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We evaluated the efficacy of rhesus theta-defensin 1 (RTD-1), a novel cyclic antimicrobial peptide, as a
prophylactic antiviral in a mouse model of severe acute respiratory syndrome (SARS) coronavirus (CoV) lung
disease. BALB/c mice exposed to a mouse-adapted strain of SARS-CoV demonstrated 100% survival and
modest reductions in lung pathology without reductions in virus titer when treated with two intranasal doses
of RTD-1, while mortality in untreated mice was ~75%. RTD-1-treated, SARS-CoV-infected mice displayed
altered lung tissue cytokine responses 2 and 4 days postinfection compared to those of untreated animals,
suggesting that one possible mechanism of action for RTD-1 is immunomodulatory.

Severe acute respiratory syndrome (SARS) emerged as a
global health threat in 2002 to 2003, infecting over 8,000 indi-
viduals and causing nearly 800 deaths (26). The causative
agent, SARS coronavirus (CoV), appears to have originated in
bats (19) and by passage through animals such as palm civet
cats gained features supporting infection and replication in
humans (30, 31). The respiratory tract is the major target of the
virus, with viral mRNA or antigens detected in the epithelium
of the airway, bronchioles, and alveoli (8, 17, 37). Lung patho-
logical findings in patients succumbing to the infection within
10 days of illness onset include diffuse alveolar damage, epi-
thelial cell desquamation, edema, and leukocyte infiltration
(24, 26). Treatment options pursued during the SARS out-
break were primarily supportive, although some reports sug-
gest that early anti-inflammatory therapy improved patient
outcomes (3, 20, 40).

Recently, serial passage of SARS-CoV through rat or mouse
lungs yielded a robust animal model of lung disease (21, 22, 28).
After 15 passages in BALB/c mouse lung, virus adapted to the
new host and caused clinically apparent respiratory disease. The
mouse-adapted SARS-CoV (MAL1S strain) causes a disease that
is primarily localized to the lungs, but virus spreads to other
organs, reminiscent of the systemic disease in SARS patients (28).
This offers a model for screening novel antiviral agents.

RTD-1 pretreatment prevents lethal pulmonary infection in
mice. Rhesus theta-defensin 1 (RTD-1) is a unique cyclic an-
timicrobial peptide first identified in rhesus macaque leuko-
cytes (35). It is produced by a novel posttranslational process-
ing pathway involving the excision of two 9-amino-acid
oligopeptides from a pair of propeptides that is further stabi-
lized by three disulfide bonds. Interestingly, humans and New
World monkeys express no theta-defensins (7, 23). Theta-de-
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fensins possess broad antimicrobial properties in vitro against
bacteria, fungi, and viruses (25, 38, 39, 42). Moreover, they
exhibit very low levels of toxicity in vitro (38) and in vivo
(unpublished data), indicating that they may have utility as
therapeutic agents.

We inoculated groups of mice with 3 X 10° PFU of MA15
SARS-CoV (28), a dose previously shown to cause ~75%
mortality (J. Zhao, J. Zhao, N. Van Rooijen, and S. Perlman,
submitted for publication). As shown in Fig. 1A, infected mice
began to lose weight within 2 to 3 days of inoculation and
continued to do so until they succumbed to the infection or
recovered. The survival curves for sham-treated, SARS-CoV-
infected, and RTD-1-treated mice are shown in Fig. 1B. In
contrast to the natural course of infection in untreated mice,
animals pretreated with intranasal RTD-1 15 min prior to
infection followed by a single treatment 18 h later lost little
weight and exhibited 100% survival. Animals receiving RTD-1
treatment alone exhibited modest, transient weight loss and
survived, while sham-treated mice exhibited no weight loss.

We assessed SARS-CoV titers in lung tissue 0, 2, and 4 days
postinfection. As shown in Fig. 1C, RTD-1 treatment had no
significant effect on the tissue virus titers at day 2 or 4 postinfec-
tion. In addition, incubation of the virus with RTD-1 showed no
evidence of direct virus inactivation based on titer (Fig. 1D).
RTD-1-treated animals also had levels of lung tissue N gene
antigen expression and virus titers similar to those of sham con-
trol-treated animals, suggesting an immunomodulatory rather
than directly antiviral mechanism of activity (data not shown).

In light of the weight loss seen following one or two intra-
nasal doses of 5 mg/kg (of body weight) of RTD-1 in the
absence of virus challenge (Fig. 1A and data not shown), we
performed a broader dose-response assay (5, 2.4, 0.8, 0.3, 0.1,
and 0.03 mg/kg) and also evaluated animals for pulmonary
histopathologic changes at 2 and 4 days postadministration.
Intranasal RTD-1 produced dose-dependent changes in tissue
histopathology (data not shown). The 2.4-mg/kg dose caused
significant lesions at both the 2- and 4-day time points. At 0.8
mg/kg, there was mild to moderate perivascular inflammation
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FIG. 1. Treatment with RTD-1 protects mice against lethality of SARS-CoV infection. (A and B) BALB/c mice 6 to 8 weeks old were treated
with sham control (40 pl phosphate-buffered saline, no virus), RTD-1 alone (125 pg [~5 mg/kg] intranasal RTD-1 15 min prior to infection,
followed by an identical dose 18 h later), SARS-CoV alone (3 X 10° PFU MAIS intranasally in 40 ul phosphate-buffered saline), or RTD-1
followed with SARS-CoV infection. Mice were monitored daily for weight loss (A) and survival (B) (n = 6 or 7/group). SARS-CoV-infected mice
without RTD-1 treatment had a 30% survival rate and 25% decrease in weight in those that survived (¥, P < 0.05 by Student’s ¢ test for SARS
alone versus all other groups). Data presented in panels A and B are representative of two independent experiments. (C) Lung tissue was harvested
from mice, and viral titer levels were determined. (D) RTD-1 has no direct antiviral effect on SARS-CoV. Viral titers were determined using Vero
cells and samples of 1 X 10° PFU SARS-CoV (Urbani) that were preincubated for 30 min at 37°C with RTD-1 in serum-free phosphate-buffered
saline at the indicated concentrations prior to plaque assay in Vero cells. Results in panels A, C, and D are presented as means * standard errors
(Aand B,n = 6 or 7; C and D, n = 3). All experiments were performed under biosafety level 3 containment. This study was approved by the

University of Iowa Animal Care and Use Committee.

and necrotic debris in airway lumens with some resolution (to
mild/scant perivascular inflammation) by 4 days postadminis-
tration. Doses of 0.3, 0.1, or 0.03 mg/kg caused very mild
scattered perivascular inflammation and airway karyorrhectic/
cellular debris. These changes decreased by day 4 to only
mild/detectable scant perivascular leukocytes.

We next investigated the effects of intranasal doses of 2.5, 0.8,
and 0.3 mg/kg (at 4 h before and 18 h after MA15 infection) on
weight loss and survival. A 2.5-mg/kg dose was fully protective
against a 3 X 10° PFU MAIS5 inoculum (data not shown). In
contrast, the 0.8- and 0.3-mg/kg doses failed to protect the ani-
mals from morbidity. We also evaluated the efficacy of intrave-
nously administered RTD-1 in modifying disease outcomes. Two
doses of 5-mg/kg RTD-1 administered 4 h before and 18 h after
MAL1S exposure did not protect the animals from SARS-CoV-
associated morbidity and mortality (data not shown).

RTD-1 treatment decreases pulmonary pathology during
SARS-CoV infection. In humans and susceptible animals, SARS-
CoV pulmonary pathology is characterized by perivascular cellu-
lar inflammation, necrotizing bronchiolitis, and alveolar edema
(6, 15, 24, 26). We systematically evaluated lung histopathology at

days 2, 4, and 10 postinfection in sham (no virus)-treated, RTD-
1-treated, and untreated animals. As shown in Fig. 2, mice treated
with RTD-1 alone developed a modest level of perivascular infil-
trate that was largely resolved by 10 days. In contrast, animals
receiving the MAL1S virus alone developed alveolar edema, nec-
rotizing bronchiolitis, and perivascular infiltrates that were re-
solving by 10 days postinfection in surviving animals. Mice receiv-
ing RTD-1 treatment and SARS-CoV exhibited pathological
lesions similar to those in mice with SARS alone (Fig. 2); how-
ever, the overall severity of the pathology scores trended lower
than that with SARS-CoV alone. As shown in Fig. 20, the RTD-
1-treated mice had significantly reduced severity of necrotizing
bronchiolitis at 2 days postinfection. RTD-1 treatment alone in-
duced some edema and necrotizing bronchiolitis that were similar
to those in SARS-CoV infection without or with RTD-1 at 2 days
postinfection but were significantly improved by 4 days postdeliv-
ery (Fig. 2).

RTD-1 treatment modifies cytokine responses in infected
lung tissue. Among the hypotheses proposed to explain the
morbidity and mortality associated with SARS is the notion
that overly exuberant cytokine/chemokine responses or re-
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FIG. 2. (A to L) Pulmonary tissue histopathology in SARS-CoV (3 X 10° PFU MA15)-infected mice with or without RTD-1 (5 mg/kg, two
doses) treatment. Hematoxylin- and eosin-stained (4 pM) tissue sections were examined 2, 4, and 10 days postinfection. See the text for additional
details. Asterisks indicate alveolar edema; arrows indicate necrotizing bronchiolitis. n = 4 at each time point. Scale bar, 100 pm. (M to O)
Pulmonary histopathology scores in SARS-CoV-infected mice treated with or without RTD-1. Tissues were harvested at 2 and 4 days and scored
by a veterinary pathologist (D.K.M.) blinded to the treatment protocol, using a severity scale from 1 (absent/rare) to 3 (severe/multifocal). Data
are presented for alveolar edema (M), perivascular cellular infiltrates (N), and necrotizing bronchiolitis (O). Results are presented as means *

standard errors (n = 4; *, P < 0.05).

pressed innate immune responses contribute (11, 29, 40). We
assessed cytokine responses in lung tissue homogenates at 2
and 4 days postinfection. At 2 days postinfection, interleukin-6
(IL-6), Keratinocyte chemoattractant, and granulocyte colony-
stimulating factor were increased in SARS-CoV-infected mice
treated with RTD-1 compared to mice infected with SARS-
CoV alone. Mice treated with RTD-1 and infected with SARS-
CoV displayed significant reductions in levels of RANTES at
day 2 postinfection (Fig. 3A, top panels) and reductions in
levels of IL-le, IL-1B, IL-6, Keratinocyte chemoattractant,
MIP1a, monocyte chemoattractant protein 1, and IL-12(p40)
at day 4 postinfection (Fig. 3B, bottom panels) compared to
those in SARS-CoV-infected mice that received no RTD-1.
There were no significant changes in tissue gamma interferon
(Fig. 3) or type I interferons (quantitative reverse transcrip-
tion-PCR, data not shown). Thus, while RTD-1 had no signif-
icant direct inhibitory effect on MA1S5 virus titer in vivo or in

vitro (Fig. 1C and D), it may alter disease outcome by modi-
fying cytokine responses to infection.

Animals receiving RTD-1 (2.5 or 5 mg/kg) prior to exposure
to MAI1S were protected from severe disease and mortality.
We next asked whether RTD-1-protected animals surviving a
lethal inoculum of MA15 gained protective immunity against
future exposure. Animals that had received RTD-1 pretreat-
ment (2.5 mg/kg intranasally) were reexposed to MA15 SARS-
CoV (3 X 10° PFU inoculum) 1 month after initial exposure.
All animals previously protected with intranasal RTD-1 sur-
vived reexposure to MA1S without weight loss or signs of
morbidity (data not shown). In contrast, naive mice exhibited
severe disease morbidity when exposed to virus.

The realization that SARS-CoV or other zoonotically trans-
mitted coronaviruses may infect humans or cause severe dis-
ease in the future has fueled interest in the development of
antivirals. Several agents have been investigated for prophy-
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FIG. 3. RTD-1 treatment alters pulmonary cytokine responses to SARS-CoV. Lung tissues were harvested at days 2 (A) and 4 (B) postinfec-
tion, and cytokine responses were evaluated using the Bio-Plex cytokine assay (Bio-Plex Cytokine 23-Plex kit; Bio-Rad Laboratories) to identify
changes in cytokine protein expression in lung homogenates from baseline and days 2 and 4 postinfection. The results are shown for sham
treatment (normal saline alone), RTD-1 alone (5 mg/kg, two doses), SARS-CoV (3 X 10° PFU MA15) with RTD-1 treatment, and SARS-CoV
alone. Note differences in y-axis scales between left and right panels. See the text for interpretation. Results are presented as means * standard
errors (n = 3; *, P =< 0.05 by Student’s ¢ test for SARS-CoV alone versus SARS-CoV plus RTD-1).

laxis and treatment in vitro and in various animal models
(reviewed in references 9 and 32), including vaccines (5, 13,
14), passive immunization (33, 36), alpha interferon (1, 4, 20),
RNA interference (10, 18), protease inhibitors (41), recombi-
nant angiotensin converting enzyme 2 (16), angiotensin con-
verting enzyme inhibitors (16), carbohydrate binding agents
(43), ribavirin (27, 32), and corticosteroids (3, 20).

Our studies show that respiratory tract prophylaxis with
RTD-1 prevented death and significantly modified the pulmo-
nary disease course. The antiviral mechanism(s) of RTD-1 is of
considerable interest. Multiple reports suggest that the pulmo-
nary defense response to SARS-CoV infection is robust but
may be detrimental to the host (2, 3, 12, 29, 34). Not unex-
pectedly, inflammatory cytokine and chemokine levels that
regulate the inflammatory response are elevated during SARS-
CoV infection, although there is some variability in the specific
mediators shown to be elevated. It appears that the pulmonary
defense response against SARS-CoV is complex but under
some circumstances may contribute to respiratory dysfunction
and poor outcome.

There are several possible mechanisms by which RTD-1
modifies the lung disease course. While the peptide alone
appears to directly induce some dose-dependent airway in-

flammation, in the presence of SARS-CoV, RTD-I-treated
animals show blunted proinflammatory cytokine responses in
lung tissue 2 and 4 days postinfection and have a marked
reduction in mortality. One possible mechanism is that RTD-1
serves as an inducer (or accelerator) of antiviral responses.
Another possibility is that RTD-1 reduces viral bronchiolitis
and/or diffuse alveolar damage. Finally, perhaps RTD-1 re-
duces pulmonary inflammation, thereby diminishing systemic
dissemination of the pathogen. It remains to be determined
whether there is a mechanistic relationship between the mild
inflammation induced by RTD-1 in uninfected mice and the
protective effect of the peptide observed in virus-challenged
animals. This will require a more comprehensive analysis of
cellular and soluble inflammatory responses. Moreover, since
RTD-1 does not appear to have direct antiviral effects, its
potential for modulating viral spread is likely to depend on the
ability of the peptide to limit viral proliferation and shedding at
the level of the individual animal. Further investigation of this
novel agent is warranted.
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