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Hantaviruses are zoonotic pathogens that maintain a persistent
infection in their reservoir hosts, yet the mechanisms mediating
persistence remain unknown. Regulatory T cell responses cause per-
sistent infection by suppressing proinflammatory and effector T cell
activity; hantaviruses may exploit these responses to cause persis-
tence. To test this hypothesis, male Norway rats were inoculated with
Seoul virus and regulatory T cells were monitored during infection.
Increased numbers of CD4�CD25�Forkhead box P3� T cells and
expression of Forkhead box P3 and TGF-� were observed in the lungs
of male rats during persistent Seoul virus infection. To determine
whether regulatory T cells modulate Seoul virus persistence, regula-
tory T cells were inactivated in male rats by using an anti-rat CD25
monoclonal antibody (NDS-63). Inactivation of regulatory T cells
reduced the amount of Seoul virus RNA present in the lungs and the
proportion of animals shedding viral RNA in saliva. Because regula-
tory T cells suppress proinflammatory-induced pathogenesis, patho-
logic observations in the lungs were evaluated during infection.
Subclinical acute multifocal areas of hemorrhage and edema were
noted in the lungs during infection; inactivation of regulatory T cells
reduced the amount of pathologic foci. Expression of TNF was
suppressed during the persistent phase of infection; inactivation of
regulatory T cells eliminated the suppression of TNF. Taken together,
these data suggest that regulatory T cells mediate Seoul virus per-
sistence, possibly through elevated transcription and synthesis of
TGF-� and suppression of TNF. These data provide evidence of
regulatory T cell involvement in the persistence of a zoonotic patho-
gen in its natural reservoir host.

CD25 � emerging infectious diseases � Forkhead box P3 � hantavirus �
TGF-�

Infectious diseases contribute significantly to morbidity and mor-
tality worldwide. Of the major global outbreaks of infectious

diseases, 11 of the past 12 have been zoonotic in origin and include
diseases caused by HIV, SARS, flaviviruses, arenaviruses, hanta-
viruses, and avian influenza (1). Zoonotic pathogens often are
maintained in the environment by causing persistent infection in
their vector hosts. For example, hemorrhagic fever viruses, such as
arenaviruses (family, Arenaviridae) and hantaviruses (family, Bun-
yaviridae) both persistently infect rodent reservoirs. Human contact
with zoonotic pathogens is on the rise because of changes in
environmental and behavioral factors that increase exposure to
reservoir hosts, including rodents (2). Globally, hantaviruses are
one of the most widely distributed zoonotic pathogens. Spillover of
hantaviruses from rodents to humans causes hantavirus cardiopul-
monary syndrome or hemorrhagic fever with renal syndrome,
depending on the species of virus (3). The mechanisms mediating
persistence of zoonotic pathogens, such as hantaviruses, in their
natural hosts remain unknown.

Hantaviruses are negative sense RNA viruses that comprise
three segments that encode the viral nucleocapsid (N), envelope
glycoproteins (GN and GC), and an RNA polymerase (L). Hanta-
viruses are horizontally transmitted between rodents, and each
hantavirus has coevolved with an individual rodent host species (4).
Old World hantaviruses that cause hemorrhagic fever with renal

syndrome in humans are found worldwide and include Seoul virus,
which is maintained in Norway rats (Rattus norvegicus) (5). Rodents
infected with their species-specific hantavirus remain persistently
infected and shed virus in saliva, urine, and feces (6, 7). Hantavi-
ruses are noncytopathic and do not cause observable disease in
their reservoir hosts (8, 9). Human pathology caused by either
hantavirus cardiopulmonary syndrome or hemorrhagic fever with
renal syndrome is hypothesized to be caused by elevated CD8� T
cell responses and excessively high levels of proinflammatory
cytokines (3). The precise mechanisms mediating viral persistence
in rodents remain unclear, but one prevailing hypothesis is that
hantaviruses may suppress rodent host immune responses that are
necessary to resolve infection (10). Alternatively, hantaviruses may
exploit host regulatory systems to subvert protective immune
responses in these highly coevolved systems.

Elevated numbers of regulatory T cells contribute to the persis-
tence of several pathogens in rodents and humans (11, 12). Reg-
ulatory T cells suppress proinflammatory responses locally at the
site of infection to allow pathogen persistence, as well as suppres-
sion of proinflammatory-mediated pathogenesis (12, 13). Activity
of regulatory T cells is primarily through cell–cell contact or local
secretion of antiinflammatory mediators, including IL-10 and
TGF-� (11). The balance between effector and regulatory T cells
may reflect an evolutionary compromise between survival of the
host and survival of the pathogen. Whether regulatory T cells
influence host responses to zoonotic pathogens in their reservoirs
to cause persistence has not been documented and was the primary
aim of this study.

Consistent with our hypothesis that regulatory T cells contribute
to the persistence of hantaviruses in rodents, we observed increased
percentages of CD4�CD25�Forkhead box (Fox)P3� regulatory T
cells, as well as elevated transcription of FoxP3 and TGF-� mRNA
during the persistent phase of Seoul virus infection in male Norway
rats. Furthermore, inactivation of regulatory T cells caused a
reduction in genomic Seoul virus RNA in target organs and
decreased the proportion of male rats shedding viral RNA in saliva.
As a result of regulatory T cell inactivation, we expected a concur-
rent increase of proinflammatory responses and immune-mediated
pathogenesis but, instead, observed a reduction in lung pathology
during the acute and persistent phases of Seoul virus infection.
These data have critical implications for understanding the role of
host regulatory responses in the emergence and reemergence of
zoonotic pathogens.
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Results
Seoul Virus RNA Copies Are Elevated in the Lungs During Seoul Virus
Infection. Previous studies indicate that Seoul virus RNA is detect-
able in several organs, including the lungs and spleen and that viral
RNA persists for at least 60 days postinoculation (p.i.) in male rats
(ref. 14; J.D.E. and S.L.K., unpublished data). To reestablish that
Seoul virus persists in the lungs, male Norway rats were inoculated
with Seoul virus and viral RNA was measured 3, 15, 30, and 40 days
p.i. Seoul virus RNA was detectable in both the lungs and spleen
at day 3 p.i. and was significantly elevated in the lungs 15, 30, and
40 days p.i. (Fig. 1a; P � 0.002). More Seoul virus RNA was present
in the lungs as compared with the spleen at all time points measured
during infection (Fig. 1a; P � 0.032). Because Seoul virus persisted
for at least 40 days p.i., day 30 p.i. was selected as a time point during
persistent infection.

Regulatory T Cells Are Increased During Persistent Seoul Virus Infec-
tion. To determine whether regulatory T cells are affected by Seoul
virus infection, we measured the numbers of CD4�CD25�FoxP3�

lymphocytes in spleen and lung tissue before (i.e., uninfected male

rats; designated as day 0 p.i.) and during the acute (i.e., day 15 p.i.)
and persistent (i.e., day 30 p.i.) phases of infection. On day 30 p.i.,
percentages of CD4�CD25�FoxP3� regulatory T cells were ele-
vated in both the lungs and spleen (Fig. 1b; lungs, P � 0.04; spleen,
P � 0.005). There was no effect of infection on numbers of
‘‘activated’’ CD4�CD25�FoxP3� T cells (data not shown; P �
0.05). Expression of the regulatory T cell transcription factor FoxP3
was increased in the lungs during persistent infection at day 30 p.i.
(Fig. 1c; P � 0.017), whereas expression was not significantly altered
in the spleen during infection. Although regulatory T cell numbers
increased in both the lungs and spleen, significant regulatory T cell
activity, as indicated by elevated FoxP3 expression, was observed in
only the lungs during Seoul virus infection; therefore, the primary
focus of these studies was on responses to Seoul virus in the lungs
because this was the site of elevated viral persistence and regulatory
T cell activity.

Regulatory T Cells Are Functionally Inactivated by Using an Anti-Rat
CD25 Monoclonal Antibody. CD25� regulatory T cells were inacti-
vated by using an anti-rat CD25 mAb (clone NDS-63). The efficacy
of this antibody to functionally inactivate CD25� cells had not been
reported, but previous studies using NDS-63 have demonstrated
successful inhibition of IL-2-induced proliferation and heightened
in vivo activity as compared with the commercially available clone
OX-39 (15, 16). Additionally, studies using NDS-63, as well as a
more recent report using a mouse anti-CD25 mAb (7D4), suggest
that administration of anti-CD25 mAb causes functional inactiva-
tion rather than depletion of CD4�CD25� regulatory T cells by
down-regulating expression or inducing shedding of CD25 from the
cell surface (16, 17). Numbers of regulatory T cells
(CD4�CD25�FoxP3�) cells were significantly reduced in the lungs,
spleen, and lymph nodes for 7 and 30 days after administration of
the anti-CD25 mAb (NDS-63) (Fig. 2; P � 0.001). Rats were not
infected, but time points were selected to mimic our protocol for
Seoul virus infection and to represent time points during the acute
(day 7) and persistent (day 30) phases of infection.

Transcription of TGF-� Is Elevated During Persistent Seoul Virus
Infection and Requires Functional Regulatory T Cells. Cytokines
produced by regulatory T cells, including TGF-� and IL-10, me-
diate regulatory T cell activity (11, 13). Expression of TGF-� in the
lungs was elevated during Seoul virus infection, with the highest
levels observed at day 30 p.i., as compared with baseline expression
in uninfected rats (Fig. 3a; P � 0.001). Administration of anti-CD25
mAb quenched expression of TGF-�, as well as concentrations of
active TGF-� protein, suggesting that functional regulatory T cells
were necessary for elevated TGF-� during Seoul virus infection
(Fig. 3 a and b; mRNA, P � 0.020; protein, P � 0.015). In contrast,
expression of IL-10 was reduced in the lungs during persistent Seoul
virus infection (P � 0.042), and inactivation of regulatory T cells
only dampened IL-10 expression before infection (Fig. 3c). Expres-
sion of TGF-� was positively correlated with Seoul virus RNA
copies in the lungs (R � 0.41; P � 0.002), whereas no correlation
was observed between IL-10 and Seoul virus copy number. In the
spleen, neither Seoul virus infection nor functional inactivation of
regulatory T cells affected the expression of TGF-� or IL-10
[supporting information (SI) Fig. 7 a and b]. Synthesis of splenic
TGF-� was reduced by functional inactivation of regulatory T cells
at day 30 p.i. (SI Fig. 7e).

Regulatory T Cells Suppress TNF During Persistent Seoul Virus Infec-
tion. Regulatory T cells suppress proinflammatory responses in
several model systems (11, 12). To determine whether regulatory T
cells suppress proinflammatory responses during Seoul virus infec-
tion, the expression of IL-1�, IL-6, and TNF was measured in the
lungs and spleen 7 and 30 days after inoculation with Seoul virus.
Expression of IL-6 and IL-1� in the lungs was not altered by Seoul
virus infection or inactivation of regulatory T cells (Fig. 4b and data
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Fig. 1. Seoul virus RNA copies and regulatory T cell responses are elevated
during infection. (a) Male rats were inoculated with 104 pfu of Seoul virus
(SR-11), and viral RNA was measured in the lungs and spleen at days 3, 15, 30, and
40 p.i. by real-time RT-PCR. At days 0, 15, and 30 p.i., spleen and lung cells were
stained with FITC–anti-CD4, phycoerythrin–anti-CD25, and allophycocyanin–
anti-FoxP3. (b) For FACS analyses, cells were gated on lymphocytes, further
gated for CD4�, and are shown as the percentage of CD4� cells that are
CD25�FoxP3� at days 0, 15, and 30 p.i. (c) Transcription of FoxP3 mRNA also
was measured in the lungs and spleen at days 0, 15, and 30 p.i. by real-time
RT-PCR. For all dependent measures, samples were collected from uninfected
rats at the same time as infected rats and are designated as day 0 p.i. The
vertical bars indicate means � SEM, and an asterisk indicates statistically
significant differences from uninfected counterparts (*, P � 0.05).

Easterbrook et al. PNAS � September 25, 2007 � vol. 104 � no. 39 � 15503

M
IC

RO
BI

O
LO

G
Y

http://www.pnas.org/cgi/content/full/0707453104/DC1
http://www.pnas.org/cgi/content/full/0707453104/DC1


not shown). Expression of TNF, however, was reduced during the
persistent phase of Seoul virus infection as compared with unin-
fected rats (Fig. 4a; P � 0.033). Functional inactivation of regula-
tory T cells eliminated the suppression of TNF mRNA, indicating
that regulatory T cells were necessary for reduced expression of
TNF during persistent Seoul virus infection. Consistent with the low
expression of TNF mRNA, synthesis of TNF protein was at or
below the limit of detection during Seoul virus infection (data not
shown).

In the spleen, there was no effect of infection on the expression
of TNF, IL-6, or IL-1� in vehicle-treated rats; functional inactiva-
tion of regulatory T cells, however, caused an elevation of TNF,
IL-6, and IL-1� expression during persistent infection (i.e., day
30 p.i.) (SI Fig. 7 c and d and data not shown; TNF, P � 0.004; IL-6,
P � 0.005; IL-1�, P � 0.017). Taken together, these data suggest
that functional regulatory T cells suppress the expression of proin-
flammatory cytokines.

Functional Inactivation of Regulatory T Cells Reduces Seoul Virus
Persistence and Delays Shedding of Viral RNA. To determine whether
regulatory T cells contribute to Seoul virus persistence and shed-
ding, viral RNA copies in the lungs and saliva were measured during
acute (day 7 p.i.) and persistent (day 30 p.i.) infection. Inactivation
of regulatory T cells significantly reduced the amount of Seoul virus
RNA in the lungs, with this effect being most pronounced during
the persistent phase of infection (Fig. 5; P � 0.015). Seoul virus
RNA is shed in the saliva of infected rats and previous studies
illustrate that hantavirus shedding is prominent during the acute
phase of infection (i.e., within the first 2 weeks after inoculation)
(14). In the present study, �50% of the vehicle-treated rats shed
Seoul virus 7 (6/10) and 30 (5/10) days p.i. Functional inactivation

of regulatory T cells reduced the proportion of male rats shedding
viral RNA in saliva 7 (1/10) but not 30 (4/10) days p.i. (P � 0.057).
Among the rats that were shedding, there were no differences in the
amount of viral RNA shed between vehicle- and anti-CD25 mAb-
treated rats at day 7 p.i. (vehicle, 716 � 187 copies per microliter;
anti-CD25 mAb, 109 copies per microliter) or day 30 p.i. (vehicle,
554 � 176 copies per microliter; anti-CD25 mAb, 1,705 � 787
copies per microliter). Regulatory T cell inactivation delayed
shedding of genomic RNA and may reduce the overall period of
infectiousness.

Inactivation of Regulatory T Cells Reduces Subclinical Lung Pathology
Observed During Seoul Virus Infection. It is generally well established
that hantaviruses do not cause observable disease in their reservoir
hosts, but whether subclinical pathologic changes occur has not
been well defined (8, 18). In other infectious disease systems, the
manipulation of regulatory T cells affects the development of
proinflammatory mediated pathologic changes (12, 13); thus, we
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Fig. 2. CD4�CD25�FoxP3� regulatory T cells are reduced after administra-
tion of an anti-CD25 mAb. Uninfected male rats were administered 2 mg of
anti-CD25 mAb (NDS-63) per rat or administered vehicle alone on days �1, 1,
10, and 20 during the experiment, and at days 7 and 30, cells from lungs,
spleen, and lymph nodes were collected from rats and stained with FITC–anti-
CD4, phycoerythrin–anti-CD25, and allophycocyanin–anti-FoxP3. Viable cells
were gated on lymphocytes and are expressed as the percentage of lympho-
cytes that are CD4�CD25�FoxP3�. The vertical bars indicate means � SEM, and
a significant reduction in proportion of cells is indicated (*, P � 0.05). Repre-
sentative FACS analyses of spleens from rats treated with vehicle alone (left)
or anti-CD25 mAb (right) for 30 days are shown as a density dot plot of
CD4�CD25� viable lymphocytes; of the CD4�CD25� lymphocytes, �90% are
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between treatment groups (†) are indicated (P � 0.05).
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examined the effects of regulatory T cell inactivation on gross
markers of subclinical pathology, such as weight gain and body
temperature, during Seoul virus infection. Over the course of Seoul
virus infection, inactivation of regulatory T cells resulted in a faster
rate of weight gain and reduced rectal body temperatures as
compared with vehicle-treated rats (SI Fig. 8 a and b; body mass,
P � 0.001; body temperature, P � 0.01). To assess whether removal
of regulatory T cells would result in host-mediated proinflamma-
tory lesions in response to infection, lung tissue was examined for
evidence of pathologic alterations. Neither proinflammatory infil-
tration nor lesions were observed in either vehicle-treated or

anti-CD25-treated rats. During both acute and persistent Seoul
virus infection, subclinical multifocal random areas of acute hem-
orrhage and edema were observed throughout the lung paren-
chyma, accompanied by necrosis of alveolar cell walls and dilation
of perivascular lymphatics (Fig. 6 B and C). No pathology was
observed in either vehicle-treated or anti-CD25-treated uninfected
rat lungs (Fig. 6 A and D). The average percentage of lung tissue
displaying hemorrhage and edema increased over the course of
Seoul virus infection (day 7 p.i., 7.2%; day 30 p.i., 22.3%) in
vehicle-treated rats (P � 0.001). Functional inactivation of regula-
tory T cells reduced the average amount of hemorrhage and edema
observed in the lungs at days 7 p.i. (0.4%) and 30 p.i. (8.9%) (Fig.
6 E and F; P � 0.001). The proportion of pathologic areas in the
lungs did not correlate with the amount of viral RNA present in the
lungs or the expression of proinflammatory (i.e., TNF, IL-6, and
IL-1�) or regulatory (i.e., TGF-� and IL-10) cytokines in the lungs.
Pathological lesions were not observed in the spleen.

Discussion
Regulatory T cells contribute to Seoul virus persistence in Norway
rats. In the present study, numbers of CD4�CD25�FoxP3� regu-
latory T cells and the transcription of FoxP3 and TGF-� were
elevated, and the expression of TNF and IL-10 was reduced in the
lungs of male rats during the persistent phase of Seoul virus
infection. Functional inactivation of regulatory T cells reduced
numbers of Seoul virus RNA copies in the lungs and the proportion
of rats shedding viral RNA in saliva. Expression of TNF, IL-10, and
TGF-�, as well as synthesis of TGF-�, in the lungs was quenched
by inactivation of regulatory T cells during persistent infection.
Subclinical pathologic symptoms, as measured by body tempera-
ture, weight gain, and hemorrhage and edema in the lungs, also
were reduced by inactivation of regulatory T cells during Seoul virus
infection.

Hantaviruses persistently infect their rodent hosts (10). The
mechanisms mediating hantavirus persistence remain unknown,
but several hypotheses have been postulated, including immune
evasion, direct suppression or alteration of host immune responses,
and induction of host regulatory/antiinflammatory responses (10).
T cell responses are necessary for control of Seoul virus replication
because nude rats that are infected with Seoul virus have higher
viral titers than their T cell competent counterparts and eventually
succumb to infection (19). Several RNA viruses suppress host
cellular immune responses to cause persistent infection. Lympho-
cytic choriomeningitis virus is a noncytopathic RNA virus that
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persistently infects its rodent reservoir (i.e., Mus spp.) by ‘‘exhaust-
ing’’ and down-regulating the CD8� T cell population by continu-
ous exposure to a high amounts of viral antigen (20). Haantan virus
persistence in newborn BALB/c mice is correlated with a reduction
of antigen-specific IFN-�-producing CD8� T cells (21). Mus species
are not natural hosts for hantaviruses; therefore, whether CD8� T
cell down-regulation is involved in persistent hantavirus infection of
rodent reservoir hosts requires further investigation. Hepatitis C
virus (HCV) and Friend leukemia virus persistence reflects regu-
latory T cell suppression of virus-specific CD8� T cell activity (i.e.,
production of IFN-� and TNF) (22, 23). Similar to Friend leukemia
virus and HCV, expression of TNF was reduced during the per-
sistent phase of Seoul virus infection, and this depended on
functional regulatory T cells. Whether the production of TNF by
hantavirus-specific CD8� T cells is suppressed by regulatory T cells
during persistent infection requires additional investigation.

Regulatory T cells are exploited by a broad range of pathogens,
including several viruses, bacteria, and parasites, to establish and
maintain persistent infection (11, 12). Regulatory T cells suppress
proinflammatory responses that are necessary to eliminate the
pathogen but that also can cause potentially fatal proinflammatory-
mediated pathogenesis (11, 12). For example, during Leishmaina
major persistence in mice, CD4�CD25� regulatory T cells, found
at the site of infection (i.e., the dermis), suppress the ability of
CD4�CD25� effector T cells to eliminate the parasite (13). Proin-
flammatory dermal lesions, however, are reduced, and protection
against reinfection is maintained by regulatory T cell responses (13,
24). The relationship between host regulatory T cells and the
pathogen appears to represent a coevolved balance that maintains
homeostasis in the host. The present study illustrates that, like L.
major, HCV, and Friend leukemia virus, regulatory T cells con-
tribute to the persistence of Seoul virus in its natural reservoir host,
Norway rats. Functional inactivation of regulatory T cells reduced
the amount of virus in the lungs during the acute phase and even
more so during the persistent phase of Seoul virus infection in male
rats. These data present a mechanism of hantavirus persistence in
a natural reservoir host species. Because regulatory T cells suppress
the function and chemotaxis of several immune cell populations,
including CD8� T cells and macrophages (25, 26), this represents
a likely effector mechanism in our hantavirus model system.

Regulatory T cell activity often is mediated by secreted or
membrane-bound TGF-� and IL-10 (13, 22, 26). TGF-� main-
tains regulatory T cell populations and contributes to their
activity during chronic HCV infection in humans (22, 27).
Similar to HCV, expression and synthesis of TGF-� was elevated
in the lungs during the persistent phase of Seoul virus infection
and reflected a concomitant increase in regulatory T cell
numbers and FoxP3 expression and suppression of TNF mRNA.
Furthermore, the increased amounts of TGF-� mRNA and
protein in the lungs during Seoul virus infection were dependent
on functional regulatory T cells. Our data support and expand
observations from deer mice infected with Sin Nombre virus, in
which FoxP3 and TGF-� expression is elevated after antigen-
specific stimulation of T cells isolated during persistent infection
(28). Because many cells can produce TGF-� (29), whether
regulatory T cells are producing TGF-� in the lungs and whether
TGF-� mediates the effector functions of regulatory T cells
during infection remain to be investigated.

Regulatory T cell-mediated pathogen persistence that depends
on IL-10 has been reported for several pathogens, including per-
sistent L. major infection in mice (17). In contrast to L. major,
expression of IL-10 was reduced in the lungs during persistent Seoul
virus infection in rats; reduced expression during infection de-
pended on functional regulatory T cells. Expression of IL-10 was
not correlated with the amount of Seoul virus RNA in the lungs.
Although seemingly contradictory, one possible explanation is that
regulatory T cells may suppress T helper 1 cells (i.e., CD4�T-bet�)

or other cells (i.e., macrophages) that also produce IL-10 during
infection (30).

Regulatory T cells contribute to detrimental pathogen persis-
tence, but they also protect the host by suppressing proinflamma-
tory responses elicited in response to infection (11, 12). In the
absence of functional regulatory T cells, expression of TNF in the
lungs was no longer reduced and expression of IL-6 and IL-1� in the
spleen was elevated during persistent infection as compared with
uninfected rats. Excessively high proinflammatory responses con-
tribute to the development of hantavirus cardiopulmonary syn-
drome and hemorrhagic fever with renal syndrome in humans (9).
Rodent hosts do not exhibit overt signs of disease during hantavirus
infection, but whether subclinical pathological changes occur has
not been well defined (8, 9, 18). During the acute and persistent
phases of Seoul virus infection, subclinical, focal, and random
hemorrhage and edema were observed in the lungs of infected rats.
Surprisingly, the extent of subclinical pathologic foci was reduced
after regulatory T cell inactivation. In the present study, functional
inactivation of regulatory T cells resulted in greater weight gain and
improved thermoregulation throughout Seoul virus infection.
These data suggest that regulatory T cells contribute to subclinical
pathologic observations in rats during Seoul virus infection. Neither
proinflammatory lesions nor infiltration was observed in the lungs
of either vehicle-treated or regulatory T cell-inactivated rats during
infection. Expression of genes that encode proinflammatory cyto-
kines also was not correlated with development of subclinical
pathologic outcomes. Because hantaviruses are noncytopathic, the
virus itself likely does not contribute to pathologic changes (31).
The etiology of hemorrhage and edema in the lungs of rats remains
unknown. Whether direct infection of pulmonary endothelial cells
alters permeability to cause leakage of blood and fluid into alveolar
spaces requires investigation. Currently, the only animal models of
hantavirus disease in humans are Andes virus and Maporal virus
infection of Syrian hamsters (32). Whether Seoul virus infection of
Norway rats models subclinical or less severe hantavirus disease in
humans should be considered.

Functional inactivation or depletion of CD25 is the most com-
monly used method to evaluate the role of regulatory T cells in
various model systems (13). Activated T cells, however, also express
CD25, as well as other regulatory T cell markers (i.e., glucocorti-
coid-induced TNF receptor family-related gene and cytotoxic T
lymphocyte-associated antigen-4) (33). Administration of anti-
CD25 mAb renders regulatory T cells nonfunctional, but the effect
on CD25� activated T cells has not been reported (17). Analysis of
the CD4�CD25� population during acute and persistent Seoul
virus infection indicated that �90% of these cells were also FoxP3�

and, thus, regulatory T cells. Additionally, there was no effect of
Seoul virus infection on activated CD4�CD25�FoxP3� T cells. This
analysis illustrates that CD25�FoxP3�-activated T cells do not
contribute substantially to the proportion of CD4�CD25� T cells
during Seoul virus infection.

Transmission of zoonotic pathogens, including hantaviruses, to
humans requires contact with infected reservoir hosts. Conse-
quently, the ability of a virus to persist in its animal host increases
the likelihood of transmission. Hantaviruses are shed in saliva and
excrement and transmission occurs by aerosolization of virus in
urine and feces or introduction of virus in saliva through a bite
wound (7). Regulatory T cells not only contribute to the persistence
of Seoul virus in the lungs of rats, but also to the duration of
shedding in saliva. Taken together, our data illustrate that by
contributing to the persistence of Seoul virus in their reservoir
rodent hosts, regulatory T cells may increase the potential for
zoonotic transmission of hantaviruses to humans.

Methods
Animals. Adult male (60–70 days of age) Long Evans rats (Rattus
norvegicus) were purchased from Charles River Laboratories (Ra-
leigh, NC) and housed individually in a pathogen-free biosafety
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level 3 animal facility. Because Seoul virus persists to a greater
extent in males than females (S.L.K. and M. Hannah, unpublished
data), only male rats were used in the present study to evaluate the
role of regulatory T cells in virus persistence. The Johns Hopkins
Animal Care and Use Committee (RA04H338) and Office of
Health, Safety, and the Environment (P9902030108) approved all
procedures described in this report.

Virus and Infection Protocols. Animals were inoculated i.p. with 104

pfu of purified Seoul virus (strain SR-11) suspended in Eagle’s
minimal essential medium (n � 72) or were inoculated i.p. with
Eagle’s minimal essential medium alone (n � 20). Seoul virus was
obtained from the U.S. Army Medical Research Institute of
Infectious Diseases (Fort Detrick, MD), where the virus was
isolated from neonatal rat brains and passaged four times in
VeroE6 cells. Rectal temperature and body mass were measured
every 3 days during the course of infection for the indicated
experiment. At several time points, including days 3, 7, 15, 30, and
40 p.i. (n � 8–10 per time point per treatment), animals were
anesthetized and saliva was collected after an i.p. injection of 2.5
mg/kg pilocarpine HCl (Sigma, St. Louis, MO). Rats were killed,
and lung and spleen tissues were collected. Samples also were
collected from uninfected male rats (designated as day 0 p.i.) and
processed at the same time points as infected rats.

Anti-Rat CD25 Treatment. A hybridoma cell line that produces
anti-rat CD25 IgG mAb (NDS-63) was provided by Margaret
Dallman and Kathryn Wood (University of Oxford, Oxford, U.K.).
Rats were injected i.p. with anti-CD25 mAb in 0.9% sterile saline
(2 mg per rat) or vehicle alone 1 day before and 1 day after
inoculation with Seoul virus for the initial inactivation of CD25�

regulatory T cells and subsequently at 10 and 20 days after Seoul
virus inoculation to maintain functional inactivation (Y. Belkaid,
personal communication).

Real-Time RT-PCR for Seoul Virus Detection and Cytokine Expression.
RNA was isolated from lungs, spleen, and saliva as described
previously (14). First-strand Seoul virus cDNA was synthesized by
using a gene-specific primer (SuperScript III; Invitrogen, Carlsbad,
CA). An 81-bp nucleotide sequence of the negative strand of the S
segment of the Seoul virus was amplified by using the Platinum
Quantitative PCR Supermix-UDG with ROX (Invitrogen). A
standard curve ranging from 106 to 10 copies of SR-11 S segment
in pWRG7077 was run on each plate. For cytokine expression,
custom primer and probe sets were generated for GAPDH, IL-1�,
IL-6, TNF, IL-10, TGF-�1, and FoxP3 by using Primer Express 2.0
software and the protocol for the TaqMan Universal Master Mix

(Applied Biosystems, Foster City, CA). A standard curve, ranging
from 2.5 ng/�l to 25 pg/�l cDNA, was run on each plate.

Cytokine ELISAs. Lung and spleen tissues were homogenized, and
supernatants were collected. TNF and active TGF-�1 protein
concentrations were measured according to the protocol of the
manufacturer (R&D Systems, Minneapolis, MN).

FACS Analyses. Lung tissue was digested in collagenase (1 mg/ml;
Invitrogen) and DNase (3 �g/�l; Roche, Indianapolis, IN) to
produce a single-cell suspension. After red blood cell lysis, lung and
spleen cells were stained for viability by using ethidium monoazide
(Invitrogen), FITC–anti-rat CD4 mAb (clone OX-35), and phyco-
erythrin–anti-rat CD25 mAb (clone OX-39; BD Biosciences, San
Diego, CA). After fixation and permeabilization, cells were labeled
with allophycocyanin–anti-rat FoxP3 (eBiosceinces, San Diego,
CA). Cells were identified by using CellQuest Pro (BD Bio-
sciences), and the data were analyzed by using FlowJo software
(Treestar, Ashland, OR).

Lung Pathologic Analyses. After 24 h of fixation in 10% formalde-
hyde, inflated lung and spleen samples were embedded in paraffin,
cut into 5-�m sections, and mounted on glass slides. The slides were
H&E stained to evaluate pathologic observations by using light
microscopy.

Statistical Analyses. Cytokine gene expression and synthesis, per-
centages of regulatory T cells, and copies of Seoul virus RNA were
assessed by using one-way ANOVA with one between-group
variable (day p.i. or treatment). Differences in body weight and
temperature across time and by treatment were determined by
multivariate ANOVA. Differences in the proportion of rats shed-
ding Seoul virus RNA in saliva were determined by �2 analysis. In
cases in which the data violated the assumptions of normality,
nonparametric statistics were used. Significant interactions were
further analyzed by using the Tukey or Dunn method for pairwise
multiple comparisons. Mean differences were considered statisti-
cally significant if P � 0.05.
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