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Hantaviruses cause a persistent infection in reservoir hosts that is attributed to the upregulation of regulatory responses and
downregulation of proinflammatory responses. To determine whether rat alveolar macrophages (AMs) and lung microvascular
endothelial cells (LMVECs) support Seoul virus (SEOV) replication and contribute to the induction of an environment that po-
larizes CD4� T cell differentiation toward a regulatory T (Treg) cell phenotype, cultured primary rat AMs and LMVECs were
mock infected or infected with SEOV and analyzed for viral replication, cytokine and chemokine responses, and expression of
cell surface markers that are related to T cell activation. Allogeneic CD4� T cells were cocultured with SEOV-infected or mock-
infected AMs or LMVECs and analyzed for helper T cell (i.e., Treg, Th17, Th1, and Th2) marker expression and Treg cell fre-
quency. SEOV RNA and infectious particles in culture media were detected in both cell types, but at higher levels in LMVECs
than in AMs postinfection. Expression of Ifn�, Ccl5, and Cxcl10 and surface major histocompatibility complex class II (MHC-II)
and MHC-I was not altered by SEOV infection in either cell type. SEOV infection significantly increased Tgf� mRNA in AMs and
the amount of programmed cell death 1 ligand 1 (PD-L1) in LMVECs. SEOV-infected LMVECs, but not AMs, induced a signifi-
cant increase in Foxp3 expression and Treg cell frequency in allogeneic CD4� T cells, which was virus replication and cell contact
dependent. These data suggest that in addition to supporting viral replication, AMs and LMVECs play distinct roles in hantavi-
rus persistence by creating a regulatory environment through increased Tgf�, PD-L1, and Treg cell activity.

Hantaviruses are negative-strand RNA viruses (family Bunya-
viridae) that are maintained in the environment by causing

persistent infection in rodent and insectivore hosts. Virus infec-
tion of humans results in hemorrhagic fever with renal syndrome
(HFRS) or hantavirus cardiopulmonary syndrome (HCPS), both
of which are caused by enhanced vascular permeability (34, 45).
The absence of cytopathic effects in infected human endothelial
cell cultures has led to the hypothesis that hantavirus pathogenesis
in humans is due to immune-mediated mechanisms targeting the
infected cells (58, 67, 71). Pathogenic hantavirus infection has
been hypothesized to cause human vascular leakage by various
mechanisms, including sensitizing endothelial cells to vascular en-
dothelial growth factor (VEGF) and downregulating VE-cadherin
(25, 69), recruiting quiescent platelets to infected endothelial cells
(24), increasing endothelial cell surface ICAM-1 and major histo-
compatibility complex class I (MHC-I) levels that induce natural
killer (NK) cell activation (5), or triggering viral specific CD8� T
cell responses that target infected endothelial cells (35). In addi-
tion to infecting endothelial cells, hantaviruses infect macro-
phages and dendritic cells (DCs) in the human host (48, 59, 62).
Because the primary mode of transmission of hantaviruses to hu-
mans is through inhalation of aerosolized virus contained in ro-
dent excreta, infection of alveolar macrophages (AMs) may con-
tribute to viral dissemination in humans (33). Patients infected
with hantaviruses have elevated levels of proinflammatory cyto-
kines and frequencies of virus-specific CD8� T cells but decreased
regulatory T (Treg) cell activity and Treg cell numbers (14, 35, 44,
47, 49, 81). Concentrations of the regulatory cytokine transform-
ing growth factor �1 (TGF-�1) are also reduced in HCPS patients
(9) and in Syrian hamster models of HCPS (65).

In contrast to the severe diseases in humans, hantaviruses
cause persistent infection in the absence of pathological disease in

their reservoir hosts (15, 43). For example, in Seoul virus (SEOV)-
infected Norway rats (the natural reservoir for SEOV), virus pref-
erentially replicates in the lungs, with SEOV N protein identified
in AMs and lung endothelial cells (18). Elevated regulatory re-
sponses, including the production of TGF-�1 and numbers of
CD4� CD25� FoxP3� Treg cells in the lungs, is associated with
persistence of SEOV in Norway rats and Sin Nombre virus (SNV)
in deer mice (18, 19, 68). In SEOV-infected Norway rats, the in-
creased expression of Tgf� occurs within 72 h of infection and
precedes the induction of Treg cells in the lungs (18). The cellular
source of the early production of TGF-�1 and whether this con-
tributes to the induction of Treg cells in the lungs of infected rats
are not known. In addition to the induction of regulatory re-
sponses, activity along the type I interferon (IFN) pathway and
production of proinflammatory cytokines (e.g., interleukin 1�
[IL-1�], IL-6, tumor necrosis factor alpha [TNF-�], and gamma
interferon [IFN-�]) remain at or below baseline throughout
SEOV infection in the lungs of male rats (18, 27, 37). Conversely,
in the spleen, proinflammatory and antiviral responses are ele-
vated during acute SEOV infection (18). Infection of bone mar-
row-derived macrophages (BMDMs) with SEOV suppresses NF-
�B-mediated inflammatory responses, including TNF-�, IL-6,
and IL-10, and surface marker (i.e., MHC-II, CD80, and CD86)
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expression, suggesting SEOV infection suppresses the innate im-
mune response in antigen-presenting cells (APCs) (2).

Virus-infected cells can induce Treg cells. Hepatitis C virus
(HCV)-infected human hepatocytes induce activated CD4� T
cells to preferentially differentiate into Treg cells, which contrib-
ute to the maintenance of chronic HCV infection (26). Both mac-
rophages and endothelial cells are capable of inducing naïve CD4�

T cells to differentiate into Treg cells (1, 38, 41, 72). Whether
hantaviruses productively infect AMs or endothelial cells in reser-
voir hosts and whether infection of these cells creates a regulatory
environment necessary for induction of Treg cells during persis-
tent hantavirus infection have not been determined and formed
the basis for the current studies.

MATERIALS AND METHODS
Animals and cell isolation. Primary cells were isolated from Lewis rats,
Brown Norway rats, or Sprague-Dawley rats, all of which are different
inbred laboratory strains of Rattus norvegicus. Adult male Lewis rats (60 to
70 days of age) and Brown Norway rats (120 days of age) were purchased
from Charles River Laboratories (Raleigh, NC) and maintained in patho-
gen-free facilities with a constant 14:10 light-dark cycle. AMs were iso-
lated from Lewis rats by bronchial lavage as described previously (63) with
modifications. Briefly, the rats were euthanized with CO2. The lungs and
trachea were exposed, and an 18-gauge (18G) blunt needle (Small Parts
Inc.) was fixed in the trachea with surgical threads. Cold phosphate-buff-
ered saline (PBS) (5 ml) was slowly injected into the lungs using a 5-ml
syringe and drawn out. The lavage step was repeated 10 times, and the
fluid was pooled and centrifuged at 400 � g for 10 min at 4°C to pellet
cells. Splenic CD4� T cells were isolated from Brown Norway rats using a
MagCellect rat CD4� T cell isolation kit (R&D Systems). All procedures
were performed in accordance with the guidelines of the Johns Hopkins
Animal Care and Use Committee (protocol no. RA10H178).

LCM preparation. For culturing of AMs, lung conditioned medium
(LCM) was prepared using a previously described method with modifica-
tions (13). Freshly isolated lungs from Lewis rats were minced and col-
lected after filtering through a 100-�m cell strainer. LCM was obtained by
incubating minced lung pieces with complete-growth RPMI 1640 me-
dium (10% fetal bovine serum [FBS], 2 mM L-glutamine, 1% penicillin/
streptomycin) at a tissue/medium ratio of 1:4 (vol/vol) for 48 h. The LCM
was filtered through a 0.2-�m filter and stored in aliquots at �80°C.

Rat LMVEC cultures. Primary cultures of male Sprague-Dawley rat
lung microvascular endothelial cells (LMVECs) (VEC Technologies,
Rensselaer, NY) were grown in complete-growth RPMI 1640 medium
(10% FBS, 2 mM L-glutamine, 1% penicillin/streptomycin) supple-
mented with a final concentration of 50 �g/ml endothelial cell growth
supplement (ECGS) (BD Biosciences) and 1 �l/ml 2-mercaptoethanol
(2-ME) (Invitrogen). Tissue culture flasks, plates, and transwell inserts for
all LMVEC cultures were precoated with 50 �g/ml fibronectin (Sigma).
Experiments were conducted between passages 3 and 9.

Virus infection and stimulation. AMs or LMVECs were plated in
24-well tissue culture plates at 2 � 105 or 1 � 105 cells per well, respec-
tively. The cells were mock infected or infected with 200 �l per well of
diluted SEOV at a multiplicity of infection (MOI) of 0.05, 0.5, or 5 for 2 h.
At the end of the incubation, the cells were washed with RPMI 1640
medium, and the infection medium was replaced with complete-growth
RPMI 1640 medium supplemented with LCM for AMs or with ECGS and
2-ME for LMVECs. As specified for each experiment, cells and media were
collected at 6 h or 1, 3, or 6 days postinfection (p.i.). On days 0, 2, and 5 p.i.
(i.e., 6 h prior to collecting 6-h samples and 24 h prior to collecting day 1,
3, and 6 samples), recombinant rat IFN-� (PeproTech), lipopolysaccha-
ride (LPS) (Sigma), or poly(I·C) (pIC) (Invivogen) was added to desig-
nated wells at final concentrations of 100 U/ml, 100 ng/ml, and 1 �g/ml
for AMs and 500 U/ml, 100 ng/ml, and 10 �g/ml for LMVECs, respec-
tively. Following infection, all experiments were conducted at biosafety

level 3 (BSL-3) using protocols approved by the Johns Hopkins Office of
Health, Safety, and Environment (protocol no. P9902030113).

Allogeneic CD4� T cell coculture. For the AM/CD4� T cell coculture
and LMVEC/CD4� T cell coculture experiments, AMs and LMVECs were
plated in 24-well plates at 5 � 105 cells per well and 2 � 105 cells per well,
respectively. The cells were mock infected, infected with SEOV at an MOI
of 0.5 or 5, or infected with UV-inactivated SEOV at an MOI of 5. At the
end of incubation, the cells were washed with RPMI medium, and the
infection medium was replaced with complete-growth RPMI 1640 me-
dium. Designated wells of AMs or LMVECs were also stimulated with LPS
to induce a Th17 response. At 24 h p.i., the medium was removed, and
CD4� T cells were added to the AM culture at 5 � 106 cells per well and to
the LMVEC culture at 2 � 106 cells per well in X-Vivo medium (Lonza).
For controls, CD4� T cells were either cultured alone or stimulated with 1
�g/ml plate-bound anti-rat CD3 (BD Pharmingen) and 5 �g/ml anti-rat
CD28 (BD Pharmingen) in the presence or absence of 10 ng/ml recombi-
nant TGF-�1 (R&D Systems). Cocultured cells were incubated for 4 days.

For LMVEC/CD4� T cell coculture experiments using transwell in-
serts, LMVECs were plated in the lower chambers of transwell plates (24-
well format) at 2 � 105 cells per well and were mock infected or infected
with SEOV at an MOI of 5, as described above. On the same day as
LMVEC infection, CD4� T cells were stimulated with 1 �g/ml plate-
bound anti-rat CD3 (BD Pharmingen) and 5 �g/ml anti-rat CD28 (BD
Pharmingen) in X-Vivo 15 medium (Lonza). At 3 days after LMVEC
infection and CD4� T cell stimulation, the medium was removed from
LMVEC cultures and replaced with 600 �l per well of X-Vivo 15 medium.
Transwell inserts (6.5 mm with a 0.3-�m pore size; Thermo Scientific)
were added to designated wells with or without LMVECs in the lower
chamber. Activated CD4� T cells were added at 5 � 105 cells per well in
100 �l X-Vivo 15 medium to the upper chambers of the transwell inserts
to eliminate direct contact between CD4� T cells and LMVECs in the
lower chambers. As controls, activated CD4� T cells in the upper cham-
bers of the transwell inserts were cultured either without LMVECs present
in the lower chambers or with recombinant TGF-� added to the lower
chambers to a final concentration of 10 ng/ml. Cultures were incubated
for 2 additional days.

Immune TCID50 assay. SEOV-infected cell supernatants were titrated
by an immune 50% tissue culture infective dose (TCID50) assay as de-
scribed previously with modifications (2, 64). Vero E6 cells were plated in
96-well plates at 4 � 104 cells per well on the day before the assay. The
supernatants were diluted in serial 10-fold dilutions in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Invitrogen) containing 2% FBS (Lonza).
Vero E6 cells were infected with 100 �l of the diluted supernatants per well
in sextuplicate, incubated for 12 days, and fixed with a cold solution of
95% ethanol-5% acetic acid. For immunostaining, cells were permeabil-
ized with 0.1% Triton X-100; blocked with 3% bovine serum albumin
(BSA) (Sigma-Aldrich) in PBS; and incubated with a rat anti-Andes virus
(anti-ANDV) N antibody (a kind gift from Andrew Pekosz), which cross-
reacts with SEOV N (2), diluted in blocking buffer (1:5,000). The cells
were washed twice and incubated with a secondary horseradish peroxi-
dase (HRP)-conjugated goat anti-rat antibody diluted in blocking buffer
(1:5,000; Jackson ImmunoResearch). SEOV-positive wells were visual-
ized by adding 3,3=,5,5=-tetramethylbenzidine (TMB) substrates (BD Bio-
sciences), and virus titers were calculated using the Reed-Muench for-
mula.

ELISA for TNF-� quantification. Cell culture supernatants were ex-
posed to UV for 3 min to inactivate virus for processing samples outside a
BSL-3 facility (2). TNF-� was measured using enzyme-linked immu-
nosorbent assay (ELISA) kits for rat TNF-� according to the manufactur-
er’s protocol (R&D Systems).

RNA isolation and quantitative RT-PCR. RNA was isolated using
TRIzol (Invitrogen). Reverse transcription was carried out using the
SuperScript III First Strand Synthesis System (Invitrogen) with SEOV S
gene-specific primers for subsequent SEOV negative-strand RNA quanti-
fication or oligo(dT) for subsequent cellular mRNA quantification. For
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the samples in which 18S rRNA was measured by real-time PCR, random
hexamer was used in the place of oligo(dT). Primers and probes for real-
time PCR were either designed using Primer Express 2.0 software (Ap-
plied Biosystems) and purchased commercially (Invitrogen or Applied
Biosystems) or purchased as predesigned assays (Applied Biosystems).
Quantitative real-time (RT) PCR was performed in 96-well optical reac-
tion plates using the StepOnePlus real-time PCR system (Applied Biosys-
tems). For SEOV RNA quantification, absolute RNA copy numbers were
calculated by including a set of standards composed of SR-11 S segment in
plasmid pWRG7077 ranging from 2 to 2 � 106 copies/ml on each plate.
For cellular mRNA quantification, serial dilutions of pools of selected
samples were run on each plate to generate a standard curve, from which
the expression of genes of interest was calculated. For AMs and LMVECs,
host gene expression was normalized to that of Gapdh. Because Gapdh is a
poor reference gene for T cell cultures (4), T cell gene expression was
normalized to that of 18S rRNA.

Immunofluorescence. AMs were grown on 4-well glass chamber
slides (Nalge Nunc International Corp.) at 2 � 105 cells per well. LMVECs
were grown on fibronectin-coated 6.5-mm transwell inserts (0.4-�m pore
size; Corning Inc.) at 2.5 � 104 cells per transwell insert. AMs and
LMVECs were infected with SEOV at an MOI of 0.5 or 5. At 3 and 6 days
after infection, cells were fixed with 4% paraformaldehyde, permeabilized
with 0.1% Triton X-100, and blocked with 5% normal goat serum
(Thermo Scientific) for 1 h at room temperature. The cells were incubated
with primary rat anti-ANDV N antibody (1:500) diluted in blocking buf-
fer overnight, washed three times with PBS, and incubated for 1 h with
Alexa Fluor 488-conjugated goat anti-rat and Alexa Fluor 594-conjugated
goat anti-rabbit secondary antibodies (1:150; Invitrogen) diluted in
blocking buffer. Nuclei were counterstained with 4=,6-diamidino-2-phe-
nylindole (DAPI) (Sigma). A Nikon Eclipse 90i microscope and Volocity
Imaging software (PerkinElmer) were used for image acquisition.

Flow cytometry. Cells were collected and washed in cold fluorescence-
activated cell sorter (FACS) buffer (PBS containing 0.5% BSA and 0.1%
sodium azide) and blocked with FcR (BD Pharmingen). AMs were incu-
bated with combinations of the following anti-rat antibodies or antibod-
ies that cross-react with rat: MHC-I–phycoerythrin (PE) (clone OX-27;
AbD Serotec), MHC-II–peridinin chlorophyll protein (PerCP) (clone
OX-6; BD Pharmingen), and CD80-allophycocyanin (APC) (clone 3H5;
Invitrogen). LMVECs were incubated with anti-rat MHC-I–PE (clone
OX-27; AbD Serotec), MHC-II–PerCP (clone OX-6; BD Pharmingen),
and ICAM-1–PE (clone 1A29; AbD Serotec). For the coculture experi-
ments, T cells were incubated with anti-rat CD4-APC (Clone OX-35; BD
Pharmingen). AMs and LMVECs were fixed in 2% paraformaldehyde for
30 min, which is sufficient for inactivating virus for processing outside a
BSL-3 facility (39). AMs were permeabilized with PBS containing 0.1%
Triton X-100. Intracellular CD68 was stained with anti-rat CD68-fluores-
cein isothiocyanate (FITC) (clone ED1; AbD Serotec) or CD68-PE (clone
ED1; AbD Serotec). T cells were fixed and permeabilized using the FoxP3
staining buffer set (eBioscience) according to the manufacturer’s protocol
and incubated with a FoxP3-FITC antibody (clone FJK-16S; eBioscience).
Cells were sorted using a BD FACSCalibur cytometer (BD Biosciences)
and the CellQuest Pro software (BD Biosciences). Data were analyzed
using FlowJo software (TreeStar Inc., Ashland, OR).

SDS-PAGE and Western blotting. Mock-infected or SEOV-infected
LMVECs in 24-well plates were lysed in 100 �l/well of M-PER mamma-
lian protein extraction reagent (Thermo Scientific) supplemented with
1% (vol/vol) protease inhibitor cocktail (Sigma). Cell lysates were sepa-
rated on 10% (wt/vol) SDS polyacrylamide gels and electrophoretically
blotted onto polyvinylidene difluoride (PVDF) membranes (Invitrogen)
according to standard procedures. The membranes were blocked with 5%
nonfat milk for 1 h at room temperature and treated with rabbit anti-
PD-L1 (Santa Cruz Biotechnology) diluted in 5% BSA (1:500) overnight
at 4°C. After washing with phosphate-buffered saline with 0.1% Tween 20
(T-PBS), the membranes were incubated with an HRP-conjugated goat
anti-rabbit secondary antibody (Santa Cruz Biotechnology) in 5% nonfat

milk for 1 h at room temperature. Specific protein bands were visualized
using SuperSignal West Pico Chemiluminescent Substrate and exposed to
autoradiography films (Denville Scientific Inc.). For the detection of
�-actin, membranes that had been blotted for PD-L1 were stripped with a
stripping buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, and 100 mM
�-mercaptoethanol) for 20 min, blocked with 5% milk, and reblotted
with rabbit anti-�-actin (Santa Cruz Biotechnology; 1:200) in combina-
tion with a horseradish peroxidase-conjugated goat anti-rabbit secondary
antibody, following the same procedures as for PD-L1 staining.

Statistical analyses. One-way or two-way analyses of variance
(ANOVAs) were used to analyze group differences in quantitative data.
Significant interactions were further analyzed using Tukey pairwise com-
parisons. Comparison of SEOV TCID50 data was done by Student t tests.
For all statistical tests, mean differences were considered significant if P
was 	0.05.

RESULTS
SEOV productively infects rat AMs and LMVECs. To investigate
whether AMs and LMVECs from rats support SEOV replication,
cells were infected with SEOV, and in both cell types, there was a
time- and dose-dependent increase in cell-associated negative-
sense SEOV RNA, in which the largest amount of viral RNA was
detected in cells infected with SEOV at an MOI of 5 at 6 days p.i.
(Fig. 1A and B) (P 	 0.001). In SEOV-infected AM cultures, virus
antigen (N protein)-positive cells were detected and increased
over time at all MOIs (from approximately 25% to 50% in AMs
infected with SEOV at an MOI of 0.5 and from 32% to 93% in cells
infected with SEOV at an MOI of 5) (Fig. 1C). In SEOV-infected
LMVEC cultures, the majority of cells in the infected cultures were
virus antigen positive at 3 days (approximately 90% and 98% in
LMVECs infected with SEOV at an MOI of 0.5 or 5, respectively)
and 6 days p.i. (97% and 98% in cells infected with SEOV at an
MOI of 0.5 or 5, respectively). (Fig. 1D). Infectious SEOV particles
were detected in the supernatants from AMs and LMVECs at 6
days p.i., but not 1 day p.i., with titers being higher in LMVEC
than AM cultures (Fig. 1E and F) (P 	 0.001). These data demon-
strate that both rat AMs and LMVECs are susceptible to SEOV
infection, the virus can complete its life cycle in these cells, and
levels of infection are greater in LMVECs than than in AMs.

SEOV infection does not induce antiviral or proinflamma-
tory responses in either rat AMs or LMVECs. We next examined
whether SEOV infection induces innate immune responses in
these cell types. Infection at either low or high MOIs with SEOV
did not induce the expression of Ifn�, Ccl5, or Cxcl10 in AMs (Fig.
2A to C) or LMVECs (Fig. 2E to G) or the secretion of TNF-� by
AMs (Fig. 2D). In contrast, both AMs and LMVECs expressed
high levels of proinflammatory and antiviral cytokines and
chemokines in response to inflammatory stimuli, including
IFN-�, LPS, or pIC treatment (P 	 0.001 in each case), indicating
that these cells are capable of mounting proinflammatory and
antiviral responses but that SEOV infection does not trigger these
responses in either cell type.

SEOV infection induces Tgf� expression but does not alter
other T cell-related markers in rat AMs. To determine whether
SEOV infection alters the ability of rat AMs to induce T cell acti-
vation, the expression of T cell activation-related factors was mea-
sured at 1, 3, and 6 days p.i. with SEOV at low and high MOIs and
compared with mock-infected cells and cells treated with inflam-
matory stimuli. In AMs, SEOV infection at an MOI of 0.5 signif-
icantly induced the expression of Tgf� by 6 days p.i. (Fig. 3A) (P 

0.005), whereas stimulation with LPS/IFN-� downregulated Tgf�
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expression 3 days p.i. (Fig. 3A) (P 
 0.024) compared with mock-
treated cells. The surface expression of MHC-II on SEOV-infected
AMs was comparable to that on mock-infected cells and was sig-
nificantly lower than the expression on cells treated with inflam-
matory stimuli (Fig. 3B) (P 	 0.05 in each case). The surface
expression of MHC-I was not induced by either SEOV infection or
LPS/IFN-� stimulation in AMs (Fig. 3C). The surface expression
of the costimulatory molecule CD80 on SEOV-infected AMs was
also comparable to that of mock-infected cells and was signifi-
cantly lower than the expression on cells treated with inflamma-

tory stimuli at 3 days p.i. but significantly higher than the expres-
sion on cells treated with inflammatory stimuli at 6 days p.i. (Fig.
3D) (P 	 0.05).

SEOV infection does not increase the ability of rat AMs to
induce Treg activity. To determine whether SEOV infection of rat
AMs upregulates Treg activity, AMs were mock infected or in-
fected with SEOV at an MOI of 0.5 or 5 for 24 h and then cocul-
tured with allogeneic CD4� T cells for 4 days. Allogeneic CD4� T
cells cocultured with mock-infected AMs significantly upregu-
lated Foxp3 expression compared with CD4� T cells incubated

FIG 1 SEOV productively infects AMs and LMVECs from Norway rats. AMs and LMVECs were inoculated with medium alone or with medium containing
SEOV. Cells and supernatants were collected at the indicated time points. (A and B) Cell-associated negative-sense SEOV RNA in AMs (A) and LMVECs (B) was
quantified by real-time PCR. The data are expressed as means � standard errors of the mean (SEM) of three independent experiments. d, days. (C and D) SEOV
N protein in AMs (C) and LMVECs (D) was identified with an antibody that cross-reacts with SEOV N protein (green), and cell nuclei were counterstained with
DAPI (blue). The images were acquired using a 40� objective lens. Bars, 50 �m. (E and F) At 1 and 6 days p.i., supernatants from AMs (E) and LMVECs (F)
infected with SEOV at an MOI of 5 were collected, and infectious-virus titers were quantified using an immune TCID50 assay. The dashed lines represent the lower
limit of detection of the assay. The data are expressed as means and SEM of three independent experiments. The asterisks indicate significant differences relative
to day 1 SEOV TCID50 titers; P 	 0.001; Student’s t test.
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alone (Fig. 4A) (P 
 0.031), which was mitigated in T cells cocul-
tured with SEOV-infected cells. To evaluate whether AMs induce
other subsets of CD4� T cells, the expression of genes associated
with Th1, Th2, and Th17 cells was examined. The expression of
Il17, Tbet, Ifn�, Il4, and Il10 was not altered in CD4� T cells cul-
tured with either SEOV-infected or uninfected AMs, which were
each significantly lower than the expression of these genes in
CD4� T cells stimulated with anti-CD3/CD28 (Fig. 4B to F) (P 	

0.001 in each case). FoxP3� Treg cell frequencies were signifi-
cantly increased in CD4� T cells cocultured with AMs, regardless
of infection status, compared to CD4� T cells cultured alone (Fig.
4G and H) (P 	 0.001). AMs, in general, enhance frequencies of
Treg cells in culture irrespective of SEOV infection.

SEOV infection selectively induces PD-L1 in rat LMVECs. To
determine whether SEOV infection alters the ability of rat
LMVECs to present antigen and activate T cells, T cell-related

FIG 2 SEOV infection does not induce antiviral or proinflammatory responses in AMs or LMVECs. AMs and LMVECs were inoculated with medium alone or
medium containing SEOV. The positive controls included cells stimulated with pIC, LPS in combination with IFN-� (AMs), or LPS (LMVECs) for 24 h prior to
sample collection. Ifn�, Ccl5, and Cxcl10 mRNA expression in AMs (A, B, and C) and LMVECs (E, F, and G) was quantified by real-time PCR and is expressed
as relative gene expression (RGE) compared to mock-infected cells at 1 day (AMs) or 6 h (LMVECs). (D) TNF-� concentrations in AM supernatants were
measured by ELISA. All data are expressed as means � SEM of three independent experiments. The asterisks indicate significant differences relative to
mock-infected cells at the corresponding time point; P 	 0.05; 2-way ANOVAs.
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factors, with particular attention devoted to the factors associ-
ated with endothelial cell induction of Treg cells (i.e., ICAM-1
and PD-L1) (41), were measured at 1, 3, and 6 days p.i. with
SEOV at low and high MOIs and compared with mock-infected
cells and cells treated with inflammatory stimuli. SEOV infec-
tion did not induce Tgf� expression in rat LMVECs at any
MOI, nor did IFN-� stimulation alter Tgf� expression in rat
LMVECs (Fig. 5A). The surface expression of MHC-II, MHC-I,
and ICAM-1 on SEOV-infected LMVECs was comparable to
that on mock-infected cells and was significantly lower than the
expression on cells treated with inflammatory stimuli (Fig. 5B
to D) (P 	 0.05 in each case). SEOV infection induced a dose-
dependent increase in PD-L1 protein expression in LMVECs
compared with mock-infected cells (Fig. 5E).

SEOV-infected rat LMVECs induce Treg cell activity. To de-
termine whether SEOV infection of rat LMVECs upregulates Treg
cell activity, LMVECs were mock infected or infected with SEOV
at an MOI of 0.5 or 5 for 24 h and then cocultured with allogeneic
CD4� T cells for 4 days. Coculture of allogeneic CD4� T cells with
SEOV-infected LMVECs significantly increased the expression of
Foxp3 compared with CD4� T cells cultured alone or with mock-
infected LMVECs (Fig. 6A) (P 	 0.05). Conversely, the expression
of genes associated with Th17, Th1, and Th2 activity was not al-
tered in CD4� T cells cultured with either SEOV-infected or un-
infected LMVECs and was significantly lower than the expression
of these genes in CD4� T cells stimulated with anti-CD3/CD28
(Fig. 6B to F) (P 	 0.001 in each case). Allogeneic CD4� T cells

FIG 3 SEOV infection induces Tgf�, but not other T cell-related marker ex-
pression, in AMs. AMs were inoculated with medium alone or medium con-
taining SEOV. Controls included AMs stimulated with a combination of re-
combinant IFN-� and LPS for 24 h prior to sample collection. (A) Tgf�
expression in AMs was quantified by real-time PCR and is expressed as RGE
compared to mock-infected cells at 1 day. (B, C, and D) Cell surface MHC-II,
MHC-I, and CD80 expression was quantified by flow cytometry and expressed
as percent changes in median fluorescence intensity (MFI) compared to mock-
infected cells at the corresponding time point. All data are expressed as
means � SEM of three independent experiments. The asterisks indicate sig-
nificant differences relative to mock-infected cells at the corresponding time
points; P 	 0.05; 2-way ANOVAs.

FIG 4 AMs induce a Treg cell phenotype in allogeneic CD4� T cells regardless of infection status. (A to F) AMs from Lewis rats were inoculated with medium
alone or with medium containing SEOV. At 1 day p.i., splenic CD4� T cells from Brown Norway rats were added to AM cultures at a AM/T cell ratio of 1:10. After
4 days of coculture, nonadherent cells were collected, and the expression of Foxp3, Il17, Tbet, Ifn�, Il4, and Il10 was quantified by real-time PCR and is expressed
as RGE compared to CD4� T cells cultured alone. The dashed lines represent the gene expression level of CD4� T cells cultured alone. Data are expressed as
means and SEM from three independent experiments. (G) The frequency of CD4� FoxP3� Treg cells among the cocultured cells was analyzed by flow cytometry.
(H) The percent change in Treg cell frequencies among CD4� T cells cultured with AMs relative to CD4� T cells cultured alone from three independent
experiments is expressed as means and SEM. The asterisks indicate significant differences relative to CD4� T cells cultured alone; P 	 0.05; one-way ANOVA.
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cocultured with SEOV-infected LMVECs had significantly higher
FoxP3� Treg cell frequencies than CD4� T cells cultured alone or
with mock-infected LMVECs (Fig. 6G and H) (P 	 0.001).

The induction of Treg cells by SEOV-infected rat LMVECs is
dependent on virus replication and cell contact. To determine
whether Treg cell induction by SEOV-infected LMVECs is stimu-
lated by viral particles alone or is dependent on virus replication,
LMVECs were mock infected, infected with SEOV at an MOI of 5,
or infected with UV-inactivated SEOV at an MOI of 5 for 24 h and
cocultured with allogeneic CD4� T cells for 4 days. Allogeneic
CD4� T cells cocultured with SEOV-infected LMVECs showed
greater expression of Foxp3 and FoxP3� Treg cell frequencies than
CD4� T cells cultured alone or with mock-infected LMVECs (Fig.
7A and B) (P 	 0.01 in each case). In contrast, allogeneic CD4� T
cells cultured with UV-inactivated SEOV-infected LMVECs had
levels of Foxp3 expression and FoxP3� Treg cell frequencies that
were comparable to those of CD4� T cells cultured alone or with
mock-infected LMVECs (Fig. 7A and B).

To determine if increased expression of PD-L1 on SEOV-in-
fected LMVECs contributes to the induction of Treg cells, we

sought to neutralize PD-L1 on the surfaces of SEOV-infected
LMVECs. The commercially available anti-rat PD-L1 antibody
did not bind to undenatured PD-L1 on the surfaces of live
LMVECs (data not shown), indicating that the available antibody
would not work as a neutralizing antibody for directly testing
whether upregulation of PD-L1 on SEOV-infected LMVECs in-
duces Treg cells. We instead designed experiments to determine
whether the induction of Treg cells by SEOV-infected LMVECs is
cell contact dependent or attributed to a soluble factor(s) secreted
by SEOV-infected LMVECs. Allogeneic CD4� T cells were stim-
ulated prior to culture in transwell upper chambers with mock or
SEOV-infected (MOI, 5) LMVECs in the lower chambers to elim-
inate contact between CD4� T cells and LMVECs. Coculture of
stimulated allogeneic CD4� T cells with SEOV-infected LMVECs
in transwells did not increase the expression of Foxp3 compared
with stimulated CD4� T cells cultured alone or with mock-in-
fected LMVECs in transwells, all of which were significantly lower
than the Foxp3 expression of stimulated CD4� T cells cultured in
transwell inserts with TGF-� added to the lower chambers (Fig.
7C) (P 	 0.001). Stimulated allogeneic CD4� T cells cocultured
with SEOV-infected LMVECs or mock-infected LMVECs in tran-
swells also had comparable FoxP3� Treg cell frequencies, which
were all significantly lower than Treg cell frequencies of stimulated
CD4� T cells cultured with TGF-� in the lower chambers (Fig.
7D) (P 	 0.001). These data indicate that induction of Treg cells
by SEOV-infected LMVECs is virus replication and cell contact
dependent.

DISCUSSION

Hantaviruses infect macrophages and endothelial cells in both
reservoir hosts and humans (11, 43, 53, 78). The severity of han-
taviral diseases in humans (i.e., HFRS and HCPS) is partially me-
diated by increased endothelium permeability (53, 58, 73). In con-
trast, reservoir hosts infected with species-specific hantaviruses
exhibit no overt pathological disease, which is attributed to virus-
induced upregulation of regulatory responses and inhibition of
proinflammatory responses (17–19, 68); how this occurs, how-
ever, has remained elusive. The data from the present study illus-
trate that both AMs and endothelial cells from a rodent reservoir
support hantavirus replication and contribute to the induction of
an environment that polarizes CD4� T cell differentiation toward
a Treg cell phenotype.

In SEOV-infected Norway rats, the lungs, more than any other
organ examined (e.g., spleen or kidney), support elevated viral
replication and regulatory responses, including Tgf� expression
during the acute phase of infection followed by upregulation of
Treg cell activity during the persistent phase of infection (17–19).
SEOV antigen is localized to AMs and lung endothelial cells of
infected rats (18). We have previously shown that rat BMDMs and
BM-derived DCs support SEOV replication, with macrophages
supporting significantly greater levels of SEOV replication than
DCs (2). SEOV infection does not trigger antiviral or proinflam-
matory responses but suppresses the ability of these BM-derived
APCs to respond appropriately to inflammatory stimuli (2). Em-
bryonic fibroblasts from bank voles also do not increase Ifn� or
Mx2 mRNA expression when infected with the species-specific
hantavirus Puumala virus (PUUV) (70). In contrast to reservoir
host-derived cells, pathogenic hantavirus infection of human en-
dothelial cells or DCs induces antiviral cytokine (i.e., Ifn�) and
chemokine (i.e., Ccl5 and Cxcl10) expression and increases cell

FIG 5 SEOV infection induces total PD-L1 protein expression but does not
alter the expression of other T cell activation markers in rat LMVECs. LMVECs
were inoculated with medium alone or medium containing SEOV. Controls
included LMVECs stimulated with IFN-� for 24 h prior to sample collection.
(A) Tgf� expression in LMVECs was quantified by real-time PCR and is ex-
pressed as RGE compared to mock-infected cells at 6 h. (B, C, and D) Cell
surface MHC-II, MHC-I, and ICAM-1 expression was quantified by flow
cytometry and expressed as percent changes in MFI compared to mock-in-
fected cells at the corresponding time point. All data are expressed as means �
SEM of three independent experiments. The asterisks indicate significant dif-
ferences relative to mock-infected cells at the corresponding time points; P 	
0.05; 2-way ANOVAs. (E) PD-L1 expression was measured in mock-infected,
SEOV-infected, and IFN-�-treated LMVECs that were lysed at 3 days p.i., and
PD-L1 and �-actin expression in cell lysates was detected by Western blotting.
The data are representative of three independent experiments.
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surface activation markers (i.e., MHC-I and ICAM-1) that con-
tribute to the enhanced proinflammatory response and CD8� T
cell activity in HFRS and HCPS patients (30, 40, 62, 71). Collec-
tively, these studies suggest that hantaviruses have evolved mech-
anisms to evade innate immune surveillance in their reservoir
hosts, but not in humans, at a cellular level.

Rat AMs and, to a greater extent, LMVECs play fundamental
roles in supporting SEOV replication, with the virus completing
its life cycle in both cell types. SEOV infection of rat LMVECs
results in greater production of virus than with AMs or even Vero
E6 cells (data not shown), a type I IFN-deficient cell line that is
traditionally used to propagate hantaviruses (20, 36, 60). These
data suggest that both rat AMs and LMVECs contribute to SEOV
persistence in vivo. How hantaviruses replicate in reservoir host
cells without inducing cellular immune responses that promote
virus clearance has remained unspecified.

SEOV infection of rat AMs and LMVECs creates an environment
that polarizes CD4� T cell differentiation toward a Treg cell pheno-
type and provides one mechanism by which hantaviruses escape
clearance and cause persistent infections in rodent reservoirs. The
absence of innate proinflammatory cytokine and chemokine re-
sponses in rat AMs or LMVECs following SEOV infection minimizes
the induction of Th1, Th2, and Th17 cells and shifts the CD4� T cell

population in the lungs toward a regulatory phenotype. In the lungs
of SEOV-infected rats, the frequency of Treg cells significantly in-
creases after the SEOV RNA load peaks during the acute phase of
infection, suggesting the induction of Treg cells during the persistent
phase of infection might be dependent on SEOV replication in cells,
including AMs and lung endothelial cells, during the acute phase of
infection (19). Macrophages and endothelial cells can induce CD4� T
cells into Treg cells following appropriate cell (e.g., MHC-II engage-
ment and costimulation and PD-1–PD-L1 pathway activation) or
cytokine (e.g., presence of TGF-�) stimulation (38, 41, 72). Cocultur-
ing of naïve CD4� T cells with infected LMVECs induced CD4� T
cells to differentiate into Treg cells. SEOV-infected LMVECs induced
an approximately 25% increase in Treg cell frequency in CD4� T cell
cultures, which is comparable in magnitude to the increase observed
in SEOV-infected rats (19), as well as in other virus-host cell systems
(12, 79, 80). The induction of Treg cells by SEOV-infected LMVECs is
dependent on virus replication and not merely on the presence of
virus particles. These data suggest that hantavirus replication in
LMVECs contributes to the increased Treg frequency in the lungs of
infected rats (19) and possibly increases Foxp3 expression in T cells
from persistently Sin Nombre virus-infected deer mice (68).

Treg cell induction by endothelial cells is PD-L1 dependent
(41, 72). SEOV infection of LMVECs increased PD-L1 protein

FIG 6 SEOV infection of LMVECs increases Foxp3 expression and Treg cell frequency in allogeneic CD4� T cells. (A to F) LMVECs from Sprague-Dawley rats
were inoculated with medium alone or with medium containing SEOV. At 1 day p.i., splenic CD4� T cells from Brown Norway rats were added to LMVEC
cultures at a LMVEC/T cell ratio of 1:10. After 4 days of coculture, nonadherent cells were collected, and the expression of Foxp3, Il17, Tbet, Ifn�, Il4, and Il10 was
quantified by real-time PCR and is expressed as RGE compared to CD4� T cells cultured alone. The data are expressed as means and SEM from three independent
experiments. The dashed lines represent the gene expression level of CD4� T cells cultured alone. (G) The frequency of CD4� FoxP3� Treg cells among the
cocultured cells was analyzed by flow cytometry. (H) The percentage change in Treg cell frequencies among CD4� T cells cultured with LMVECs relative to CD4�

T cells cultured alone from three independent experiments are expressed as means and SEM. *, significant difference relative to CD4� T cells cultured alone; #,
significant difference relative to CD4� T cells cocultured with mock-infected LMVECs; P 	 0.05; one-way ANOVA.
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expression. PD-L1 alone (i.e., PD-L1-coated beads) can induce
Treg cells in vitro (22). The cell contact dependence of Treg cell
induction by SEOV-infected LMVECs indicates that Treg cell in-
duction is mediated by a LMVEC surface protein(s) rather than a
LMVEC-secreted soluble factor(s). Taken together, our data sug-
gest that PD-L1 might be one mediator of increased Treg cell
activity and the absence of endothelium damage in reservoir hosts
infected with species-specific hantaviruses.

The PD-1–PD-L1 pathway regulates the balance between stim-
ulatory and inhibitory signals to maintain peripheral tolerance
(23). PD-1 is expressed by activated lymphocytes and myeloid
cells, and PD-L1 is expressed by IFN-�-stimulated APCs and non-
lymphoid cells in many tissues, such as the heart, lung, liver, and

spleen (23, 32, 50). The engagement of PD-1 with PD-L1 inhibits
lymphocyte proliferation and cytokine secretion (23). Because of
its inhibitory properties, the PD-1–PD-L1 pathway is exploited by
many viruses to achieve chronic infection (50, 51). For example,
activation of the PD-1–PD-L1 pathway plays an important role in
chronic lymphocytic choriomeningitis virus, human immunode-
ficiency virus (HIV), hepatitis B virus, and HCV infections (3, 6–8,
46, 50, 57, 61, 75). Whether the enhancement of PL-L1 in SEOV-
infected endothelial cells is a significant factor in hantavirus per-
sistence in vivo requires consideration. Our data suggest that the
increased endothelial PD-L1 level during SEOV infection might
mediate both the induction of Treg cells and possibly the inhibi-
tion of CD8� T cell activity to cause persistent infection in reser-
voir hosts. It is, however, possible that other proteins in addition
to PD-L1 are involved.

AMs appear to play a supportive role in the maintenance of
SEOV replication and induction of an anti-inflammatory pulmo-
nary environment. Although SEOV-infected rat AMs do not in-
crease Treg cell frequency in CD4� T cell cultures, these cells
might be the cellular source of the early increase in Tgf� expres-
sion in the lungs of SEOV-infected rats (18). AMs play a critical
role at the interface between detection of foreign antigens, induc-
tion of immune responses, and clearance of pathogens from the
lungs (16, 21, 42). AMs have evolved the ability to clear foreign
antigens without extensive activation of inflammatory responses
(77). The relatively long half-life (30 days) of AMs and their re-
strained response to infection make them an ideal niche for patho-
gens, such as HIV and Mycobacterium tuberculosis, that cause per-
sistent infections in humans (28, 52, 54, 66). We hypothesize that
hantaviruses may have evolved mechanisms to exploit AMs, as
these cells support productive SEOV replication and are able to
induce Treg cells, regardless of their infection status. SEOV-in-
fected AMs caused a slightly mitigated induction of Treg cells that
is likely attributable to SEOV-induced inhibition of MHC-II ex-
pression on APCs (2).

The goal of the current study was to investigate the possible
mechanism(s) underlying the increase in Treg cell frequencies in
the lungs of SEOV-infected rats (19) using an in vitro approach,
because identifying cell-specific induction of Treg cells in rat lungs
is currently not feasible. To achieve this goal, a mixed lymphocyte
reaction assay was used to determine whether infected AMs,
LMVECs, or both cell types could induce naïve T cells toward a
Treg phenotype (i.e., expression of FoxP3). Although using
SEOV-specific T cells might be more physiologically relevant, iso-
lation of SEOV-specific T cells from infected rats would not serve
the purpose of the current study, which was to establish the cell
type involved in the induction of Treg cells from a naïve CD4� T
cell population. Allogeneic T cell cocultures have been used pre-
viously to systematically evaluate APC induction of T cell re-
sponses during virus infection (55, 56, 76). This mixed lympho-
cyte reaction or allogeneic T cell coculture system also has been
used to study the induction of Treg cells by activated murine vas-
cular endothelial cells (41) and human endothelial cells (72). The
allogeneic coculture system enabled identification of SEOV-in-
fected endothelial cells as a cell type responsible for Treg cell in-
duction in rats. A limitation of the current study is that, using the
allogeneic coculture system as a surrogate, it is not clear whether
the induced Treg cells are SEOV specific; determining this remains
a goal of future studies.

Hantavirus infection and replication in AMs and LMVECs

FIG 7 Induction of Treg cells in allogeneic CD4� T cell cultures by SEOV-
infected LMVECs requires SEOV replication and cell contact. (A) LMVECs
from Sprague-Dawley rats were inoculated with medium alone, medium con-
taining SEOV, or medium containing UV-inactivated SEOV. At 1 day p.i.,
splenic CD4� T cells from Brown Norway rats were added to LMVEC cultures
at a LMVEC/T cell ratio of 1:10. After 4 days of coculture, nonadherent cells
were collected, and the expression of Foxp3 was quantified by real-time PCR
and is expressed as RGE compared to CD4� T cells cultured alone. The data are
expressed as means and SEM from three independent experiments. (B) The
frequency of CD4� FoxP3� Treg cells among the cocultured cells was analyzed
by flow cytometry. The percent change in Treg cell frequencies among CD4� T
cells cultured with LMVECs relative to CD4� T cells cultured alone from three
independent experiments is expressed as means and SEM. (C) For transwell
coculture experiments, LMVECs from Sprague-Dawley rats were cultured in
the bottom chambers of transwells and inoculated with medium alone or with
medium containing SEOV. Splenic CD4� T cells from Brown Norway rats
were stimulated with a combination of plate-bound anti-CD3 and soluble
anti-CD28. At 3 days p.i., stimulated CD4� T cells were added to the upper
chambers of the transwells to eliminate LMVEC-CD4� T cell contact. After 2
days of coculture, CD4� T cells in the upper chambers were collected, and the
expression of Foxp3 was quantified by real-time PCR and expressed as RGE
compared to CD4� T cells cultured alone in the upper chambers without
LMVECs in the lower chamber. The data are expressed as means and SEM
from three independent experiments. (D) The frequency of CD4� FoxP3�

Treg cells among the CD4� T cells in the upper chamber was analyzed by flow
cytometry. The percent change in Treg cell frequencies relative to CD4� T cells
cultured alone from three independent experiments is expressed as means and
SEM. *, significant difference relative to CD4� T cells cultured alone; #, sig-
nificant difference relative to CD4� T cells cocultured with mock-infected
LMVECs; P 	 0.05; one-way ANOVA. The dashed lines represent the gene
expression level of CD4� T cells cultured alone.

SEOV Induction of Regulatory Responses in Rat Cells

November 2012 Volume 86 Number 21 jvi.asm.org 11853

http://jvi.asm.org


likely contributes to making the lungs a site of persistent infection
in natural reservoir hosts (10, 11, 19, 29, 31, 68). Infection of these
cells from rats results in production of SEOV particles, inhibition
of proinflammatory responses, induction of regulatory responses,
and induction of Treg cell activity. Future studies should identify
the viral proteins and cellular pathways mediating the way in
which SEOV induces PD-L1 expression in rat LMVECs and Tgf�
expression in AMs. A possible effect of hantavirus infection on
human endothelial cell PD-L1 expression has been proposed but
not yet investigated (74). We hypothesize that differences in
PD-L1 expression during hantavirus infection might underlie the
drastic difference in hantavirus disease outcomes between hu-
mans and reservoir hosts.
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