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ERAPs Reduce In Vitro HIV Infection by Activating Innate
Immune Response
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Micaela Garziano,* Claudio Fenizia,*,† Daria Trabattoni,* Mario Clerici,†,‡ and

Mara Biasin*

Recombinant human (rh) ERAP2-treated PBMCs are less susceptible to in vitro HIV-1 infection even when CD8+ T cells are

depleted. We therefore investigated whether ERAP2 can trigger other immunocompetent cells, boosting their antiviral potential.

To this end, human monocyte-derived macrophages (MDMs) differentiated from PBMCs of 15 healthy donors were in vitro HIV-1

infected in the presence/absence of 100 ng/ml of rhERAP2, rhERAP1, or rhERAP1+rhERAP2. Notably, rhERAP2 treatment

resulted in a 7-fold reduction of HIV-1 replication in MDMs (p < 0.05). This antiviral activity was associated with an increased

mRNA expression of CD80, IL-1b, IL-18, and TNF-a (p < 0.01 for cytokine) in in vitro ERAP2-treated HIV-1–infected

MDMs and a greater release of IL-1b, TNF-a, IL-6, and IL-8 (p < 0.01 for each cytokine). The rhERAPs addition also

induced the functional inflammasome activation by ASC speck formation in monocytes (p < 0.01) and in THP1-derived

macrophages (p < 0.01) as well as a rise in the percentage of activated classical (CD14+CD162HLA-DRII+CCR7+) and

intermediate (CD14++CD16+HLA-DRII+CCR7+) monocytes (p < 0.02). Finally, THP-1–derived macrophages showed an

increased phagocytosis following all ERAPs treatments. The discovery that ERAPs are able to trigger several antiviral

mechanisms in monocyte/macrophages suggests that their anti-HIV potential is not limited to their canonical role in Ag

presentation and CD8+ T cell activation. These findings pose the premise to further investigate the role of ERAPs in both

innate and adaptive immunostimulatory pathways and suggest their potential use in novel preventive and therapeutic

approaches against HIV-1 infection. The Journal of Immunology, 2021, 206: 1609–1617.

E
ndoplasmic reticulum (ER) aminopeptidase (ERAP) 1 and
2 are two closely related IFN-g–inducible, ubiquitously
expressed, ER-localized aminopeptidases that play a

major role in the antigenic peptide editing quality control. By
trimming the N-termini of precursor peptides generated in the
cytosol by the proteasome, ERAPs influence the development
of Ag repertoire that will be presented in MHC class I, ma-
nipulating both CD8+ T lymphocyte– (1) and NK-mediated
immune responses (2–4). The role of ERAPs in shaping the
quality and the potency of immune responses has been shown
in a number of autoimmune and inflammatory diseases by several
independent groups (5–8). Besides this canonical function, ERAPs

can nevertheless display additional unconventional roles whose
relevance should not be undervalued. First of all, enzymatically
active ERAP1 has been found in the secretome of RAW264.7
murine macrophage cell lines upon both inflammatory stimuli (9)
and increased cytokine-induced intracellular Ca2+ levels (10).
Furthermore, a subset of secreted ERAP1 was found to be bound
to exosomes released from LPS/IFN-g–treated murine macro-
phages (11). Secreted ERAP1 mediates a number of functions, in-
cluding 1) the activation of inflammatory processes by enhancing
phagocytoses and NO synthesis from macrophages (9–11); 2) the
trimming of peptides with N-terminal arginine residues, favoring
NO production (12); 3) blood pressure regulation (13); 4) increased
inflammatory cytokine production in human PBMCs through
NOD-like receptor, pyrin domain-containing (NLRP) 3 activation
(14); and 5) cytokine receptor shedding (15, 16).
The role played by the highly homologous ERAP2 in both Ag

presentation and innate modulation has not been as extensively
characterized as for ERAP1. This lack of information is mainly due
to the ERAP2 absence in rodent genomes (17). In the field of Ag
presentation, ERAP2 acts on different substrates compared with
ERAP1 and shows particular preference for arginine residues
(18, 19). Only recently, the release of ERAP2 in the secretome of
IFN-g/LPS–stimulated monocyte-derived macrophages (MDMs)
has been documented (20), but its biological function in this mi-
lieu has only partially been clarified. Based on the results so far
obtained, it has been speculated that secreted ERAP2 may re-enter
the cell and relocalize into the ER, thus strengthening CD8+ T cell
activation. Supporting this assumption are data showing that the
addition of recombinant human (rh) ERAP2 to cell culture up-
regulated CD8+ activated lymphocytes (CD25+HLA2DRII+) and
effector memory/terminally differentiated CD8+ T cells, resulting
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in a more efficient in vitro control of HIV infection/replication
(20). However, in the same study, it was demonstrated that HIV
replication was partially reduced by the rhERAP2 addition even in
CD8+ T cell–depleted cultural conditions, suggesting that effector
mechanisms or cellular types other than CD8+ T cells may be
modulated by ERAP2. Hence, considering the high structural and
functional homology between the two ERAP isoforms, the current
study aims to verify if extracellular ERAP2 could have direct or
indirect effects on natural immunity as previously ascertained for
ERAP1. To this end, we investigated monocyte/macrophage ac-
tivation by analyzing inflammasome activation, phagocytosis, and
monocyte differentiation. Furthermore, as ERAP1 and ERAP2 can
heterodimerize at an intracellular level and generate final peptides
at a faster rate than their individual counterparts (21), we per-
formed these same analyses using a combination of the two iso-
forms of ERAPs. The in vitro HIV infection model was used as
several studies have demonstrated a correlation between both
susceptibility (20, 22–25) and progression (26–28) of HIV infec-
tion and ERAPs.

Materials and Methods
Healthy control blood samples and PBMC isolation

Thirty milliliters of whole blood were collected in EDTA-containing
vacutainer tubes (Becton Dickinson, Rutherford, NJ) from 15 healthy
controls (HCs). PBMCs were separated on lymphocyte separation medium
(Cedarlane Laboratories, Hornby, ON, Canada) and washed twice in PBS.
Leukocyte viability was determined using a Bio-Rad TC20 Automated
Cell Counter (Bio-Rad Laboratories).

The Ethical Committee of the Fondazione IRCCS Ca’ Granda Ospedale
Maggiore Policlinico (Milan, Italy) approved the study (Protocol No.
0028257). All the donors signed an informed consent form in accordance
with the Declaration of Helsinki.

MDMs differentiation

The percentage of CD14+ monocytes was determined in PBMCs isolated
from 15 HCs by flow cytometer analyses. Monocytes were isolated via
plastic adherence and MDMs were generated as previously described (29),
incubating 1 3 106 monocytes for 5 d in RPMI 1640 with 20% of FBS
(EuroClone, Milan, Italy) and 100 ng/ml M-CSF (R&D Systems, Minne-
apolis, MN). MDM differentiation was assessed by optical microscope
observation (ZOE Fluorescent Cell Imager; Bio-Rad Laboratories)
(Supplemental Fig. 1).

PBMCs and MDMs in vitro HIV-1 infection assay

PBMCs from five HC andMDMs from 15 HCs were cultured in RPMI 1640
containing 20% FBS in the presence/absence of 100 ng/ml of rhERAP1,
rhERAP2, or rhERAP1+rhERAP2 for 3 h (R&D Systems Code 2334-ZN
and 3830ZN, respectively; R&D Systems). The dose of rh proteins to be
used in this experimental setting was assessed in a previous work (20).
Moreover, in the Human Protein Atlas database (https://www.proteinatlas.
org/humanproteome/blood/proteins+detected+in+ms), ERAP1 (27 mg/l)
and ERAP2 (7.4 mg/l) human plasma concentration detected by mass
spectrometry are reported. Although the concentration of rhERAPs
employed in our assay is somewhat higher (3.7-fold for ERAP1 and 13.5-fold
for ERAP2), we did not observe any toxic effect on the treated cells in a
previous study (20).

After incubation, cells were in vitro HIV-1Ba-L infected (0.5 ng/1 3
106cells) at 37˚C and 5% CO2. After 24 h, PBMCs and the attached
macrophages were washed twice with PBS and cultured in complete me-
dium containing 20% FBS for 6 d. Postinfection, half of the medium was
changed every 2 d, and rhERAPs were added in the corresponding cell
cultures. Only for PBMCs, IL-2 (15 ng/ml) (R&D Systems) was added as
well. Six days postinfection, viral Ag replication was assessed in the su-
pernatant of PBMCs and MDMs by p24 Ag ELISA (Cell Biolabs, San
Diego, CA). Cytokine production was evaluated in the supernatant of in-
fected MDMs by multiplex ELISA (Bio-Rad Laboratories). Gene ex-
pression analyses was performed on MDMs.

MDM gene expression analysis

RNA extraction and retrotranscription were performed as previously de-
scribed (30). cDNA quantification (Bio-Rad Laboratories) was assessed by

using a real-time PCR (CFX96 connect; Bio-Rad Laboratories) and a
SYBR Green PCR Mix (Bio-Rad Laboratories), and all reactions were run
in duplicate. The results are presented as the average of the relative ex-
pression units to the GAPDH and b-actin reference genes calculated by the
22DDCt equation using the CFX manager 3.1 (Bio-Rad Laboratories).
Reactions were performed according to the following thermal profile:
initial denaturation (95˚C, 15 min) followed by 40 cycles of 15 s at 95˚C
(denaturation) and 20 s at 60˚C (annealing) and 20 s at 72˚C (extension).
Melting curve analysis was also analyzed for amplicon identification. Cycle
threshold values of 35 or higher were excluded from the analyses. Each
experiment was run in duplicate.

Cytokine and chemokine measurement by multiplex assay

The concentration of 27 cytokines/chemokines was assessed in the su-
pernatants of HIV-infected MDMs in the presence/absence of rhERAPs by
using immunoassays formatted on magnetic beads (Bio-Rad Laboratories),
according to manufacturer’s protocol via Luminex 100 technology
(Luminex, Austin, TX). Supernatants were obtained 6 d post–MDMs HIV
infection. Each experiment was run in duplicate.

Cell cultures: human monocytic THP-1 cell line, PBMCs,
and MDMs

The human monocytic cell line THP-1 was provided by Istituto Zoopro-
filattico Sperimentale della Lombardia e dell’Emilia Romagna (Brescia,
Italy) and maintained in RPMI 1640 supplemented with 10% FBS, 2 mM
L-glutamine, and 1% penicillin (Invitrogen, Paisley, U.K.) (medium) at 37˚C in
a humidified 5% CO2 atmosphere. To differentiate these cells into macro-
phages, THP-1 human monocytes were seeded in six-well plates at a density of
1 3 106 cells/well in medium containing 50 nM of phorbol 12-myristate
13-acetate (PMA) (Sigma-Aldrich, St. Louis, MO) and incubated for 12 h
at 37˚C in 5% CO2.

For ASC speck formation, THP-1–derived macrophages (duplicate) and
PBMCs were resuspended at 1 3 106 cells/ml and were either 1) cultured
in medium alone (unstimulated), 2) stimulated with the NLRP3 agonist
nigericin (5 mM for 1 h) (positive control), 3) primed 2 h with LPS (1 mg/ml)
(Sigma-Aldrich), or 4) primed 2 h with LPS and stimulated with 100 ng/ml
of rhERAP1, rhERAP2, or rhERAP1+rhERAP2 for 22 h at 37˚C in a hu-
midified 5% CO2 atmosphere. LPS preincubation is required because neither
NLRP3 nor pro–IL-1b are constitutively expressed and require transcrip-
tional induction (31, 32).

For monocyte activation, uninfected and HIV-1–infected PBMCs were
cultured in medium alone or stimulated with rhERAP1 (100 ng/ml),
rhERAP2 (100 ng/ml), or a combo of ERAP1+rhERAP2 (100 ng/ml) for
24 h at 37˚C in a humidified 5% CO2 atmosphere. For phagocytoses assay,
THP-1–derived macrophages were cultured analogously.

Intracellular inflammasome protein staining

THP-1–derived macrophages (1 3 106) or monocytes, stimulated as de-
scribed above, were fixed with 100 ml of paraformaldehyde (PFA) (1%) for
10 min, permeabilized with 100 ml of Saponin (0.1%) (Life Science VWR,
Lutterworth, U.K.), and stained with PE anti-human ASC (clone HASC-71,
isotype mouse IgG1; BioLegend, San Diego, CA) for 1 h at room temper-
ature. Cells were then washed with PBS, centrifuged at 1500 rpm for 10 min,
resuspended in 50 ml of PBS, and analyzed by Amnis FlowSight Imaging
Flow Cytometer (Luminex).

Immunofluorescent staining

Monocyte subsets and MHC class II expression. Uninfected and HIV-1–
infected PBMCs cultured in medium alone or stimulated with rhERAPs
were stained with CD14 PE-Cy7 (Isotype IgG2a Mouse, Clone RMO52;
Beckman Coulter), CD16 PE-Cy5 (Isotype IgG1 Mouse, Clone 3G8;
Beckman Coulter), CCR7 FITC (Isotype IgG2a Mouse, Clone G043H7;
BioLegend), and HLA-DRII ECD (Isotype IgG2b Mouse, Clone B8.12.2;
Beckman Coulter)–specific mAbs for 30 min at room temperature in the
dark. Cells were then washed, fixed in 1% PFA in PBS, and acquired by
flow cytometry.

Flow cytometry analysis

Analyses were performed by using a Beckman Coulter Gallios Flow
Cytometer equipped with two lasers operating at 488 and 638 nm, re-
spectively, interfaced with Gallios software and analyzed with Kaluza v 1.2.
Two hundred thousand events were acquired and gated on CD14+ for
monocyte cells, considering isotype background.

Data were collected using linear amplifiers for forward and side scatter and
logarithmic amplifiers for fluorescences (FL) 1, FL2, FL3, FL4, and FL5.
Samples were first run using isotype control or single fluorochrome-stained
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preparations for color compensation. Rainbow Calibration Particles (Spher-
otech, Lake Forest, IL) were used to standardize flow cytometry results.

Gating strategies were as follows (Supplemental Fig. 2): an initial as-
sessment of monocyte population was performed using a forward scatter
plot/side scatter plot. A first gate was set around the monocytes. The
monocyte population was gated on a side scatter/CD14 scatter plot and
on CD14+ to identify the monocyte population; another two gates were
set on a CD14/CD16 scatter plot to distinguish the classical monocytes
(CD14+/CD162) from intermediate (CD14++/CD16+) and nonclassical
monocytes (CD14+/CD16++).

The percentage of CCR7+ and HLA-DRII+ was then calculated on
classical, intermediate, and nonclassical monocytes. Samples were first run
using isotype controls or single fluorochrome-stained preparations for
color compensation. Rainbow Calibration Particles (Spherotech) were used
to standardize flow cytometry results.

Phagocytosis assay

THP-1–derived macrophages (1 3 106), stimulated as described above,
were cultured with latex beads coated with rabbit IgG–FITC complex
(Cayman Chemical) to a final dilution of 1:100 for 1 h. Medium containing
0.05% Trypsin–EDTA (Code ECB3052D; EuroClone) was added for
10 min at 37˚C in 5% CO2. Cells were then resuspended in RPMI 1640
supplemented with 10% FBS and centrifuged at 1500 rpm for 10 min.
Pellets were fixed with 0.1% PFA for 10 min, washed, resuspended in
50 ml PBS, and analyzed by Amnis FlowSight Imaging Flow Cytometer
(Luminex). Each experiment was run in duplicate.

Amnis FlowSight imaging analysis

Phagocytosis and ASC speck formation were analyzed by Amnis FlowSight
Imaging Flow Cytometer (Luminex), an imaging flow cytometer equipped
with two lasers operating at 488 and 642 nm, 2 cameras, and 12 standard
detection channels that merge flow cytometry and high-resolution mi-
croscopy. The machine simultaneously produces side scatter (darkfield)
images, one or two transmitted light (brightfield [BF]) images, and up to 10
channels of FL imagery of every cell. FlowSight using the INSPIRE system,
acquires 2000 cells/s, and operates with a 1-mm pixel size (∼320 mag-
nification), allowing visualization of FL from the membrane, cytoplasm, or
nucleus. The IDEAS image analysis software allows quantification of
cellular morphology and FL at different cellular localizations by defining
specific cellular regions (masks) and mathematical expressions that uses
image pixel data or masks (features).

Phagocytosis was evaluated by analyzing the internalization feature
using a mask representing the whole cell, defined by the BF image, and an
internal mask defined by eroding the whole cell mask to eliminate the
fluorescent signal coming from the latex beads rabbit IgG–FITC complex
attached to the cell surface, thus measuring only the internalized part. The
internalization feature was first used to calculate the ratio of the intensity
of latex beads rabbit IgG–FITC complex inside the cell/total FAM inten-
sity outside the cell. Higher internalization scores (IS) indicate a greater
concentration of latex beads rabbit IgG–FITC complex inside the cell.
THP-derived macrophages with an IS .2 were defined as those with a
functional phagocytic activity. The inflammasome assembly was deter-
mined by ASC speck formation using a threshold mask plotting Max Pixel
MC (Ch03) versus area threshold (M03, Ch03, and Ch70) that defined cell
with ASC speck from cells with an ASC diffuse pattern. This mask allows
us to separate within the population of ASC fluorescent cells those with
small area and high maximum pixel (ASC speck) from those with large
area and low maximum pixel (ASC diffuse) (33).

Statistical analyses

Data were analyzed using Student t or ANOVA test by GraphPad Prism
version 5 (GraphPad Software, La Jolla, CA), and p values #0.05 were
considered to be significant.

Results
rhERAPs induce the differentiation and activation
of monocytes

We first investigated the effect exerted by ERAPs on monocyte
differentiation and activation. To this end, PBMCs were stimulated
with rhERAPs and differentiation/activation subset into classical,
intermediate, and nonclassical monocytes and were evaluated.
Notably, we observed an increase in the percentage of activated
(CCR7+DRII+) total monocytes following any rhERAP treatment,
with the strongest effect being associated with the use of rhERAP2

(p , 0.01) (Fig. 1). Moreover, when we evaluated monocyte
subsets, we found that the addition of rhERAP2+rhERAP1
resulted in the activation (CCR7+DRII+) of all three subtypes of
monocytes: classical monocytes (CD14++ CD162) (p , 0.05),
intermediate monocytes (CD14++CD16+) (p , 0.05), and non-
classical monocytes (CD14+CD16++) (p, 0.05) (Fig. 1). Notably,
rhERAP2 addition significantly activated classical (p , 0.01) and
intermediate monocytes (p , 0.05) (Fig. 1), whereas rhERAP1
treatment induced only the activation of classical monocytes
(p , 0.05) (Fig. 1). As classical and intermediate monocytes
are responsible for the induction of a robust innate inflamma-
tory immune response, these results suggest that rhERAPs
treatment favors the establishment of a prompt and potent
immune response, which could protect against infection.

rhERAPs stimulation triggers the phagocytic activity of
THP-1–derived macrophages

To elucidate the pathophysiological relevance of extracellular
rhERAP protein addition, we next measured the phagocytic activity
of rhERAPs-treated THP-1–derived macrophages. Data revealed
that the ability of THP-1–derived macrophages to phagocytose
latex beads coated with fluorescently labeled rabbit IgG signifi-
cantly increased following rhERAPs addition (Fig. 2A). In par-
ticular, as shown in Fig. 2B, a moderate rate of phagocytosis was
seen in untreated cells. However, rhERAP1, rhERAP2, and
rhERAP1+rhERAP2 induced a substantial increase (nearby 2-fold)
of this parameter (rhERAP1: p , 0.01; rhERAP2: p , 0.05; and
rhERAP1+rhERAP2: p , 0.05). These results suggest that extra-
cellular ERAPs are also responsible for the enhancement of THP-1–
derived macrophage phagocytosis.

ASC speck formation in LPS-primed and rhERAPs-stimulated
THP-1–derived macrophages and monocytes

As rhERAPs-treated PBMCs significantly increased IL-1b release
as well as IL-18 and CASP1 expression and rhERAP1 has already
been proven to induce NLRP3 activation (14), we wondered
whether all rhERAPs might activate specific innate immune sen-
sors, responsible for IL-1b processing and release, a mechanism
orchestrated by inflammasome.
Apoptosis-associated speck-like protein containing CARD-

speck formation, the hallmark of inflammasome activation, was
analyzed by FlowSight Amnis in LPS-primed and rhERAPs-
stimulated THP-1–derived macrophages as well as in CD14+

cells labeled from HC PBMCs. Results showed that the percentage
of ASC speck–positive THP-1–derived macrophages was signifi-
cantly increased following nigericin (positive control) stimulation
(p , 0.05) (Fig. 2C). Remarkably, THP-1–derived macrophages
primed with LPS and stimulated with all rhERAPs showed a
significant increase of ASC speck assembly compared with the
unstimulated condition (p , 0.05 for all comparisons) (Fig. 2C).
To verify if such phenomenon is not limited to cell lines, experi-

ments were replicated on PBMCs labeled with CD14 fluorophore to
distinguish monocytes, the main inflammasome-expressing cells (34).
Results confirmed that rhERAPs addition to cell cultures induces
cytoplasmic diffuse ASC molecules to cluster into ASC speck
(Fig. 2D). The increase was statistically significant in all the
rhERAPs-treated cultures (rhERAP1: p, 0.02; rhERAP2: p, 0.01;
and rhERAP1+rhERAP2: p , 0.01). Representative images are
provided in Fig. 2E.

rhERAPs decrease in vitro HIV-1 replication in MDMs

Because the addition of rhERAP2 reduces in vitro HIV-1 repli-
cation in PBMCs and the mechanism of action is only partially
dependent on an acquired immune response (20), we decided to
verify if rhERAPs could exert the same effect on HIV-1–infected
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MDMs. To this end, MDMs differentiated from monocytes were
in vitro HIV-1 infected in the absence/presence of rhERAP1,
rhERAP2, or rhERAP1+rhERAP2. As shown in Fig. 3, viral
replication in MDMs was reduced in all cases and reached sta-
tistical significance in the presence of rhERAP2 (p , 0.05). These
results suggest that rhERAPs, in particular rhERAP2, confer
protection from HIV-1 infection by modulating innate immune
responses.

Modulation of the expression of immune effectors genes by
rhERAPs in in vitro HIV-1–infected MDMs

To verify whether the antiviral activity exerted by rhERAPs on
MDMs relies on the activation of a natural immune response, we
evaluated the mRNA expression of involved key players by real-
time PCR. Analyses were performed on 6 d post–in vitro HIV-
1–infected MDMs, which were treated/untreated with rhERAPs.
Notably, the addition of different rhERAPs to cell cultures
resulted in the upregulation of the same genes, which are impli-
cated in the acquired and innate immune responses (Fig. 4); again,
rhERAP2 seems to display a more consistent effect on immune
activation. In particular, following rhERAP2 stimulation, a
high transcription rate was observed for CD80 (p , 0.01), IFN-
a (p, 0.05), TAP (p, 0.05), IL-1b (p, 0.01), IL-18 (p, 0.01),
IL-8 (p , 0.01), CASP1 (p , 0.05), NPLR3 (p , 0.05), TNF-a
(p , 0.05), and IFN-g (p , 0.05) (Fig. 4).

Modulation of cytokine and chemokine production by rhERAPs
in in vitro HIV-1–infected MDMs

To further elucidate the antiviral mechanism elicited by
rhERAPs in in vitro HIV-1–infected MDMs, we next assessed

the production of 27 cytokines and chemokines related to
immune response activation. Again, all rhERAPs significantly
induced the production of key cytokines involved in sev-
eral aspects of macrophage activation (Fig. 5). In particular,
rhERAP2 significantly increased the secretion of proin-
flammatory cytokines, including IL-1b (p, 0.05), IL-6 (p, 0.05),
IL-8 (p , 0.05), IFN-g (p , 0.05), and TNF-a (p , 0.05) as
well as of chemokines like RANTES (p , 0.01). These data
mirror the results obtained by gene expression analyses,
suggesting that the protection conferred by rhERAPs is cor-
related with an increased expression and production of several
cytokines.

Differentiation and activation of monocytes in
rhERAPs-treated HIV-1–infected PBMCs

To confirm that the addition of rhERAPs reduces in vitro HIV-1
infection, PBMCs isolated from five HCs were in vitro infected
with HIV-1Bal. Results showed that 6 d after in vitro HIV-1 in-
fection, p24 levels were significantly lower in PBMCs treated with
rhERAP2 and rhERAP1+rhERAP2 (p , 0.05). To verify if such
protective effect could be secondary to rhERAP-induced mono-
cyte differentiation and activation, 3 d post–in vitro infection
PBMCs were labeled so as to analyze the different monocyte
subsets.
Of note, in HIV-infected rhERAP-treated PBMCs, we ob-

served an increase in the percentage of 1) total activated
monocytes (p , 0.05), 2) classical monocytes following
rhERAP2 addition (p , 0.05), and 3) classical and intermediate
monocytes following rhERAP1+rhERAP2 treatment (p , 0.05).
The induction of these inflammatory monocyte subsets by

FIGURE 1. rhERAPs stimulation favors monocyte activation and differentiation in specific subsets. PBMCs isolated from 15 HCs were stimulated with

100 ng/ml of rhERAP1, rhERAP2, or rhERAP1+rhERAP2 for 24 h. The percentage of total CD14+ CD16+), classical (CD14++CD162), intermediate

(CD14++CD16+), and nonclassical (CD14+CD16++) monocytes expressing the activation markers DRII and CCR7 was assessed by flow cytometry. Mean

values and SEM are shown. *p , 0.05, **p , 0.01.
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rhERAPs treatment could explain the suppression of viral rep-
lication in in vitro HIV infection assay (Fig. 6).

Discussion
As clearly implied by their acronyms, ERAP1 and ERAP2 are
primarily located in the ER, where they participate in the
generation of the antigenic repertoire to be presented in asso-
ciation with MHC class I molecules. Therefore, they do play a
key role in the selection, modulation, and activation of specific
CD8+ T cell clones that can result in a strengthened or weak-
ened immune response. Several studies, however, reported that
besides acting as Ag-processing enzymes in the ER, ERAPs
may be secreted into the extracellular milieu, where they dis-
play various pathophysiological functions. Such roles have
been extensively investigated and reviewed by Tsujimoto et al.
(35) for ERAP1. The finding that also the evolutionary younger
sister ERAP2 may be released in the extracellular environment
in response to inflammatory stimuli is far more recent (20, 36),
and its role in this atypical context is almost entirely to be
explored. In this report, for the first time, to our knowledge, we
document ERAP2 extracellular ability to trigger natural im-
munity, besides an acquired one, at multiple levels.

First, the addition of rhERAPs to cell cultures significantly
modified the distribution of monocyte subsets and in general in-
creased their activation, as demonstrated by DRII and CCR7
analyses. Monocytes are, indeed, heterogeneous and comprise at
least three distinct subsets of mononuclear phagocytes: the classical
CD14+CD162, intermediate CD14++CD16+, and nonclassical
CD14+CD16++ subsets, although new ones have been recently
described (37). Each subset shows functional differences in in-
flammatory (38, 39), migratory, and phagocytic capabilities (38)
and then display a different impact on both homeostasis and dis-
ease progression. Classical monocytes are critical for the initial
inflammatory response (40), and they can differentiate into mac-
rophages in tissue (41) and show enhanced phagocytic activity
(42). Intermediate monocytes are described as the major source of
proinflammatory cytokines upon stimulation (43, 44). Conversely,
nonclassical monocytes are widely viewed as anti-inflammatory as
they maintain vascular homeostasis (45). The observation that
ERAPs are able to regulate monocyte differentiation/activation is
fairly recent. Of note, all rhERAPs treatments determined a rise in
the percentage of total monocytes, suggesting that these amino-
peptidases directly influence their expansion and activation. Even
more important, following rhERAP stimulation, we observed a

FIGURE 2. rhERAPs stimulation resulted into increased phagocytosis in THP-1–derived macrophages into inflammasome ASC speck assembly. (A)

Representative images captured by Amnis FlowSight Cytometry of THP-1–derived macrophage incubated with latex beads rabbit IgG–FITC complex

are shown. The first column shows BF image of macrophages incubated with latex beads rabbit IgG–FITC complex, the second column shows image

related to latex beads rabbit IgG–FITC complex FL, and the third column shows merged latex beads rabbit IgG–FITC complex FL with BF (left); IS

calculated on latex beads rabbit IgG–FITC complex positive macrophage by IDEAS software is shown (right). Scale bar, 20 mm. (B) THP-1–derived

macrophages were incubated with or without 100 ng/ml of rhERAP1, rhERAP2, or rhERAP1+rhERAP2 for 3 h. Latex beads rabbit IgG–FITC complex

was added directly to the culture medium at a 1:200 dilution and incubated at 37˚C for 2 h and immediately analyzed by FlowSight Amnis. The

phagocytic activity of THP-1–derived macrophages incubated in the absence of rhERAPs treatment was measured as a control (C–E). NLRP3/ASC

speck colocalization was analyzed by Amnis FlowSight Cytometry. 1 3 106 LPS-primed (1 mg/ml) THP-1–derived macrophages (C) and PBMCs (six

HCs) (D) were stimulated for 24 h with rhERAP1, rhERAP2, or rhERAP1+rhERAP2 (100 ng/ml), and results were summarized as the percentage of

positive cells for NLRP3/ASC speck formation. (E) Representative image of nigericin-stimulated THP-1–derived macrophage identifying ASC speck.

ASC-positive cells are plotted on Max Pixel MC (Ch03) versus area threshold (M03, Ch03, and Ch70) scatter plot. This mask allows us to discriminate

between cells characterized by speck formation, in which a functional inflammasome complex is assembled, and cells with an ASC diffuse pattern.

Mean values and SEM are shown. *p , 0.05, **p , 0.01.
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skew toward the percentage of activated classical and inter-
mediate monocytes compared with the nonclassical ones. We
can, thus, assume that following ERAPs secretion or addition,
monocytes, which have demonstrated extensive plasticity,
adjust their functional phenotype so as to generate a robust
innate inflammatory immune response. These results allow
also to speculate on a possible use of rhERAPs to establish a

prompt and fortified immune response driven by monocyte
elicitation.
Second, in our experimental setting, rhERAPs functionally ac-

tivated the monocyte/macrophage lineage, as demonstrated by both
increased phagocytosis and inflammasome assembly. In fact, this is
not the first insight that ERAP1 stimulates macrophage phago-
cytosis. In 2011, Goto et al. (9) first reported that the addition of
recombinant wild-type, but not inactive mutant, ERAP1 to culture
medium enhanced phagocytosis in RAW264.7 murine cells, a
property shared by other aminopeptidases (P-LAP and laeverin/
APQ). The same feature has been further detailed in more recent
studies (11, 14), leading the authors to suppose that both secreted
and exosome-associated ERAP1 produce phagocytosis-enhancing
peptide(s) via cleavage of substrate(s) in the extracellular space
(9, 11). Remarkably, our results extend this property even to
rhERAP2 and the combo of the two aminopeptidases in THP-1–
derived macrophages human cell lines. We can, therefore, infer
that phagocytosis-enhancing activity is a characteristic commonly
shared by different aminopeptidases (9), which could be exploited
as therapeutic intervention strategy in several pathological con-
ditions showing reduced phagocytic functions. Likewise,
caspase1/NLRP3 inflammasome pathway activation by extracel-
lular ERAP1 has been previously documented by means of IL-1b
secretion and caspase-1 production (14). Our data not only con-
firm these findings but move a step forward by pointing at
rhERAP2 as another inflammasome-activating enzyme. Moreover,
our data show for the first time, to our knowledge, that rhERAPs
stimulation is able to induce cytoplasmic dispersed ASC mole-
cules to cluster in one condensed micrometric-sized ASC speck
complex, the hallmark of inflammasome activation. Although an
excessive NLRP3 inflammasome activation has been implicated in
a variety of human diseases, including Alzheimer disease (46, 47),
multiple sclerosis (48), metabolic dysfunctions (49, 50), infectious
diseases, and tumorigenesis (51, 52), ASC speck assembly is
highly beneficial to the well-being of the host, and it is indis-
pensable for the onset of a correct and protective immune re-
sponse. As a matter of fact, by producing IL-1b inflammatory
cytokine and inducing pyroptosis, the primary function of NLRP3
inflammasome is to protect the host from invading microorgan-
isms (53). Notably, NLRP3-induced IL-1b production was also
demonstrated to boost T cell function in patients receiving

FIGURE 3. Susceptibility to in vitro HIV-1 infection was reduced in

MDMs treated with rhERAPs. MDMs from 15 HCs were treated with

100 ng/ml of rhERAP1, rhERAP2, or rhERAP1+rhERAP2 and in vitro

HIV infected with a R5 HIV1Ba-L. P24 concentration was measured by

ELISA in 6 d post–in vitro HIV-1–infected supernatants. Mean values and

SEM are shown. *p , 0.05.

FIGURE 4. mRNA expression of cytokines and activation markers was increased in in vitro rhERAPs-treated HIV-1–infected MDMs. Following 6 d

in vitro HIV infection, mRNA expression of several cytokines and immune determinants was assessed by real-time PCR in rhERAPs-stimulated MDMs

differentiated from 15 HCs. Mean values and SEM are shown. *p , 0.05, **p , 0.01.
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chemotherapy (54). Hence, we could hypothesize to take advantage
of rhERAPs controlled induction of inflammasome in all the physi-
ological and pathological circumstances requiring its intervention.
Interestingly, all the above-described properties perfectly justify

the reduced susceptibility to in vitro HIV infection registered in
rhERAPs-treated MDMs and PBMCs. Thus far, it has been
reported that rhERAP2 addition to PBMC cell culture supernatant
reduces in vitro HIV replication with a mechanism that is only
partially dependent on CD8+ T cell activation (20). Data in this
study suggest another defensive strategy triggered by rhERAP2 to
contain viral replication mediated by the induction of several
determinants intervening in natural immunity mainly mediated by
monocytes activation and differentiation and inflammatory re-
sponse. Indeed, the addition of rhERAPs to infected PBMCs re-
sults in an increase of both classical and intermediate monocytes,
suggesting that the reduction of viral replication is at least par-
tially mediated by the induction of a prompt and defensive innate
response. Moreover, mRNA expression of cytokines (IL-1b, IL-8,
IL-18, TNF-a, IFN-a, and IFN-g), inflammasome components
(CASP1 and NLRP3), activation markers (CD80), and Ag pre-
sentation machinery (TAP) and the production of several proin-
flammatory cytokines (IL-1b, IL-6, IL-8, IFN-g, TNF-a, and
RANTES) were, indeed, upregulated in HIV-infected MDMs
following rhERAPs addition, suggesting their intervention in the
orchestration of biological defense response to viral infection/
replication. IL-1b increase was observed both at mRNA and
protein level and was likely derived by rhERAPs-induced acti-
vation of inflammasome, a data corroborated by the higher mRNA
expression of CASP1 following rhERAP addition. Although most
of the studies reported in the literature establish a negative

correlation between HIV infection and inflammosome complex
assembly in both acute and chronic infection (51, 55, 56), it is also
possible that inflammasome plays a protective role in the first
steps of HIV-1 infection, as previously proposed by others (55).
Actually, a plethora of studies correlate natural resistance to HIV
infection in HIV-exposed seronegative individuals with the in-
duction of an inflammatory process directing host immune re-
sponse against the virus and/or disease progression (57–60).
According to these assumptions, immune activation in itself is not
always sufficient to favor HIV infection but rather could result in
protection against HIV, possibly hampering viral replication and
spreading and reducing the chance of an overt infection. Fur-
thermore, immune activation could result in the elicitation of a
more robust adaptive antiviral immune response. In this perspec-
tive, rhERAPs, by triggering inflammasome assembly, phagocy-
toses, and monocyte differentiation toward an inflammatory
profile, could be considered a therapeutic strategy to enhance the
natural protective resources during primary exposure to the virus,
as observed in HIV-exposed seronegative individuals.
Analyses were performed stimulating cell cultures also with the

combo of the two enzymes. Indeed, it was recently demonstrated
that ERAP1 and ERAP2 can heterodimerize at an intracellular
level, creating complexes with superior peptide-trimming efficacy
(21, 61). Unexpectedly, the addition of rhERAP1 and rhERAP2 to
the same cell culture did not result in an increased natural immune
response in terms of monocyte/macrophage activation. However,
at present, several questions concerning rhERAPs behavior in the
extracellular milieu are still unanswered: 1) may the two amino-
peptidases dimerize at an extracellular level, 2) which substrate(s)
is recognized by the two enzymes, 3) is the quantity of rhERAPs

FIGURE 5. The secretion of 27 cytokines/chemokines that are part of the inflammatory response is upregulated in in vitro rhERAPs-treated HIV-infected

MDMs. The production of 27 cytokines/chemokines regulating immune response activation was significantly increased in in vitro HIV-infected MDMs

isolated from 15 HCs following rhERAPs treatment. Cytokine production (picograms per milliliter) is shown as a color scale from white to black (0 to

+500). Mean values and SEM are shown. *p , 0.05, **p , 0.01.
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added to the cell culture supernatant sufficient to saturate the
system, and 4) may the rhERAPs re-enter the cells and relocalize
into the ER, thus modulating CD8+ T cell activation? Answering
these questions will allow us to deepen the role of ERAP1 and
ERAP2 in the secretome so as to better exploit their functions in
different experimental, physiological, and pathological settings.
Growing evidence shows that proteins can have multiple functions

according to cellular localization. Considering that ERAPs may bind
different substrates sharing specific amino acidic characteristics, it is
conceivable that, depending on their subcellular localization, they
may change binding partners and thus display multifunctional ac-
tivities, with roles in both an innate and acquired immune system as
well as inflammatory responses, which are crucial in the biological
defense systems. Aside from Ag presentation, ERAP1 modulates
angiogenesis, blood pressure control, cytokine receptor shedding,
phagocytosis, NO synthesis, inflammasome activation, and TNF-a
and IL-1b production, all of which apparently depend on its lo-
calization in the cells. The results reported in this study suggest that
also ERAP2 may be considered as a “moonlighting protein,” acting
as a final processing enzyme of MHC class I–presented Ags as is
the case in peptides in the ER as well as a regulatory protein binding
to several substrates involved in the natural immune response in the
extracellular milieu. Further studies will clarify the processes and
conditions that regulate the intracellular and extracellular location
of the enzyme and the substrates recognized in the different settings.
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