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Differential Inhibition of Macrophage Activation by Lymphocytic
Choriomeningitis Virus and Pichinde Virus Is Mediated by the Z

Protein N-Terminal Domain
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Several arenavirus pathogens, such as Lassa and Junin viruses, inhibit macrophage activation, the molecular mechanism of
which is unclear. We show that lymphocytic choriomeningitis virus (LCMV) can also inhibit macrophage activation, in contrast
to Pichinde and Tacaribe viruses, which are not known to naturally cause human diseases. Using a recombinant Pichinde virus
system, we show that the LCMV Z N-terminal domain (NTD) mediates the inhibition of macrophage activation and immune

functions.

Arenaviruses include several hemorrhagic fever (HF)-causing
agents, such as Lassa fever virus (LASV) and Junin virus
(JUNV), with limited preventative or therapeutic measures (1, 2).
Arenavirus pathogenesis is associated with high viremia and gen-
eralized immune suppression, the mechanism of which is poorly
understood (3, 4). Macrophages and dendritic cells (DCs) are the
early target cells of arenavirus infections. Activated macrophages
and DCs play important roles in both innate and adaptive immu-
nity (5, 6). Several studies have shown that LASV and JUNV, but
not their nonpathogenic counterparts Mopeia virus (MOPV) and
Tacaribe virus (TCRV), can inhibit human macrophage activa-
tion (7-10), the molecular mechanism of which is unknown. As all
arenaviruses encode a conserved nucleoprotein (NP) RNase with
activity to block the interferon (IFN) induction (11-18), it seems
unlikely that NP mediates the differential inhibition of macro-
phages by various arenaviruses. We have recently found that the Z
proteins from known arenavirus pathogens, including HF-caus-
ing LASV and JUNV as well as lymphocytic choriomeningitis vi-
rus (LCMV), that can cause neurologic diseases (19), but not
those from others, such as TCRV and Pichinde virus (PICV),
which have not been associated with significant human diseases
(20, 21), can inhibit RIG-i/MDA5 and block the RIG-i-like-recep-
tor (RLR)-dependent IFN production in macrophages and that
the differential RLR inhibition is determined by the N-terminal
domain (NTD) (22).

To determine whether this newly discovered Z NTD-mediated
RLR inhibition contributes to the differential inhibition of human
macrophages by distinct arenaviruses, we analyzed the macro-
phage activation upon infection with LCMV, TCRV, PICV
(both the P2 and the P18 strains), or a recombinant PICV
encoding a chimeric Z protein with the 31-residue NTD from
LCMV (rP18-ZN, cpmv) (22). Human monocyte-derived mac-
rophages (hMDMs) were obtained as described previously (22)
and treated with lipopolysaccharide (LPS) for 6 h or infected with
the aforementioned arenaviruses at a multiplicity of infection
(MOI) of 2 for 1 and 3 days. The infection rate was nearly 100% for
each virus as demonstrated by the intracellular immunofluores-
cence staining of viral NP with anti-NP antibody (Fig. 1A). Mac-
rophage activation was first assessed by flow cytometric analysis of
the surface expression of CD80 and CD86, the two established
macrophage activation markers and costimulatory molecules.
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LPS, a known strong inducer of macrophage activation, caused
substantial increase in CD80 and CD86 surface expression lev-
els as evidenced by the shifted peaks (Fig. 1B) and the increased
median fluorescence intensity (MFI) (Table 1). Infection by
TCRV and PICV (both the P2 and the P18 strains) also strongly
upregulated CD80 and CD86 surface expression levels at both 1
and 3 days postinfection (dpi). In sharp contrast, infection by
LCMYV and rP18-ZNy ¢y failed to increase the surface expres-
sion levels of CD80 or CD86 (Fig. 1B and Table 1). We also
evaluated macrophage activation by quantifying cytokines (in-
terleukin-6 [IL-6], tumor necrosis factor alpha [TNF-a], IL-
1B, and IL-8) at the transcriptional level by quantitative reverse
transcription-PCR (qRT-PCR). Macrophages infected with
LCMV or rP18-ZN; v produced significantly lower levels of
cytokines than those treated with LPS or infected with TCRV or
PICV (Fig. 1C). It is worth noting that infections with rP18-
ZN|cpqy and LCMV produced similarly low levels of IL-6,
TNF-a, and IL-1B but that rP18-ZN, -,y produced a higher
level of IL-8 than LCMYV, the reason for which is unknown and
may possibly involve differences between PICV and LCMV.
Taken together, our data on the expression of surface activa-
tion markers and cytokines strongly suggest that introduction
of the LCMV Z NTD into the PICV genome leads to the inhi-
bition of macrophage activation.

A major function of macrophage is its phagocytic activity. We
measured the phagocytic activity of hMDMs (23) after phosphate-
buffered-saline (PBS) (mock) or LPS treatment or viral infection
atan MOI of 1. LPS treatment as well as infection with TCRV and
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FIG 1 Arenaviruses differentially activate hMDMs via the Z NTD. (A) All tested arenaviruses efficiently infected hMDMs. Mock-treated or virus-infected
hMDMs at 24 hours postinfection (hpi) were fixed and detected with anti-NP rabbit antibody followed by AlexFluor488-conjugated anti-rabbit secondary
antibody in an immunofluorescence assay. (B) Flow cytometric analysis of macrophage activation markers (CD80 and CD86) on hMDM surfaces. Cells at 1 dpi
were stained with phycoerythrin (PE)-conjugated anti-human CD80 or PE-conjugated anti-human CD86 antibody (BD Biosciences). Representative histogram
overlays are shown, with the mock-treated control represented by a nonfilled peak and other samples represented by a dark gray peak. (C) The mRNA levels of
IL-6, TNF-a, IL-1B, and IL-8 in the LPS-treated (6 h) or virus-infected (3 dpi) hMDMs were measured by qRT-PCR and shown as 2 AACT values (fold induction)
in log scale. Results shown are a representative of three independent experiments, each using PBMCs from a different donor. Statistical analysis was conducted
using the Student ¢ test. ***, P < 0.001; ns, not statistically significant.

PICV (both the P2 and the P18 strains) led to a significantly higher
number of internalized particles than mock treatment or infection
with LCMV or rP18-ZN; o\ (Fig. 2A), demonstrating that the
LCMV Z NTD leads to inhibition of macrophage phagocytic ac-
tivity during arenavirus infection.

Macrophages are known to stimulate the proliferation and ac-
tivation of lymphocytes through antigen presentation and/or se-
creted cytokines. We examined the ability of arenavirus-infected
macrophages to stimulate T cells in an in vitro T-cell activation
assay. Human allogeneic T cells were isolated from peripheral
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blood mononuclear cells (PBMCs) to >95% purity (Fig. 2B) us-
ing MACS pan T-cell isolation kit IT (Miltenyi Biotech, Inc.) and
were cocultured with hMDMs previously treated with PBS
(mock) or LPS or infected with the aforementioned viruses for 2,
3, or 4 days. The levels of gamma interferon (IFN-vy) secreted by
the activated T cells were quantified by enzyme-linked immu-
nosorbent assay (ELISA) (Fig. 2C). At all time points tested, sig-
nificantly higher levels of IFN-vy were detected in cocultures with
hMDMs that were previously treated with LPS, infected with a
control virus (Newcastle disease virus expressing green fluores-
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TABLE 1 Surface expression levels of CD80 and CD86 on hMDMs after LPS treatment or arenavirus infection?

CD80 CD86

Treatment or infection Time point MFI Fold induction MFI Fold induction
Mock 474 1.0 613 1.0
LPS 6h 15,672 33.1 14,250 23.2
LCMV 1 dpi 600 1.3 1,515 2.5
LCMV 3 dpi 521 1.1 1,067 1.7
TCRV 1 dpi 9,951 21.0 12,964 21.1
TCRV 3 dpi 8,913 18.8 12,296 20.1
PICV-P2 1 dpi 8,973 18.9 9,095 14.8
PICV-P2 3 dpi 11,146 23.5 10,846 17.7
PICV-P18 1 dpi 6,377 13.5 11,908 19.4
PICV-P18 3 dpi 6,911 14.6 10,364 16.9
PICV-ZN, crpy 1dpi 628 1.3 1,123 1.8
PICV-ZN| c\my 3 dpi 565 1.2 982 1.6

@ Results shown are a representative of three independent experiments, each using PBMCs from a different donor.

cent protein [NDV-GFP], which activates macrophages upon in-
fection [24]), or infected with TCRV or PICV than in those that
were mock treated or infected with LCMV or rP18-ZN cyv-
Therefore, the LCMV Z NTD inhibits the function of arenavirus-
infected macrophages to activate T cells.

We next determined the ability of arenavirus-infected macro-
phages to stimulate NK cells by performing an in vitro NK cell
activation assay. Human allogeneic NK cells were isolated from
PBMCs to >85% purity (Fig. 2D) using the MACS NK cell isola-
tion kit (Miltenyi Biotech, Inc.) and cocultured with mock-treated
or arenavirus-infected hMDMs. As shown in Fig. 2E, NK cells
produced significantly higher levels of IFN-y when cocultured
with TCRV- or PICV (P2 and P18)-infected hMDMs than when
cocultured with mock-treated or LCMV- or rP18-ZN; oy -in-
fected hMDMs, demonstrating that the LCMV Z NTD inhibits the
function of macrophages to activate NK cells. Taken together, our
data demonstrate that the LCMV Z NTD mediates the inhibition
of important immune functions (phagocytosis and lymphocyte
stimulation) of macrophages during an authentic arenavirus in-
fection.

Our results, together with previous studies (7-10), have shown
that macrophage maturation and immune functions are selec-
tively inhibited by multiple arenavirus pathogens such as LASV,
JUNV, and LCMV but not by MOPV, TCRV, or PICV and that the
differential inhibition is possibly mediated by the Z NTD. We have
previously shown that the Z proteins of multiple arenavirus
pathogens can strongly inhibit RLRs (22), which is consistent with
a previous report on RIG-i inhibition by the Z proteins of New
World (NW) pathogens (JUNV, Machupo virus [MACV], Gua-
narito virus [GTOV], and Sabia virus [SABV]) (25). There are,
however, discrepancies between our studies and two previous re-
ports on LCMV and LASV Z proteins (11, 25), possibly due to the
different experimental systems used that result in the different
levels of protein expression, differences in the sensitivity of detect-
ing IFN inhibition, and/or different cell types used in these exper-
iments. Using infectious arenaviruses and the human primary
macrophage system in our previous (22) and current studies, we
have demonstrated an important function of LCMV Z in blocking
the IFN responses and macrophage activation process in macro-
phages.

Our findings provide important insights into mechanisms of
arenavirus-induced immune suppression and pathogenesis. Are-
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navirus-caused human diseases differ greatly in degree of disease
severity and clinical manifestations (reviewed in reference 2). The
Z NTD-mediated RLR inhibition in macrophages seems to be a
common theme underlying the diverse arenavirus pathogens, in-
cluding the mild pathogen LCMV and the highly virulent patho-
gens LASV and JUNV. By targeting the RLR pathway, a key patho-
gen detection pathway, the Z proteins of pathogenic arenaviruses
may increase the virulence potential of an arenavirus infection by
(i) inhibiting the type I IFN responses to benefit viral replication in
its early target cells (i.e., macrophages) (22) and (ii) blocking the
macrophage activation process and inhibiting the functions of
macrophages in phagocytosis, antigen presentation, and lympho-
cyte stimulation (6). The net effect is the impairment of both
innate and adaptive arms of immunity. Sequence changes in the Z
NTD have been noticed among LCMYV strains and among differ-
ent LASV isolates; whether these changes may partially account
for the disease heterogeneity observed after LCMV and LASV in-
fections remains to be examined. It is noteworthy that the Z-de-
pendent RLR inhibition alone is not sufficient to cause diseases
but instead may help establish a potential for virus to replicate and
spread in vivo. Whether this potential leads to self-limiting infec-
tions or severe diseases with diverse clinical symptoms (neurolog-
ical diseases or full-blown HFs) depends on multiple other factors
such as the virus strains, viral inoculum dose, infection route, host
immune status, preexisting immunity, and/or genetic variations.
Furthermore, even though arenavirus pathogens encode both NP
and Z as strong IFN antagonists (11, 12, 14-17, 22, 25), the roles of
IFNs in arenavirus-caused diseases remain controversial. LASV
infection is associated with a low level of IFN responses (26, 27),
and type I IFNs have been shown to control LASV, LCMV, and
PICV replication (18, 28-32). However, NW arenaviruses such as
MACYV and JUNV have been shown to induce high levels of IFNs
in A549 cells and human DCs (33, 34) but not in human macro-
phages and monocytes (10). High levels of IFN-a have been de-
tected in patient serum and correlate with disease severity for
JUNV-caused Argentine hemorrhagic fever (4), though the source
cells have not been identified in vivo. We speculate that the IFN
level during arenavirus infection is regulated at multiple levels,
such as host species, cell type, viral strain, and/or stage of infec-
tion. How type I IFNs are regulated and whether they play an
antiviral or pathological role or both (35-37) in arenavirus infec-
tions and disease pathogenesis need to be carefully evaluated for
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FIG 2 The Z NTD determines the differential inhibition of macrophage functions during arenavirus infections. (A) The LCMV Z NTD mediates the inhibition
of macrophage phagocytosis activity. LPS-treated or arenavirus-infected hMDMs were incubated with Zymosan A BioParticles (Molecular Probes) at a ratio of
10 particles per cell for 1 h at 37°C. Engulfed particles were visualized via fluorescence microscopy. Representative images are shown on the left. The number of
cells showing internalized particles per 100 cells was counted for each treatment, and results shown are averages for three independent experiments (right). (B)
The purity of the T-cell population (CD2* CD3") was determined as >95% by flow cytometric analysis using PE-conjugated anti-CD2 and fluorescein
isothiocyanate (FITC)-conjugated anti-CD3 antibodies. (C) The LCMV Z NTD inhibits macrophage-induced T-cell activation. Allogeneic T cells were cocul-
tured, at a ratio of 1:1, with hMDMs that had previously been treated with PBS (mock) or LPS (0.5 pg/ml) or infected with NDV-GFP or the indicated
arenaviruses for 2, 3, or 4 days (38). The levels of IFN-+y in the supernatants were quantified by using a human IFN-vy ELISA kit (Thermo Fisher Scientific, Inc.,
Rockford, IL). (D) The purity of the NK cell population (CD3~ CD56™) was determined as >85% by flow cytometric analysis using PE-conjugated anti-CD56
and FITC-conjugated anti-CD3 antibodies. (E) The LCMV Z NTD inhibits macrophage-induced NK cell activation. Allogeneic NK cells were cocultured, at a
ratio of 1:1, with hMDMs that had previously been treated with PBS (mock) or infected with the indicated arenaviruses for 2 days. The IFN-+y level was quantified
by ELISA. Results shown are a representative of three independent experiments, each using PBMCs from a different donor. Statistical analysis was conducted
using the Student ¢ test to compare two groups and using one-way analysis of variance (ANOVA) to compare multiple treatment groups. *, P < 0.05; **, P < 0.01;
***, P < 0.001; ns, not statistically significant.

individual arenavirus pathogens, using experimental settings that This work was supported in parts by the NIH grants RO1 A1093580 (to
would closely mimic human infections. H.L.) and RO1 AI083409 (to Y.L.).
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