agreement with a pre-
vious study [25]. We also evaluated the expression of the 
CD86 co-stimulatory molecule and the level of HLA-DR 

maturation marker. Prior to cART initiation, untreated HIV 
primary-infected patients show an increased expression of 
CD86 (Fig. 1c), whereas HLA-DR expression is decreased 
on cDCs (Figure S3). These expression profiles highlight 
the partial activation/maturation of cDCs during HIV-1 
infection, as previously reported [26]. Finally, since cDCs 
interact with CD4+ T cells during early infection to shape 
adaptive immune responses, we also compared MHC-I lev-
els on CD4+ T cells in samples from primary HIV-infected 
patients before and after 1 year of cART. MHC-I expression 
on CD4+ T cells was higher during primary HIV infection, 
before treatment, than after 1 year of cART, but the differ-
ence was not statistically significant (Fig. 1d).

These results demonstrate that HIV infection promotes 
the simultaneous increase of LILRB2 and MHC-I expres-
sion on cDCs from blood during the early immune response 
against HIV in humans.

LILRB2 is similarly distributed among human 
and cynomolgus macaque immune cell subsets

We further characterized the dynamics of LILRB2 expres-
sion on cDCs during HIV infection using the model of 
experimental infection of cynomolgus macaques with patho-
genic SIVmac251. We first confirmed that LILRB2 is simi-
larly distributed among immune cell subsets of humans and 
macaques as the expression profile of LILRB2 on immune 
cell subsets from non-human primates was still unknown. 
Flow cytometry analyses showed that the proportion of 
blood inflammatory monocytes (CD14midCD16high) was 
higher in cynomolgus macaques than in humans (Fig. 2), in 
agreement with a previous study [27]. We used both CD11c 
and CD1c markers since CD11c alone is not sufficient to 
accurately distinguish cDCs in macaques [27, 28]. LILRB2 
was expressed on all cDCs, pDCs, and monocyte subsets 
in both humans and cynomolgus macaques, but at different 
levels, depending on the cell population (Fig. 2b and d).  
Similarly to humans, the level of LILRB2 was signifi-
cantly higher on cDCs than other myeloid cell subsets in 

Table 1   Clinical and demographic characteristics of HIV-1-infected patients and control subjects

cART combination anti-retroviral therapy, M male, N/A not applicable

Study groups Treatment history Gender Age (median, range) CD4 T-cell count, 
cell/µL (median, 
range)

Plasma viral load (log 
RNA copies/mL) (median, 
range)

Time since 
HIV-1 infec-
tion

Primary infected HIV-1+ 
patients (n = 7)

Naive M 37 (24–46) 470 (258–669) 8.9 × 106 (0.3–18.2) < 30 Days

Primary treated HIV-1+ 
patients (n = 7)

cART M 843 (570–1247) Undetectable < 50 > 12 Months

HIV-1+ Controllers 
(n = 6)

Naive M 38 (25–49) 827 (652–1180) Undetectable < 50 > 5 Years

HIV-1 negative (n = 6) Naive M 35 (25–45) 856 (634–1412) N/A N/A
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cynomolgus macaques (Fig. 2e). In contrast, we detected 
no surface expression of LILRB2 on lymphoid cell subsets, 
including T cells and B cells of either species. Expression 

levels of immunoregulatory receptors may vary according to 
tissue localization. Thus, we also investigated the expression 
level of LILRB2 on immune cell subsets from secondary 

Fig. 1   Characterization of 
LILRB2 and MHC‑I expression 
level on cDCs from patients 
during the early phase of 
HIV‑1 infection a–c Analysis 
of LILRB2, MHC-I, and CD86 
surface expression on cDCs 
from blood samples of early 
HIV-1 infected patients before 
(primary HIV+) or after 1 year 
of cART (HIV+ cART+), HIV-1 
infected elite controller patients 
(HIC), and HIV-1 non-infected 
controls (HIV-). d Analysis of 
CD4+ T cells in these samples 
to evaluate surface expres-
sion of MHC-I. Data are 
represented as mean fluores-
cence intensity with statistical 
analysis performed using the 
Mann–Whitney U test between 
HIV- (n = 6), HIC (n = 6), and 
primary HIV+ patients (n = 7) 
and the Wilcoxon signed-rank 
test for HIV+ primary patients 
before and after cART (p < 0.05 
is considered significant)
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Fig. 2   Comparison of the LILRB2 expression pattern between human 
and cynomolgus macaque immune cell subsets Flow cytometry gat-
ing strategy to characterize blood immune cell subsets in humans (a) 
and cynomolgus macaques (c). Surface expression of LILRB2 was 
assessed using monoclonal antibodies against human (clone 42D1) 
or cynomolgus macaque (clone 17E5.3E9) LILRB2. The distribu-
tion of LILRB2 expression is shown for various immune cell subsets, 
including cDCs, pDCs, classical (CD14high CD16−) and inflammatory 

(CD14mid CD16high) monocytes, T and B cells in healthy (b) human 
donors and (d) cynomolgus macaques. e  Comparison of LILRB2 
surface expression on whole blood immune cell subsets of healthy 
human donors (n  =  6) and cynomolgus macaques (n  =  6). Results 
shown are representative of at least three independent experiments. 
Statistical analyses were carried-out using the Mann–Whitney U test 
for both human and cynomolgus macaque samples (p < 0.05 is con-
sidered significant)
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lymphoid organs where cDCs shape adaptive immune 
responses against viruses. As shown in Figure S4, cDCs iso-
lated from peripheral and mesenteric lymph nodes or spleen 
of cynomolgus macaques showed higher levels of LILRB2 
than cDCs from peripheral blood. Moreover, analysis of T 
and B cells did not reveal expression of LILRB2 on these 
cell populations in secondary lymphoid organs.

Overall, these results show that LILRB2 is similarly dis-
tributed among immune cell subsets in humans and cyn-
omolgus macaques. Our data also show that LILRB2 levels 
are higher in cDCs from lymph nodes and spleen than those 
from peripheral blood, suggesting tight regulation of cDCs 
by LILRB2 in secondary lymphoid tissues.

Expression of LILRB2 and MHC‑I are coordinately 
increased on cDCs during early SIV infection 
of cynomolgus macaques

We next investigated the dynamics of LILRB2 expression 
in blood and secondary lymphoid tissues during early SIV 
infection in vivo. Indeed, this model does not only allow 
the study of the dynamics of immune events before and 
during the first days following viral infection, but also per-
mits access to secondary lymphoid organs where immune 
responses are shaped. Hence, we first infected three female 
cynomolgus macaques with the SIVmac251 strain and fol-
lowed the surface expression of LILRB2 on cDCs from 
blood and lymph nodes over time by flow cytometry. Viral 
load was already detectable in peripheral blood 2 days after 
SIVmac251 infection and reached a peak 10 days following 
infection (mean = 6.2 ± SD = 0.15 log viral RNA copies) 
(Fig. 3a). As previously reported, a transient decrease of 
cDC counts in peripheral blood is induced between 9 and 
10 days post-infection by SIVmac251 [29, 30], concomitant 
with the typical transient reduction of CD4+ T cell counts 
during acute infection.

LILRB2 expression strongly increased on cDCs during 
the initial phase of SIVmac251 infection (Fig. 3b). Indeed, 
LILRB2 levels were already higher 4 days following SIV-
mac251 infection and reached a peak between 9 and 10 days 
post-infection, before returning to initial levels 14 days post-
infection. MHC-I levels also increased on cDCs during the 
early phase of SIV infection with kinetics close to those of 
LILRB2 (Fig. 3b). We also assessed the level of MHC-I 
ligands on CD4+ T cells. MHC-I levels on CD4+ T cells 
rapidly decreased and then returned to normal between 2 
and 7 days post-infection (Fig. 3b). Moreover, MHC-I levels 
on CD4+ T cells 9–10 days post-infection were higher than 
those measured before SIV infection.

We also assessed the expression of LILRB2 and MHC-I 
ligands on cDCs from peripheral lymph nodes of these 
animals. As shown in Fig. 3c, expression of LILRB2 and 

MHC-I is increased on cDCs from peripheral lymph nodes 
at day 10 post-infection but decreased during the later phase 
of SIV infection (Fig. 3c). Moreover, we investigated the 
dynamics of LILRB2 expression on monocytes and mac-
rophages, as the function of these myeloid cell subsets is 
also altered after SIV or HIV infection. There was a tran-
sient decrease of monocyte counts at day 10 post-infection 
(Figure S5). Both expression of LILRB2 and MHC-I were 
transiently up-regulated on blood monocytes during the 
early phase of SIVmac251 infection between days 4 and 14 
(Figure S5B and D) as observed for cDCs. In contrast to 
LILRB2, the expression of MHC-I also showed an increase 
between days 22 and 42 post-infection on blood cDCs and 
monocytes (Figs. 3b and S5B). This enhancement of MHC-I 
expression could result from the activation of CD8 T cell 
response and IFN-g production that are induced in this win-
dow of time as previously reported [31, 32]. Moreover, anal-
ysis of macrophages from peripheral lymph nodes revealed a 
large increase of LILRB2 and MHC-I levels, at day 10 post-
infection that decreased during the later phase (Figure S5C).

The modulation of innate immune responses against 
HIV can differ according to sex [33]. Thus, we analyzed 
the dynamics of LILRB2 expression on cDCs in a group of 
male cynomolgus macaques infected by the same stock of 
SIVmac251. LILRB2 and MHC-I levels also increased on 
cDCs and monocytes from peripheral blood (Figure S6B and 
C), as well as cDCs and macrophages from peripheral lymph 
nodes (Figure S6D) during the early phase of SIV infection. 
These data show that the increase of LILRB2 expression on 
cDCs is independent of sex and confirm that the LILRB2/
MHC-I inhibitory axis is enhanced during the early immune 
response against SIV.

Having shown that expression of LILRB2 is strongly 
enhanced on cDCs in early phase of SIV infection we next 
studied modulation of the SIRPa inhibitory receptor (also 
known as CD172a), which shares structural similarities with 
LILRB2 and regulates cDC functions [34]. SIRPa levels on 
cDCs from blood or lymph nodes remained stable during 
SIV infection, suggesting that the expression of LILRB2 
specifically increases during early immune responses against 
SIV (Figure S7).

Finally, we extended our study to additional cynomologus 
macaques (n = 7) to achieve statistical significance and thus 
demonstrate that both LILRB2 and MHC-I levels signifi-
cantly increase on cDCs and monocytes in blood during the 
early phase of SIV infection (Figs. 3d and S5D). Further 
analysis showed that LILRB2 levels on cDCs strongly cor-
related with those of its MHC-I ligands found on cDCs or 
CD4+ T cells during SIV infection (Fig. 3e).

These data demonstrate that SIVmac251 infection pro-
motes a large and specific increase in the expression of 
LILRB2 and its MHC-I ligands on cDCs, as well as other 
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Fig. 3   Analysis of the dynamics of LILRB2 and MHC‑I expression 
on cDCs during infection of cynomlogus macaques by SIV a Evo-
lution of the viral load in the plasma of three female cynomolgus 
macaques infected by SIVmac251 at 1000 AID50/ml. The cell counts 
of both cDCs (CD1c+) and CD4+ T cells in blood measured by flow 
cytometry during SIV infection is also represented. b Flow cytom-
etry analysis of LILRB2 and MHC-I expression on blood cDCs and 
MHC-I expression on blood CD4+ T cells during SIV infection. c 
Longitudinal follow-up of LILRB2 and MHC-I surface expression on 
cDCs from peripheral lymph nodes of cynomolgus macaques during 
SIV infection. The characterization of MHC-I surface expression on 
CD4+ T cells is also shown. d Modulation of LILRB2 and MHC-I 

levels on blood cDCs from seven cynomolgus macaques followed at 
various time points during early (days 4–7, days 9–11, days 14–21, 
days 22–44) and advanced (days 57–100) phases of SIV infection. 
Data are shown as the fold change of surface expression relative to 
baseline (represented with dashed line). Statistical analyses were car-
ried-out using the Wilcoxon matched-pairs signed rank test (p < 0.05 
is considered significant). e Positive correlation between LILRB2 lev-
els on cDCs and MHC-I levels on cDCs (left) or CD4+ T cells (right). 
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plot (p < 0.05 is considered significant)
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myeloid cells, in blood and lymph nodes during early 
immune responses. These results also show that these mech-
anisms occur independently of the sex of the animals.

HIV infection and TLR7/8 stimulation 
enhance the expression of LILRB2 on human 
monocyte‑derived dendritic cells (MoDCs)

We next investigated the factors that could account for 
increased expression of LILRB2 on cDCs during the early 
immune responses against HIV and SIV. Indeed, although 
it is well established that LILRB2 plays an important role in 
the regulation of cDC functions, the events involved in the 
regulation of LILRB2 expression are still poorly character-
ized. Hence, we first assessed the direct impact of HIV infec-
tion on LILRB2 expression by co-incubating monocyte-
derived dendritic cells (MoDCs) with HIV-1. A time-course 
analysis of MoDC infection by HIV-1 (R5 strain) showed 
that nearly 30% of MoDCs were productively infected after 
8 days of co-incubation (Fig. 4a, b).

Further analysis showed that LILRB2 expression was up-
regulated on MoDCs exposed to HIV (Fig. 4c, d). Remark-
ably, LILRB2 expression was significantly higher in MoDCs 
showing intracellular p24 staining confirming productive 
HIV replication. However, HIV infection had no significant 
impact on the modulation of MHC-I expression in MoDCs.

TLR7/8 could also be involved in the regulation of 
LILRB2 expression, as they are expressed by cDCs and rec-
ognize viral RNA. Therefore, we next stimulated MoDCs 
with various doses of the TLR7/8 agonist R848. Stimulation 
of TLR7/8 with R848 induced a large increase in LILRB2 
levels on MoDCs in a dose dependent manner (Fig. 4e). 
MHC-I levels were modulated to a much lower extent by 
R848 stimulation than LILRB2 levels, in agreement with 
data of MoDC infected by HIV. Finally, HLA-DR expres-
sion, used as positive control, was also enhanced on MoDCs 
but to a lower extent than LILRB2.

Altogether, these data show that HIV-1 can directly pro-
mote the expression of LILRB2 in MoDCs, through infec-
tion associated with viral replication, and suggest that HIV 
sensing by TLR7/8 could also enhance LILRB2 expression.

Regulation of LILRB2 expression in MoDCs 
is differentially affected by type‑I IFN, IL‑10, 
and TNF‑a

A cytokine cascade is rapidly induced by HIV-1 infection 
and cytokines are important regulators of cDC functions. 
Moreover, previous studies indicate that type-I IFNs, TNF-
a, and IL-10 are among the first cytokines highly induced 
during early HIV infection [32]. Thus, we also investigated 
the impact of these cytokines on the modulation of LILRB2 
expression by flow cytometry. Stimulation of MoDCs with 

type-I IFNs significantly enhanced the surface expression 
of LILRB2 in a dose dependent manner (Fig. 5a). The sur-
face expression of MHC-I and HLA-DR was also signifi-
cantly enhanced under these experimental conditions. In 
contrast, stimulation of MoDCs with type-I IFNs did not 
alter the surface expression of SIRPa. In addition, treatment 
of MoDCs with IL-10 significantly increased LILRB2 and 
MHC-I expression in a dose dependent manner and, to a 
lesser extent, the expression of HLA-DR or SIRPa (Fig. 5b). 
Finally, stimulation of MoDCs with TNF-a revealed no 
increase of LILRB2 expression, but increased that of MHC-
I, HLA-DR, and SIRPa (Fig. 5c).

These data show that cytokines produced during the early 
phase of HIV-1 infection have a variable impact on the regu-
lation of LILRB2 surface expression and suggest that the 
modulation of LILRB2 expression can occur through vari-
ous mechanisms in cDCs.

LILRB2 expression on cDCs is down‑modulated 
during early immune responses of cynomolgus 
macaques infected by chikungunya virus

Finally, we characterized LILRB2 surface expression in the 
context of a naturally controlled primary infection, such 
as chikungunya virus (CHIKV) in cynomolgus macaques 
[20], to determine whether the increase of LILRB2 levels 
on cDCs induced during early immune responses is spe-
cific to SIV infection. CHIKV infection of cynomolgus 
macaques induced a high viral load, peaking 2 days after 
virus inoculation (mean = 9.1 ± SD = 0.4 log viral RNA 
copies) (Fig. 6a). CD14 surface expression on monocytes 
rapidly decreased 4 days post-infection (Fig. 6b), probably 
through a shedding mechanism [35]. CHIKV infection was 
also accompanied by a modification of blood leukocyte 
counts, characterized by a transient decrease of circulating 
cDCs and lymphocytes 2 days post-infection (Figure S8A 
and B). Moreover, the number of granulocytes transiently 
peaked 2 days post-infection, whereas the number of mono-
cytes in the blood peaked 7 days post-infection (Figure S8B).

The analysis of the dynamics of LILRB2 surface expres-
sion during CHIKV infection showed that LILRB2 levels on 
cDCs decreased between baseline and 7 days post-infection, 
whereas they remained stable on monocytes (Fig. 6c). How-
ever, MHC-I levels on cDCs and monocytes increased dur-
ing early immune responses against CHIKV (Fig. 6d).

These results show that, in contrast to SIV infection, 
LILRB2 expression is down-modulated on cDCs during the 
installation of an efficient immune response against CHIKV 
and suggest that up-regulation of LILRB2 on cDCs is asso-
ciated with the dysregulation of innate responses and viral 
persistence mechanisms.
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Fig. 4   Analysis of LILRB2 and MHC‑I expression on MoDCs after infection 
with HIV‑1BAL or stimulation of TLR7/8 with R848 a Representative flow cytometry 
dot-plots from non-infected (Mock) and HIV-1 infected (HIV-1BAL) MoDCs. 
Intracellular staining of MoDCs for p24 was carried-out 8 days post-infection. 
b Kinetics of HIV-1BAL replication in MoDCs either five (D  +  5) or eight 
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considered significant). c LILRB2 and MHC-I expression on either MoDCs 
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p < 0.05 considered significant)
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Discussion

In vitro studies have suggested that the strength of the 
interaction between LILRB2 and MHC-I plays a critical 
role in the dysregulation of cDCs induced by HIV [16, 36]. 
This was proposed to drive disease progression [15]. How-
ever, the dynamics of the LILRB2/MHC-I inhibitory axis 

that tip the balance during cDC-mediated early immune 
responses towards viral persistence or control remains 
unknown.

In this study we first investigated the modulation of 
LILRB2 and MHC-I expression on cDCs during the 
acute phase of HIV-1 infection. Our data show that cDCs 
express significantly higher levels of LILRB2 and MHC-I 
before cART initiation. These results are concordant with 
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of type-I IFNs for 48  h (n  =  16  ±  SD  =  3.3, Wilcoxon Paired test 
for p value, with p  <  0.05 considered significant). b Analysis of 
MoDCs after stimulation with IL-10 for 48  h and quantification of 
the surface expression of LILRB2, MHC-I, HLA-DR, and SIRPa 

(n = 16 ± SD = 5.1, Wilcoxon Paired test for p value, with p < 0.05 
considered significant). c Unstimulated MoDCs and MoDCs stimu-
lated for 48 h with various doses of TNF-a were cultured to assess the 
modulation of LILRB2, MHC-I, HLA-DR and SIRPa surface expres-
sion (n  =  16  ±  SD  =  1.8, Wilcoxon Paired test for p value, with 
p < 0.05 considered significant). Values represent the fold change of 
mean fluorescence intensity relative to that of unstimulated. Results 
shown are representative of 6 independent experiments
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previous transversal studies carried-out on blood mDCs 
(CD11c+) of HIV-1 infected patients aiming to measure 
the expression of either LILRB2 or MHC-I, separately 
[36–38]. However, the simultaneous expression of LILRB2 
and its MHC-I ligands during early HIV-1 infection has 
not been assessed. Studies on primary HIV-infected 

patients are limited to one blood sample, due to immedi-
ate cART administration. We therefore used the cynomol-
gus macaque model to track the dynamics of LILRB2 and 
MHC-I expression during infection with SIVmac251.

The analysis of LILRB2 distribution revealed very simi-
lar expression patterns in human and macaque immune cell 
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Fig. 6   Longitudinal analysis of LILRB2 expression on cDCs during 
infection of cynomolgus macaques by CHIKV a Evolution of plasma 
viral load during infection of four cynomolgus macaques infected 
with the CHIKV-LR2006-OPY1 strain at 100 AID50/mL. b Flow 
cytometry analysis of cell surface CD14 expression on monocytes 

during the acute phase of CHIKV infection. c Time-course analysis 
of LILRB2 expression level on cDCs and monocytes from peripheral 
blood during the infection of cynomolgus macaques by CHIKV. d 
Analysis of MHC-I expression level on blood cDCs and monocytes 
during the infection of cynomolgus macaques by CHIKV
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subsets. These results indicate that cynomolgus macaques 
are more suitable for the study of the LILR family in vivo 
than mice in which PIR-B, the proposed counterpart of 
LILRB2, is highly expressed on B cells and contains six 
extracellular Ig-like domains, instead of the four contained 
in LILRB2 of humans and macaques [39, 40]. In this experi-
mental species we demonstrate that pathogenic SIVmac251 
infection induces transient, high expression of LILRB2 
and its MHC-I ligands on cDCs from blood and peripheral 
lymph nodes during the early immune response (Fig. 3 and 
S6). Altogether, our results strongly suggest that the coor-
dinated increase of LILRB2 and MHC-I expression on the 
same cell could enhance cis interactions, providing inhibi-
tory signals and leading to the dysregulation of cDCs. In 
this regard, it was previously reported that the cis interaction 
of LILRB2 with MHC-I on the surface of the same cell is 
a potent way to generate inhibitory signals that impair the 
production of cytokines by mastocytes [12, 13]. We also 
showed increased MHC-I expression on CD4+ T cells dur-
ing early SIV infection, which may favor the dysregulation 
of cDCs through binding to LILRB2. Indeed, after virus 
up-take, cDCs mainly interact with CD4+ T cells to shape 
the adaptive immune response during the early phase of the 
infection.

We could also observe that a pool of peripheral cDCs 
was rapidly depleted from blood following SIV infection, 
concomitant with the enhancement of LILRB2 expression 
(Fig. 3). Such a reduction of cDC levels has already been 
reported during the acute phase of SIV and HIV infec-
tion and is partially explained by the migration of cDCs to 
lymph nodes [29]. The increase of LILRB2 surface expres-
sion and the migration of blood cDCs toward lymph nodes 
occur in parallel. We thus speculate that cDCs arriving to 
lymph nodes are highly prone to dysregulation through the 
LILRB2/MHC-I inhibitory axis. In support of our hypothe-
sis, several studies have shown that cDCs that have migrated 
to peripheral lymph nodes during the acute phase of SIV 
infection have an immature phenotype and dysfunctional 
characteristics [4, 5, 41].

The induced increase of LILRB2 expression during SIV 
infection peaked at day 9 and return to basal level, around 
14 days post infection. LILRB2 expression remained sig-
nificantly higher in primary HIV-infected patients that had 
been infected for more than 2 weeks. These discrepancies 
could result from differences between natural HIV infec-
tion and the standardized experimental procedure used in 
SIV model. Indeed, cynomolgus macaques are infected 
intravenously by high dose (1000 AID50/mL) from the 
same bulk of viral strain (SIVmac251). Moreover, the 
average of the viral load levels detected in primary HIV-
infected patients (8,9E + 06 log HIV RNA copies/mL) 
is higher than that of the viral load peak of SIV-infected 
cynomolgus macaques (3,93E + 06 log SIV RNA copies/

mL). Therefore, it is also possible that increase of LILRB2 
expression is still detected in patients because of elevated 
viral load and cytokines environment resulting from high 
HIV production.

We also sought to determine whether the increase of 
LILRB2 expression on cDCs induced during the acute phase 
of SIV infection was specific to LILRB2. For this purpose 
we tested antibodies directed against human LILRB1 or 
LILRB4 on cynomolgus macaque blood samples. However, 
these antibodies did not reveal any staining on the immune 
cell subsets of macaque cynomolgus. Therefore, we could 
not compare the dynamics of LILRB2 surface expression 
to that of other inhibitory receptors belonging to the LILR 
family in cynomolgus macaques. However, we could follow 
the dynamics of the SIRPa inhibitory receptor. SIRPa shares 
structural similarities with LILRB2, including extracellular 
Ig-like and intracellular ITIM domains, and regulates cDC 
functions through the recruitment of SHP1/2 phosphatases 
[42]. Moreover, SIRPa is a critical marker for the identifica-
tion of cDCs across tissues and species, including humans, 
macaques, and mice [43]. Our data show that SIV infection 
has no impact on the expression of SIRPa in cDCs from 
blood and lymph nodes during early immune responses and 
strongly suggest that the up-regulation of LILRB2 on cDCs 
is specifically targeted by SIV (Figure S7).

Our study shows that SIV infection also enhances the 
expression of LILRB2 on monocytes and macrophages 
in vivo during early immune responses (Figure S5 and S6). 
The increase of LILRB2 activity on monocytes could nega-
tively affect their function, in particular, their differentiation 
into cDCs, contributing to the loss of cDCs induced by apop-
tosis following SIV and HIV infection [44]. The induced 
up-regulation of LILRB2 on macrophages is in accordance 
with recent studies demonstrating the early dysregulation of 
macrophages from peripheral lymph nodes in SIV-infected 
rhesus macaques [5]. The early dysfunctions of macrophages 
caused by LILRB2 could also disturb immune responses 
in secondary lymphoid tissues, since macrophages play 
an important role in the innate immune responses against 
viruses through the production of soluble factors and 
antigen-presentation.

In this study we also investigated the dynamics of 
LILRB2 expression on cDCs during CHIKV infection 
in vivo. Surface expression of LILRB2 on cDCs decreased 
during the early immune response and CHIKV replication 
was rapidly controlled (Fig. 6). Moreover, peripheral cDC 
levels decreased during the acute phase of CHIKV infec-
tion, suggesting the migration of cDCs with less LILRB2 
on their surface toward peripheral lymph nodes (Figure S8). 
Expression of MHC-I on cDCs and monocytes rapidly and 
transiently increased between 2 and 4 days after CHIKV 
infection. In the presence of low amounts of LILRB2, the 
increased MHC-I expression could favor the availability of 
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MHC-I ligands for CD8+ T-cell receptors. Indeed, previous 
reports indicate that CD8+ T cells are rapidly activated dur-
ing the early phase of CHIKV infection in macaques and 
humans [45, 46].

Early HIV and SIV infection are characterized by the 
production of a high viral load, associated with concomi-
tant induction of inflammatory and immuno-regulatory 
processes, including the production of cytokines. Given the 
complexity of the mechanisms induced in the early phase 
of the immune response against HIV and SIV, we set up 
an in vitro assay to characterize the factors that could be 
involved in the enhancement of LILRB2 expression. Our 
data show that the increase in LILRB2 expression requires 
productive infection of MoDCs, suggesting that sustained 
intracellular replication of HIV-1 is involved in this mech-
anism (Fig. 4). The potential direct role of HIV-1 in the 
regulation of LILRB2 expression is strengthened by the 
fact that stimulation of TLR7/8 induces the up-regulation 
of LILRB2, suggesting a relationship between these sign-
aling pathways. CHIKV contains a single stranded RNA 
and might be expected to enhance LILRB2 expression in 
cDCs. However, Schilte et al. have reported that CHIKV 
is unable to trigger TLR7/8 pathways in cDCs and other 
hematopoietic cells [47]. Moreover, CHIKV is not able to 
infect cDCs or MoDCs, in contrast to HIV [20]. Since TLR3 
could also sense HIV RNA, future investigations will be 
helpful to determine the impact of this pathway on LILRB2 
expression.

Our in vitro data also indicate that the immunomodula-
tory cytokines IL-10 and type-I IFNs, which are produced 
during the early immune response against HIV, enhance the 
surface expression of LILRB2 (Fig. 5). In contrast, TNF-a 
had no effect on the regulation of LILRB2. Further studies 
will be required to determine whether type-I IFNs act on 
LILRB2 expression through a canonical pathway to initiate 
the resolution of inflammatory processes, which is neces-
sary for control of the virus, and whether the simultaneous 
presence of HIV and cytokines act synergistically on the 
expression of LILRB2 on cDCs.

Previous in vitro studies have reported that the strength of 
the interaction between LILRB2 and MHC-I drives the dys-
regulation of cDCs of HIV-infected patients. These studies 
indicate that the strength of the LILRB2/MHC-I interaction 
is regulated by HIV-derived peptides or genetic variation of 
MHC-I haplotypes [7, 15, 16]. However, we have previously 
demonstrated that a slight increase of LILRB2 expression 
on neutrophils, resulting from granule exocytosis, directly 
affects neutrophil functions [23]. Indeed, neutrophils with 
higher levels of LILRB2 on their surface are more prone 
to inhibition by MHC-I ligands, resulting in the attenua-
tion of phagocytosis and the production of reactive oxygen 
species [23, 39]. The upregulation of LILRB2 expression 
on cDCs during HIV/SIV infection that we report here is 

much higher than that on neutrophils, as it results from sus-
tained protein production. Moreover, it is accompanied by 
increased MHC-I ligand expression. We propose that the 
simultaneous increase of LILRB2 expression and that of 
its MHC-I ligands, induced during the early phase of the 
immune response against HIV, considerably alter cDC func-
tions. This hypothesis is strengthened by previous studies 
demonstrating that high expression of LILRB2 on cDCs 
drives potent immune-regulatory mechanisms, leading to 
the attenuation of CD4+ and CD8+ T cell responses [6, 22].

In summary, our data show specific enhancement of the 
LILRB2/MHC-I inhibitory axis in cDCs during the early 
immune response that may strongly influence mechanisms 
that tip the balance toward SIV or HIV persistence (Figure 
S9). However, further investigations will be necessary to 
determine the impact of LILRB2/MHC-I interaction on the 
efficiency of immune responses against SIV and HIV.
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