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ABSTRACT Severe illness caused by coronavirus disease 2019 (COVID-19) is characterized
by an overexuberant inflammatory response resulting in acute respiratory distress syndrome
(ARDS) and progressive respiratory failure (A. Gupta, M. V. Madhavan, K. Sehgal, N. Nair, et
al., Nat Med 26:1017–1032, 2020, https://doi.org/10.1038/s41591-020-0968-3). Rhesus theta
(u ) defensin-1 (RTD-1) is a macrocyclic host defense peptide exhibiting antimicrobial and
immunomodulatory activities. RTD-1 treatment significantly improved survival in murine
models of a severe acute respiratory syndrome (SARS-CoV-1) and endotoxin-induced acute
lung injury (ALI) (C. L. Wohlford-Lenane, D. K. Meyerholz, S. Perlman, H. Zhou, et al., J Virol
83:11385–11390, 2009, https://doi.org/10.1128/JVI.01363-09; J. G. Jayne, T. J. Bensman, J. B.
Schaal, A. Y. J. Park, et al., Am J Respir Cell Mol Biol 58:310–319, 2018, https://doi.org/10
.1165/rcmb.2016-0428OC). This investigation aimed to characterize the preclinical pharmaco-
kinetics (PK) and safety of intravenous (i.v.) RTD-1. Based on the lack of adverse findings,
the no observed adverse effect level (NOAEL) was established at 10 mg/kg/day in rats
and 15 mg/kg/day in monkeys. Analysis of single ascending dose studies in both species
revealed greater-than-dose-proportional increases in the area under the curve extrapo-
lated to infinity (AUC0-1) (e.g., 8-fold increase from 5 mg/kg to 20 mg/kg in rats) sugges-
tive of nonlinear PK. The volume of distribution at steady state (Vss) ranged between 550
and 1,461 mL/kg, indicating extensive tissue distribution, which was validated in a biodis-
tribution study of [14C]RTD-1 in rats. Based on interspecies allometric scaling, the predicted
human clearance and Vss are 6.48 L/h and 28.0 L, respectively, for an adult (70 kg). To
achieve plasma exposures associated with therapeutic efficacy established in a murine
model of ALI, the estimated human equivalent dose (HED) is between 0.36 and 0.83 mg/
kg/day. The excellent safety profile demonstrated in these studies and the efficacy
observed in the murine models support the clinical investigation of RTD-1 for treatment
of COVID-19 or other pulmonary inflammatory diseases.

KEYWORDS COVID-19, host defense peptide, pharmacokinetics, rhesus theta defensin,
safety

The coronavirus disease 2019 (COVID-19) is caused by the novel coronavirus, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is a single, positive-

stranded RNA virus that belongs to the b genus of the Coronaviridae family. The dis-
ease is characterized by acute lung injury (ALI), which can progress to respiratory fail-
ure and death (1). In addition, elevated levels of pro-inflammatory cytokines, including
interleukin 6 (IL-6), IL-2, granulocyte colony-stimulating factor (G-CSF), IP-10 (CXCL10),
monocyte chemoattractant protein 1 (MCP1, CCL2), macrophage inflammatory protein
(MIP, CCL3) 1a, gamma interferon (IFN-g), and tumor necrosis factor alpha (TNF-a), are
detectable in the blood samples of patients with severe COVID-19 infections, an obser-
vation referred to as cytokine storm syndrome (CSS) (4). As such, CSS is a leading cause
of mortality in COVID-19 patients. Furthermore, several studies suggest a direct correla-
tion between cytokine storm and lung injury and multiple organ failure (5–7). In the
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RECOVERY trial, in which COVID-19 patients were randomized to receive dexametha-
sone or placebo, the use of dexamethasone reduced the incidence of death in patients
receiving either invasive mechanical ventilation or oxygen alone, highlighting the role
of anti-inflammatory therapies in the treatment of COVID-19 (8).

Rhesus theta (u ) defensin-1 (RTD-1) is a host defense peptide that possesses both
antimicrobial and immunomodulatory properties. In vitro studies have demonstrated its
activities against several microbes, including Pseudomonas aeruginosa, Staphylococcus
aureus, Escherichia coli, Candida albicans, and HIV-1 (9–12). One of the mechanisms in
which RTD-1 exerts its immunomodulatory activity is via the inhibition of mitogen-acti-
vated protein kinase (MAPK) and NF-kB signaling pathways through the upregulation of
AKT phosphorylation, leading to a reduction in the production of proinflammatory cyto-
kines and chemokines (13). The inhibition of NF-kB activation and the downstream
genes lead to a reduction in airway neutrophil recruitment and adhesion, as well as neu-
trophil activation (3). Additionally, in vitro experiments have revealed that RTD-1 acts as
a noncompetitive inhibitor of the TNF-a-converting enzyme (TACE, ADAM17) (14). The
anti-inflammatory activities of RTD-1 were discovered during investigations of the effi-
cacy of intranasal RTD-1 in a murine model of SARS-CoV lung disease, which was respon-
sible for the outbreak of SARS in 2002 (2), and in rodent models of polymicrobial sepsis
(15), systemic candidiasis (12), and rheumatoid arthritis (16, 17). In the SARS-CoV model,
prophylactic treatment of RTD-1 led to a significant improvement in the survival of
infected mice without any changes in the viral load, suggesting that the beneficial effect
of RTD-1 is likely derived from its immunomodulatory activities. In the murine model of
LPS-induced ALI, subcutaneous administration of RTD-1 at 5 and 25 mg/kg led to attenu-
ation of the airway inflammatory response through the inhibition of proinflammatory
cytokine production, peroxidase activity, and neutrophil recruitment and protected
against lung injury (3).

This report summarizes the analyses from several studies including two Good
Laboratory Practice (GLP) studies undertaken in rodent and nonrodent species and a
non-GLP dose range-finding study in cynomolgus monkeys to assess the safety and
pharmacokinetics of single- and repeat-dose intravenous (i.v.) RTD-1 administration.
The preclinical experiments were conducted to determine the safety and first-in-
human (FIH) dosing in preparation for clinical trials of i.v. RTD-1 for treatment of
COVID-19.

RESULTS
Pharmacokinetics. (i) Mice. The mean plasma concentration-time profile after sin-

gle-dose administration in mice is shown in Fig. 1A, and the corresponding pharmaco-
kinetic (PK) parameters calculated by noncompartmental analysis (NCA) are given
in Table 1. Due to terminal blood collection from each mouse, a pooled PK result was
generated. After single i.v. bolus administration, RTD-1 displayed a biphasic profile,
with a relatively short distribution phase followed by a longer elimination phase with a
half-life of 6.05 h.

(ii) Rats. The mean plasma concentration-time profiles in rats following single-dose
(5, 10, or 20 mg/kg) or multiple-dose (5 or 10 mg/kg/day) administrations are depicted
in Fig. 1B and Fig. 2A and B, respectively, and the corresponding PK parameters are
summarized in Tables 1 and 2. Of the total 180 infusions from 36 rats, five infusions
deviated more than 10% from the intended 20-min infusion. However, these deviations
did not occur on blood PK sampling days and therefore did not influence the PK analy-
sis. Due to sparsely sampled data per rat, a pooled PK result was generated in
WinNonlin. Plasma levels of RTD-1 were undetectable during the recovery period (day
25) in all rats, except for one female rat that received 10 mg/kg, which had a concen-
tration of 12.5 ng/mL. Early removal of the rats in the 20-mg/kg group precluded the
PK analysis with repeat dosing at this dose level. The maximum observed concentra-
tion in plasma (Cmax) was slightly higher in female than male rats, but the differences
did not reach statistical significance. While both the Cmax and the area under the con-
centration-time curve from 0 h to infinity (AUC0-1) appeared to increase proportionally
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to the dose based on the 95% confidence interval (CI) of the slope including 1 (Cmax,
Y = 1.110 � X 1 8.936 [slope 95% CI, 0.7066 to 1.513], R2 = 0.6803; AUC0-1, Y = 1.543 �
X 1 9.448 [slope 95% CI, 0.4460 to 2.639], R2 = 0.9969), a comprehensive analysis of
dose proportionality in rats was limited due to pooled calculations of AUC0-1 at each
dose level and the relatively narrow range of doses tested. The area under the concen-
tration-time curve to dosing interval (AUCt) values on day 7 were slightly lower (22%
and 19% for the 5- and 10-mg/kg/day groups, respectively) than their AUC0-1 values
on day 1, indicating no significant drug accumulation.

(iii) Cynomolgus monkeys. The mean plasma concentration-time profiles in cyno-
molgus monkeys following single- or multiple-dose administrations are illustrated in

TABLE 1 Single-dose pharmacokinetics in mice, rats, cynomolgus monkeys, and vervet

Parametera

Value for:

Mice Rats Cynomolgus monkeysc Vervet
n 4/time point 12 6 1
Dose (mg/kg) 5 5 5 3
Cmax (ng/mL) 8,919 (1,088)b 7,468 (1,202)b 10,700 (2,455) 5,193
lz (h

21) 0.114 0.056 0.323 (0.016) 0.204
AUCt (ng � h/mL) 12,282 14,956 27,160 (4,286) 21,949
AUC0-1 (ng � h/mL)d 12,497 15,948 27,176 (4,292) 22,110
CL (mL/h/kg) 400 334 188 (29.2) 136
MRT (h) 2.62 4.37 2.94 (0.15) 4.71
Vss (mL/kg) 1,048 1,461 550 (74.6) 639
aCmax, maximum observed plasma concentration; lz, terminal elimination rate constant; AUCt, area under the
concentration-time curve to the dosing interval (24 h); AUC0-1, area under the concentration-time curve
extrapolated to infinity; CL, clearance; MRT, mean residence time; Vss, volume of distribution at steady state.

bData are estimates (standard error).
cMean (SD).
dA target AUC0-1 between 3,869 and 9,001 ng � h/mL required for therapeutic efficacy was previously established
in a murine model of LPS-induced ALI.

FIG 1 Mean (standard deviation [SD]) plasma concentration-time profiles of RTD-1 in mice (n = 4/time point) (A), rats
(n = 6/time point) (B), cynomolgus monkeys (n = 2 to 12/dosing group) (C), and a vervet (n = 1) (D) following single-dose
i.v. administration.
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Fig. 1C and 2C to F, respectively. The corresponding PK parameters calculated by NCA
are outlined in Tables 1 and 3. Of the total 233 infusions from 24 cynomolgus monkeys,
four infusions deviated more than 10% from the intended 1-h infusion. However, these
deviations did not occur on blood PK sampling days and therefore did not influence
the PK analysis. Data from two separate studies involving single and multiple dosing in
cynomolgus monkeys were combined in this analysis. Overall, concentration-time pro-
files displayed a biphasic pattern, with a prolonged elimination phase at higher doses.
Plasma concentrations of RTD-1 after a single dose of 0.3 or 1 mg/kg were detectable
up to 12 h post-end of infusion. In the GLP-compliant 10-day toxicokinetic (TK) study,
all animals received 10 i.v. doses except for one female monkey in the 15-mg/kg/day
group, which received a total of 9 doses due to issues with venous access. Extended
sampling with cynomolgus monkeys assigned to the recovery group (15 mg/kg/day)
revealed that plasma levels of RTD-1 were quantifiable on day 12 (537 ng/mL) and day

FIG 2 Mean (SD) plasma concentration versus time profiles following repeated i.v. administration of RTD-1 in rats at 5 mg/kg/day
(A) and 10 mg/kg/day (B), in cynomolgus monkeys at 5 mg/kg/day (C), 10 mg/kg/day (D), and 15 mg/kg/day (E), and in the
recovery group after the 10th dose (15 mg/kg/day, n = 4) (F).
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24 (12.5 ng/mL), indicating that RTD-1 exhibits a long terminal half-life (Fig. 2F). The av-
erage terminal half-life in the recovery animals was 47.2 h compared to 9.53 h in the
main group with the shorter sampling period. The Cmax and AUC0-1 were slightly
higher in males than females, but the differences did not reach statistical significance.
A detailed assessment of dose proportionality in cynomolgus monkeys administered a
single i.v. dose ranging from 0.3 to 15 mg/kg revealed that both Cmax and AUC0-1
increased more than dose proportionally (Fig. 3). Specifically, the AUC0-1 was dose pro-
portional at lower doses (0.3 to 3 mg/kg) but began to deviate from dose proportional-
ity at higher doses ($5 mg/kg) (data not shown). Dose proportionality assessment at
steady state demonstrated that while the Cmax increased dose proportionally (Cmax,
Y = 0.9553 � X 1 6.805 [slope 95% CI, 0.5573 to 1.353, R2 = 0.5705]), the AUCt

increased more than dose proportionally (AUCt , Y = 1.422 � X 1 6.745 [slope 95% CI,
1.072 to 1.772, R2 = 0.7916]). However, these results were limited due to the narrow
range of doses examined. Comparisons of AUCs after a single dose (day 1) and repeat
dose administrations (day 10) revealed statistically significant accumulations at 5 and
10 mg/kg/day, yielding approximately 1.4- and 1.5-fold-higher mean AUCt than mean
AUC0-1 on day 1 for 5- and 10-mg/kg/day doses, respectively (5 mg/kg/day, P = 0.0229;
10 mg/kg/day, P = 0.0103). Although there was a trend toward RTD-1 accumulation at
15 mg/kg/day at a steady state (day 10), the difference did not reach statistical signifi-
cance (P = 0.1879). Statistical analysis was not performed with the PK parameters calcu-
lated on days 4 and 7 in the 15-mg/kg/day group due to the small number of animals
(n = 2).

(iv) Vervet. The mean plasma concentration-time profile of RTD-1 in the vervet af-
ter a single i.v. bolus administration is shown in Fig. 1D, and the PK parameters are pre-
sented in Table 1. Following the bolus administration, plasma concentrations of RTD-1
declined monoexponentially. However, the plasma concentrations collected after 24 h
were below the lower limit of quantification and therefore excluded from the analysis.

Interspecies allometric scaling. Overall, linear regression of logarithmically trans-
formed clearance (CL) or volume of distribution at steady state (Vss) against log-trans-
formed body weight (BW) from the four preclinical species resulted in a reasonable fit,
as evidenced by the relatively high r2 (Fig. 4). The allometric scaling equations for CL
and Vss were Y = 190.5 � BW0.8302 (r2 = 0.7761) and Y = 709.6 � BW0.8651 (r2 = 0.8918),
respectively, which yielded the predicted human CL of 6.48 L/h and Vss of 28.0 L. Based
on the target plasma AUC0-1 values of approximately 3,869 and 9,001 ng � h/mL, which
were previously established in a murine model of LPS-induced ALI, the estimated
human equivalent doses (HED) to reach therapeutic efficacy are between 25.1 and
58.4 mg for a 70-kg individual or between 0.36 and 0.83 mg/kg/day.

TABLE 2Multiple-ascending-dose pharmacokinetics of i.v. RTD-1 in rats

Parametera

Valueb at indicated dose and day

5 mg/kg 10 mg/kg 20 mg/kg

Day 1 Day 7 Day 1 Day 7 Day 1
n 12 12 12 12 12
Cmax (ng/mL) 7,468 (1,202)*# 10,137 (688) 27,533 (1,419)* 21,850 (759) 35,400 (5,350)#
lz (h21) 0.056 0.104 0.148 0.133 0.221
AUCt (ng � h/mL) 14,956 12,468 41,669 34,121 126,860
AUC0-1 (ng � h/mL)c 15,948 12,704 42,085 34,688 127,386
CL (mL/h/kg) 334 401 240 293 157
MRT (h) 4.37 2.92 2.88 3.45 4.81
Vss (mL/kg) 1,461 1,173 691 1,011 756
aCmax, maximum observed plasma concentration; lz, terminal elimination rate constant; AUCt, area under the
concentration-time curve to dosing interval (24 h); AUC0-1, area under the concentration-time curve
extrapolated to infinity; CL, clearance; MRT, mean residence time; Vss, volume of distribution at steady state.

bData are estimates (standard error). Symbols (*, #) denote statistically significant differences between matching
groups (P, 0.05).

cA target AUC0-1 between 3,869 and 9,001 ng � h/mL required for therapeutic efficacy was previously established
in a murine model of LPS-induced ALI.
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Biodistribution. The biodistribution study was undertaken to determine the pat-
terns of distribution and potential routes of elimination of RTD-1 in rats after a single-
dose i.v. administration of [14C]RTD-1 equivalent to 5 mg/kg. Widespread distribution
of [14C]RTD-1 was observed at 1 h, with the highest density measured in the liver, fol-
lowed by the kidney (see Table S5 in the supplemental material). At 1 h, there was a
trace amount of 14C counts measured in the urine, skin, leg muscle, eyes, and brain.
After 24 h, the density of 14C counts in the tissues and organs decreased relative to
counts detected at 1 h, except for those in the urine. The 14C counts in urine increased
from trace amounts at 1 h to 8.5% after 24 h. Moreover, approximately 4% of the [14C]
RTD-1 dose administered was recovered in the feces at 24 h, suggesting that the major
route of elimination is urinary, followed by biliary excretion.

FIG 4 Interspecies allometric correlation. The plot was created based on the results of RTD-1 single-dose PK studies. The dashed line
represents the predicted CL (6.48 L/h) (A) or Vss (28.0 L) (B) for an adult (70 kg).

FIG 3 Assessment of dose proportionality of Cmax (A) and AUC0-1 (B) in cynomolgus monkeys
following a single-dose administration of RTD-1 (0.3, 1, 3, 10, or 15 mg/kg).
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Safety. (i) Rats. In general, single doses up to 10 mg/kg were well tolerated in male
and female rats. During the study, mortality was observed in a total of 7 rats. Specifically,
1 out of 18 female rats in the placebo group was found dead on day 6, and another 1
out of 16 female rats in the 5-mg/kg/day dose group was found dead on day 15 of the
study. However, the mortality of the female rat in the 5-mg/kg/day group was deter-
mined to be unrelated to RTD-1 treatment due to minimal clinical manifestations until
the day of death and the timing of the event. Additionally, a single i.v. administration of
20 mg/kg RTD-1 led to acute, treatment-related mortality in 5 out of 12 rats on day 1. Of
the five rats, three male rats were found dead, and one male and one female rat were
euthanized due to moribund conditions.

Following once daily i.v. infusion of RTD-1 (5 and 10 mg/kg/day), treatment-related
clinical signs, such as muscle fasciculation, lethargy, swollen nose, chin, and/or cheeks,
swollen front limbs, reluctance to walk and/or stand, hypoactivity, ataxia, and
increased respiration, were noted throughout the study at both dose levels but were
temporary and resolved during the recovery period. There were no significant changes
in body weight in rats except for those in the 20-mg/kg dosing group, where signifi-
cant decreases in body weights were recorded in both male and female rats (data not
shown). Food consumption was not significantly affected by treatment administration
in rats at any dose level. Due to the unexpected mortality and adverse treatment-
related clinical observations at 20 mg/kg, the study in this dosing group was prema-
turely terminated, and the remaining rats were euthanized before their scheduled
administration on day 1 or 2. Adverse clinical observations associated with mortalities
observed at the lowest observed adverse effect level (LOAEL) included cold to touch,
lying on the side, abnormal body color (pale), inability to walk, extreme dehydration,
tremors, and labored respiration.

No treatment-related changes in hematological parameters were observed in male
and female rats at 5 mg/kg/day at the end of treatment (day 8) (Table 4). At the end of
recovery, red blood cell (RBC) volume distribution width (RDW) was significantly ele-
vated in female rats at 5 mg/kg/day and was outside of the historical control range
(HCR) for female Sprague-Dawley rats (data not shown). At 10 mg/kg/day, a significant
decrease in absolute reticulocytes in male rats treated with 10 mg/kg/day was
observed at the end of treatment. However, this value was within the HCR for male
Sprague-Dawley rats of this age (18). In female rats, there were significant increases in
white blood cell (WBC) count and absolute lymphocytes and monocytes at the end of
treatment in comparison to controls. However, these increases were not dose depend-
ent and the changes were reversible by the end of the recovery period (data not
shown). At the end of recovery, mean cell hemoglobin (MCH) and mean cell hemoglo-
bin concentration (MCHC) increased modestly in male rats compared to the controls,
but the values remained within the reference range for male rats of similar age. At
20 mg/kg, counts of WBC relative and absolute neutrophils, relative and absolute
monocytes, and relative and absolute large unclassified cells (LUC) were significantly
elevated in male rats, while relative lymphocytes, relative and absolute eosinophils,
and platelet count significantly decreased on day 2 compared to controls at the end of
treatment. The relative and absolute neutrophil, relative lymphocyte, and relative and
absolute monocyte values were outside of the HCR for male rats. In female rats, there
were significant increases in absolute reticulocytes and monocytes, while significant
decreases in relative and absolute eosinophils were observed on day 2 (interim eutha-
nasia) in comparison with controls at the end of treatment. Due to the premature ter-
mination of the study in the 20-mg/kg group, the reversibility of the alterations in
these parameters could not be determined. However, regardless of statistical signifi-
cance, these changes remained within the HCR for female rats. The histopathological
examinations of bone marrow samples from sternum and femur samples were within
normal limits, except for a mild fracture observed in a male rat at 10 mg/kg/day.

There were no significant treatment-induced abnormalities in serum biochemical
parameters at the end of treatment in male and female rats that received 5 or 10 mg/kg/day
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(Table 5). At the end of recovery, glucose levels were slightly elevated in female rats at
10 mg/kg/day (data not shown). At the highest dose examined (20 mg/kg), chloride and
albumin levels significantly decreased while serum urea nitrogen (urea N) levels increased in
male rats on day 2 compared to controls. In female rats, alanine aminotransferase (ALT), cal-
cium, and gamma-glutamyl transferase (GGT) levels were significantly elevated compared to
controls. In both male and female rats, the albumin/globulin ratio (A/G) and creatinine, glu-
cose, and triglyceride levels were significantly elevated while total protein (TP), sodium, and
globulin levels were significantly reduced in comparison with controls. Albumin, A/G, globu-
lin, urea N, TP, and triglyceride levels were outside the HCR in male rats and A/G ratio, GGT,
globulin, glucose, TP, and triglycerides were outside the HCR in female rats. The remaining
parameters were within the HCR.

There were no treatment-related changes in coagulation parameters in male and
female rats in the 5- or 10-mg/kg/day group at the end of treatment (Table 6) or the
end of recovery (data not shown). However, at 20 mg/kg, the prothrombin time (PT)
and activated partial thromboplastin time (APTT) were significantly elevated in both
male and female rats, while fibrinogen levels decreased in male rats compared to con-
trols at the end of treatment. Of these, fibrinogen levels were outside the HCR in male
rats, and both PT and APTT were outside the HCR in female rats.

There were no treatment-related changes in urinalysis parameters for male and
female rats receiving 5 or 10 mg/kg/day (data not shown). Due to early removal, over-
night urine samples were not collected from rats in the 20-mg/kg group and therefore
could not be assessed. No treatment-related abnormalities were detected during the
postexposure ophthalmology assessments for any dosing group. In this study, treat-
ment-related effects on the injection site could not be assessed due to surgical cathe-
terization. A summary of the main histopathological findings in the adrenal glands,
liver, and lungs at the end of treatment are described in Table S3. Specifically, histo-
pathological evaluations of rats in the 20-mg/kg group showed discolorations in the

TABLE 5 Serum biochemical data for male and female rats at the end of treatment

Parametera

Valueb for rats at indicated dose

Male Female

0 mg/kg 5 mg/kg 10 mg/kg 20 mg/kgf 0 mg/kg 5 mg/kg 10 mg/kg 20 mg/kgf

ALT (U/L) 42.5 (5.5) 40.0 (9.8) 32.5 (4.5) 74.0 (38.0)d,e 33.0 (8.0) 35.0 (7.0) 32.5 (6.0) 62.0 (28.5)c,d,e

AST (U/L) 158.5 (45.8) 133.0 (34.0) 113.5 (16.8) 245.0 (100.0)d,e 149.0 (22.0) 139.0 (35.0) 122.0 (14.3) 397.0 (345.5)d,e

ALP (U/L) 248.5 (72.8) 212.0 (40.3) 212.5 (51.5) 232.0 (45.0) 124.0 (28.0) 92.0 (21.0) 109.5 (30.5) 142.0 (34.5)d,e

Albumin (g/dL) 3.7 (0.2) 3.8 (0.0) 3.7 (0.2) 2.7 (0.0)c,d,e 3.6 (0.2) 3.9 (0.3) 3.9 (0.1) 3.0 (0.6)d,e

Globulin (g/dL) 1.6 (0.2) 1.7 (0.2) 1.6 (0.2) 1.0 (0.0)c,d,e 1.7 (0.1) 1.8 (0.1) 1.8 (0.2) 1.0 (0.3)c,d,e

A/G 2.4 (0.4) 2.2 (0.3) 2.4 (0.2) 2.7 (0.1)c,d,e 2.2 (0.1) 2.1 (0.2) 2.2 (0.2) 3.0 (0.4)c,d,e

GGT (U/L) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 4.0 (5.5)c,d,e

T-Bil (mg/dL) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.1 (0.2) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
TP (g/dL) 5.2 (0.3) 5.5 (0.2) 5.4 (0.3) 3.7 (0.1)c,d,e 5.4 (0.4) 5.8 (0.5) 5.7 (0.4) 3.9 (0.8)c,d,e

Cholesterol (mg/dL) 59.5 (13.0) 70.5 (10.3) 66.0 (14.3) 67.0 (7.0) 52.0 (7.0) 55.0 (15.0) 55.0 (26.5) 52.0 (6.5)
Triglycerides (mg/dL) 29.0 (11.5) 37.0 (21.5) 29.0 (5.3) 193.0 (111.0)c,d,e 22.0 (4.0) 25.0 (7.0) 26.0 (11.5) 106.0 (36.5)c,d,e

Glucose (mg/dL) 87.0 (6.5) 72.5 (16.3) 83.0 (6.8) 175.0 (35.0)c,d,e 105.0 (7.0) 97.0 (16.0) 99.0 (5.5) 218.0 (70.0)c,d,e

Creatinine (mg/dL) 0.2 (0.0) 0.2 (0.1) 0.3 (0.1) 0.4 (0.1)c,d,e 0.3 (0.0) 0.3 (0.0) 0.3 (0.0) 0.5 (0.2)c,d,e

CK (U/L) 828.0 (341.5) 765.5 (395.5) 612.5 (254.8) 707.0 (615.0) 914.0 (450.0) 792.0 (198.0) 473.5 (211.3) 1,506.0 (2,604.5)
Urea N (mg/dL) 17.5 (4.3) 16.5 (4.0) 19.0 (3.5) 28.0 (6.0)c,d,e 20.0 (1.0) 20.0 (2.0) 21.0 (1.8) 20.0 (3.0)
Sodium (mmol/L) 144.5 (1.8) 144.0 (1.8) 144.0 (0.0) 140.0 (2.0)c,d,e 145.0 (3.0) 143.0 (1.0) 142.5 (1.0) 141.0 (2.5)c

Calcium (mg/dL) 9.6 (0.2) 9.8 (0.4) 9.7 (0.2) 9.4 (0.5)d 9.6 (0.2) 9.8 (0.2) 10.0 (0.3) 10.3 (0.6)c,d

Chloride (mmol/L) 105.0 (1.8) 104.5 (1.8) 105.0 (1.0) 101.0 (1.0)c,d,e 105.0 (3.0) 105.0 (2.0) 105.0 (2.0) 104.0 (3.0)
Phos (mg/dL) 8.3 (0.7) 8.5 (0.5) 8.6 (1.0) 9.3 (3.8) 7.6 (0.7) 7.3 (0.8) 7.1 (0.8) 9.3 (5.0)
Potassium (mmol/L) 4.8 (0.1) 5.2 (0.2) 5.1 (0.3) 5.1 (0.6) 4.4 (0.4) 4.9 (0.4) 5.1 (0.5) 4.9 (0.7)
aALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; A/G, albumin/globulin ratio; GGT, gamma-glutamyltransferase; T-Bil, total
bilirubin; TP, total protein; CK, creatine kinase; urea N, serum urea nitrogen; Phos, inorganic phosphorus.

bData are median (IQR).
cP, 0.05 compared with control (0 mg/kg).
dP, 0.05 compared with 5 mg/kg.
eP, 0.05 compared with 10 mg/kg.
fMeasurement on day of unscheduled euthanasia (day 2) excludes animals found dead.
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kidney, brain, and lungs, with bronchi and trachea filled with fluids at interim euthana-
sia. There were no macroscopic findings related to RTD-1 treatment in any dose groups
at interim euthanasia (for 20-mg/kg group, day 2), terminal euthanasia (day 8), or re-
covery euthanasia (day 24). Key treatment-related microscopic findings at the end of
treatment included dose-dependent increased incidence of minimal to mild liver ne-
crosis in female rats administered 5 and 10 mg/kg/day. However, liver necrosis was not
present in female animals (5 and 10 mg/kg/day) euthanized at the end of the recovery
period and did not lead to increases in parameters included in the liver function panels
(TP, albumin, total bilirubin, and liver enzymes). Adverse treatment-related severity
ranging from minimal to moderate liver necrosis, defined by focal to multifocal areas
of lytic to coagulative necrosis, was observed in male rats administered 20 mg/kg. Mild
to severe adrenal necrosis, characterized by unilateral to bilateral coagulative cortical
to corticomedullar necrosis, was observed in both male and female rats administered
20 mg/kg.

Based on the lack of adverse clinical signs or abnormalities in parameters at the 10-
mg/kg/day dose, the no observed adverse effect level (NOAEL) was established at
10 mg/kg/day in rats. The lowest observed adverse effect level (LOAEL), which the FDA
defines as the lowest dose tested in preclinical species with adverse effects, was estab-
lished at 20 mg/kg in rats (19).

(ii) Cynomolgus monkeys. Overall, RTD-1 at doses up to 15 mg/kg/day was well
tolerated in male and female monkeys. In the non-GLP dose range-finding study, all
animals survived the study without any treatment-related adverse clinical signs. The
maximum tolerated dose (MTD) was established at 15 mg/kg/day based on these data.
Similarly, in the GLP-compliant 10-day repeat-dose TK study, no mortality or unsched-
uled euthanasia occurred at any dose level. In addition, no significant changes in body
weight were observed in the monkeys. Treatment-related decrease in food consump-
tion was observed in females at 10 mg/kg/day and in both sexes at 15 mg/kg/day

TABLE 6 Coagulation data for male and female rats and cynomolgus monkeys at the end of
treatmenta

Group and dose PT (s) APTT (s) Fibrinogen (mg/dL)
Rats
Male
0 mg/kg 16.25 (1.60) 14.05 (2.85) 263.50 (49.75)
5 mg/kg 15.95 (0.50) 14.80 (0.98) 262.50 (9.00)
10 mg/kg 17.50 (1.40) 14.60 (1.05) 261.00 (54.75)
20 mg/kge 21.25 (1.40)b,c 18.50 (3.13)b,c,d 98.00 (18.50)b,c,d

Female
0 mg/kg 16.30 (0.70) 10.50 (1.90) 269.00 (68.00)
5 mg/kg 16.30 (1.40) 10.60 (0.70) 223.00 (80.00)
10 mg/kg 17.05 (0.60) 10.85 (2.43) 283.00 (36.50)
20 mg/kge 23.45 (9.75)b,c 29.20 (20.65)b,c,d 83.00 (151.75)d

Cynomolgus monkeys
Male
0 mg/kg 12.20 (0.80) 22.00 (1.90) 228.00 (22.00)
5 mg/kg 12.00 (0.55) 21.60 (0.80) 306.00 (49.50)
10 mg/kg 12.00 (0.25) 21.10 (0.45) 285.00 (22.50)
15 mg/kg 12.25 (0.83) 22.10 (1.65) 336.00 (114.00)

Female
0 mg/kg 12.50 (0.80) 22.00 (0.30) 173.00 (75.00)
5 mg/kg 12.20 (0.25) 22.40 (2.05) 238.00 (40.50)
10 mg/kg 11.80 (0.25) 20.80 (0.55) 294.00 (7.50)
15 mg/kg 12.30 (0.50) 22.60 (0.90) 300.00 (57.00)d

aPT, prothrombin time; APTT activated partial thromboplastin time. Data are median (IQR).
bP, 0.05 compared with control (0 mg/kg).
cP, 0.05 compared with 5 mg/kg.
dP, 0.05 compared with 10 mg.
eMeasurement on day of unscheduled euthanasia (day 2) excludes animals found dead.
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during the dosing phase; however, the animals recovered to baseline by the end of re-
covery, and the changes in food consumption did not translate to changes in body
weight or adverse clinical observations.

Treatment-related hematological changes at the end of treatment included statisti-
cally significant but modest increases in absolute LUC counts in male monkeys and
absolute monocytes in female monkeys at 15 mg/kg/day compared to the respective
controls (Table 7). However, the increase in absolute LUC counts resolved by the end
of recovery (data not shown) and the elevated absolute monocyte counts observed in
female monkeys were within the HCR for female cynomolgus monkeys (20). The histo-
pathological examinations of bone marrow samples from sternum and femur samples
were within normal limits. Most notable, treatment-related changes in serum biochem-
ical parameters included a slight reduction in inorganic phosphorus (Phos) level and
an elevated glucose level in female monkeys at 15 mg/kg/day at the end of treatment
(Table 8). However, these changes were small in magnitude and remained within the
HCR for female cynomolgus monkeys. A trend toward an increase in fibrinogen levels
was noted in all treated monkeys at the end of treatment compared to the control
group and baseline levels (Table 6), but the changes did not reach statistical signifi-
cance and returned to baseline by the end of the recovery period (data not shown).
There were no treatment-related changes in urinalysis parameters or abnormalities in
postexposure ophthalmologic assessments or the electrocardiogram from cynomolgus
monkeys at any dose level (data not shown). A summary of the main histopathological
findings in the adrenal glands, liver, and lungs at the end of treatment are described in
Table S4. There were no major histological findings at the end of the recovery period
(data not shown). The lack of significant alterations in clinical pathology parameters in
any of the animals with doses up to 15 mg/kg/day corroborates the results from the
non-GLP dose range study in cynomolgus monkeys, which also established an MTD of
15 mg/kg/day based on no adverse effects on mortality, clinical observations, or body
weight with up to 15 mg/kg/day i.v. RTD-1 treatment. Due to the small number of
measurements taken at the end of the recovery period, statistical analyses of the clini-
cal pathology parameters at this time point could not be performed.

Procedure-related gross observations were recorded at the injection sites of three
animals at 15 mg/kg/day, which included abrasions and abnormal texture likely due to
repeat catheterization. However, there were no macroscopic findings related to treat-
ment at the end of treatment or recovery. In the main group, microscopic evaluations
revealed treatment-related thrombosis at the injection sites at the end of treatment,
although there was a lack of a dose trend in incidence and/or severity. In the recovery
group, treatment-related thrombosis at the injection site, acute inflammation, edema,
hemorrhage, and fibrosis were present in animals receiving 15 mg/kg/day at the end
of recovery. However, comparable observations were also present at the injection sites
of control animals in the recovery group, which include minimal to mild injection site
fibrosis and mild chronic thrombosis, suggesting that these findings are procedure
related. Lastly, minimal to mild intravascular thrombosis (thromboembolism) was
observed in the lungs of only the treated animals (males administered $10 mg/kg/day
and females administered $5 mg/kg/day) at the end of treatment (day 11). The
thrombi within the lungs contained differing numbers of inflammatory cells both
within the thrombi and in the surrounding connective tissues, and thrombi in the
lungs were present predominately in midsize to small arteries and capillaries in the al-
veolar walls. Thromboembolism was concluded to be related to the peptide adminis-
tration due to the composition of the thrombi found in the lung, which were likely em-
bolic from the thrombi formed at the injection site. These findings were also resolved
by the end of the recovery period, as thrombosis was not identified in any lung sec-
tions in the control group or monkeys administered 15 mg/kg/day.

Given that the repeat administration of RTD-1 of up to 15 mg/kg/day was well toler-
ated in both sexes, NOAEL was established at 15 mg/kg/day in cynomolgus monkeys.
The LOAEL could not be determined in cynomolgus monkeys, as the highest dose
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examined in the GLP study was well tolerated. Based on this analysis, the HEDs that are
equivalent to the NOAEL and LOAEL in rats are 3.2 mg/kg/day and 11.8 mg/kg/day,
respectively, for a 70-kg individual, and the HED that is equivalent to the NOAEL in cyn-
omolgus monkeys is 16.1 mg/kg/day for a 70-kg individual.

DISCUSSION

Despite the recent development of COVID-19 vaccines, the emergence of new
COVID-19 variants remains a major threat to global health. Dysregulated inflammatory
response is one of the key characteristics observed in severe COVID-19 patients and is
the main factor contributing to multiple organ failure and mortality (21, 22). Based on
the results of the RECOVERY trial, the use of corticosteroids has shown to be effective
in reducing mortality in severely ill COVID-19 patients receiving supplemental oxygen,
which highlights the importance of targeting the systemic inflammation caused by
COVID-19 to improve patient outcomes (8). However, at present, there are a limited
number of safe and effective treatments available for COVID-19 pneumonia. In the current
analysis, the PK and safety of i.v. RTD-1 were examined in various preclinical studies in prepa-
ration for planned clinical trials of RTD-1 for the treatment of COVID-19 pneumonia.

Single and multiple-ascending-dose studies performed in rats and cynomolgus
monkeys demonstrated the excellent safety profile of i.v. RTD-1 administration. Repeat
administration of RTD-1 was well tolerated in rats at doses up to 10 mg/kg/day, and
therefore, the NOAEL in rats was established at 10 mg/kg/day. Treatment-related mor-
tality and adverse clinical signs were observed in rats treated at 20 mg/kg, including
cold to touch, abnormal body color, inability to walk, extreme dehydration, and trem-
ors. In cynomolgus monkeys, single and repeated daily dose administration of RTD-1
was tolerated up to 15 mg/kg/day, with no major treatment-related adverse findings
or toxicities. Given the lack of adverse findings, the NOAEL was established at 15 mg/
kg/day in cynomolgus monkeys. The NOAEL in the cynomolgus monkeys was established at
a higher dose than that in the rats, demonstrating that RTD-1 was better tolerated in cyno-
molgus monkeys. Most changes noted in hematological, serum chemistry, and coagulation

TABLE 8 Serum biochemical data for male and female cynomolgus monkeys at the end of treatment

Parametera

Valueb for monkeys at indicated dose

Male Female

Control 5 mg/kg 10 mg/kg 15 mg/kg Control 5 mg/kg 10 mg/kg 15 mg/kg
ALT (U/L) 63.0 (13.0) 172.0 (125.0) 105.0 (26.5) 88.0 (17.0) 584.0 (124.0) 112.0 (50.0) 126.0 (87.5) 92.0 (36.0)
AST (U/L) 60.0 (31.0) 122.0 (190.0) 105.0 (43.5) 103.0 (40.0) 142.0 (37.0) 69.0 (22.0) 104.0 (16.0) 95.0 (45.0)
ALP (U/L) 664.0 (120.0) 802.0 (253.0) 753.0 (3.5) 957.0 (638.0) 682.0 (117.0) 576.0 (132.0) 915.0 (64.0) 943.0 (411.0)
Albumin (g/dL) 4.6 (0.1) 4.8 (0.2) 4.7 (0.2) 4.4 (0.2) 4.4 (0.1) 4.5 (0.5) 4.3 (0.1) 4.3 (0.6)
Globulin (g/dL) 2.5 (0.0) 2.7 (0.1) 2.9 (0.4) 2.9 (0.5) 2.5 (0.1) 2.7 (0.4) 2.7 (0.4) 2.8 (0.1)
A/G 1.8 (0.1) 1.8 (0.1) 1.7 (0.2) 1.6 (0.2) 1.7 (0.1) 1.7 (0.2) 1.6 (0.2) 1.5 (0.0)
GGT (U/L) 125.0 (4.0) 137.0 (31.5) 119.0 (32.5) 101.0 (6.0) 128.0 (37.0) 92.0 (14.0) 88.0 (7.0) 99.0 (37.0)
T-Bil (mg/dL) 0.3 (0.1) 0.3 (0.1) 0.3 (0.0) 0.2 (0.2) 0.3 (0.2) 0.2 (0.0) 0.2 (0.1) 0.2 (0.2)
TP (g/dL) 7.1 (0.1) 7.5 (0.2) 7.5 (0.5) 7.5 (0.8) 6.9 (0.2) 7.6 (0.7) 7.0 (0.3) 7.1 (0.8)
Cholesterol (mg/dL) 88.0 (14.0) 110.0 (15.5) 99.0 (16.5) 105.0 (50.0) 133.0 (24.0) 104.0 (17.5) 91.0 (10.5) 94.0 (13.0)
Triglycerides (mg/dL) 33.0 (4.0) 46.0 (18.5) 32.0 (6.0) 78.0 (52.0) 33.0 (5.0) 49.0 (8.5) 49.0 (1.5) 56.0 (11.0)
Glucose (mg/dL) 66.0 (7.0) 111.0 (26.5) 71.0 (23.0) 67.0 (5.0) 54.0 (2.0) 60.0 (7.5) 59.0 (6.5) 78.0 (18.0)c

Creatinine (mg/dL) 0.6 (0.1) 0.8 (0.2) 0.6 (0.1) 0.6 (0.1) 0.5 (0.1) 0.5 (0.1) 0.6 (0.1) 0.7 (0.1)
CK (U/L) 215.0 (1,159.0) 888.0 (13,478.0) 515.0 (2,756.5) 518.0 (1,392.0) 405.0 (288.0) 301.0 (38.0) 1,102.0 (1,584.0) 891.0 (603.0)
Urea N (mg/dL) 13.0 (2.0) 15.0 (3.5) 20.0 (3.5) 15.0 (2.0) 15.0 (2.0) 15.0 (4.0) 16.0 (4.5) 18.0 (1.0)
Sodium (mmol/L) 148.0 (3.0) 147.0 (4.0) 150.0 (3.0) 149.0 (2.0) 148.0 (2.0) 146.0 (0.0) 146.0 (3.0) 146.0 (4.0)
Calcium (mg/dL) 10.0 (0.1) 9.8 (0.5) 10.5 (0.4) 10.1 (0.3) 9.8 (0.5) 10.0 (0.4) 10.0 (0.1) 10.2 (0.4)
Chloride (mmol/L) 110.0 (2.0) 110.0 (2.0) 110.0 (1.5) 112.0 (1.0) 110.0 (4.0) 107.0 (1.5) 109.0 (2.0) 111.0 (1.0)
Phos (mg/dL) 6.5 (0.5) 5.5 (1.7) 5.4 (0.8) 5.2 (0.6) 6.1 (0.2) 5.7 (0.2) 5.3 (0.6) 5.3 (0.3)c

Potassium (mmol/L) 5.5 (0.7) 6.0 (1.4) 5.9 (0.9) 5.8 (0.6) 5.1 (0.1) 4.9 (0.6) 5.1 (0.9) 6.0 (1.0)
aALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; A/G, albumin/globulin ratio; GGT, gamma-glutamyltransferase; T-Bil, total
bilirubin; TP, total protein; CK, creatine kinase; urea N, serum urea nitrogen; Phos, inorganic phosphorus.

bData are median (IQR).
cP, 0.05 compared with control (0 mg/kg).
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parameters in both rats and cynomolgus monkeys were of low magnitude, lacked consis-
tency between the two species, lacked a dose dependence, and/or were reversible by the
end of the recovery period. Therefore, these data demonstrate the safety of i.v. RTD-1 at a
dose up to 10 mg/kg/day in rats and 15 mg/kg/day in cynomolgus monkeys.

The PK of intravenous RTD-1 following single and multiple ascending doses in mul-
tiple species is characterized by extensive tissue distribution and prolonged elimina-
tion. The Vss normalized to the body weight of the animals receiving 5 mg/kg of RTD-1
varied across species, with 1,048, 1,461, and 550 mL/kg in mice, rats, and cynomolgus
monkeys, respectively. The relatively large Vss indicates that RTD-1 distributes exten-
sively to tissues. The biodistribution study confirmed extensive tissue distribution, par-
ticularly in the liver. Relevant to the treatment of COVID-19, RTD-1 distribution to the
lungs was less than that to the plasma; however, it remained measurable at 24 h fol-
lowing a single dose administration and exceeded values for most other tissues. The
prolonged elimination half-life observed in cynomolgus monkeys in the recovery
group (47.2 h) is suggestive of tissue redistribution. Future studies involving whole-
body tissue PK analysis to evaluate the time course of drug disposition more exten-
sively within tissues are planned.

Analysis of the single and multiple-ascending-dose studies in rats and monkeys
showed a greater-than-dose-proportional increase in AUC0-1 and Cmax suggestive of
nonlinear PK. Several therapeutic proteins exhibit nonlinear PK mediated by different
mechanisms. For instance, exenatide and recombinant human interferon (IFN) (e.g.,
IFN-b1a) display nonlinear kinetics due to the saturation of the elimination pathway,
such as target-mediated drug disposition (TMDD) (23, 24). Alternatively, nonlinear PK
of cyclosporine and erythropoietin were attributable to the saturation of tissue binding
and receptors in target tissues, respectively (25, 26). The widespread distribution of
[14C]RTD-1 in rats in the biodistribution study, which could explain the large Vss esti-
mated in the preclinical PK studies, suggests that saturation of the peptide within
these tissues may be one potential source of nonlinearity. Since the greatest accumula-
tion of RTD-1 occurred in the liver and kidney, a dose-dependent decrease in CL
observed in rats and cynomolgus monkeys could also explain the nonlinearity.
Consistent with data from other small peptides (,10 kDa) which are predominately
cleared through the glomerular filtration, appreciable amounts of [14C]RTD-1 were
recovered from the urine (accounting for 7% at 24 h). In addition, a relatively significant
portion was recovered in feces (accounting for 4% at 24 h), indicating that elimination of
RTD-1 occurs through renal and biliary excretion (27, 28). Therefore, the nonlinear PK of
RTD-1 may be attributable to saturation of uptake and/or efflux transporters present in
the liver or kidney. However, the definitive role of hepatic/renal transporters in the distri-
bution and elimination of RTD-1 requires further investigation.

Interspecies allometric scaling is a valuable tool that enables the extrapolation of
PK data from preclinical species to humans and is commonly used to predict an appro-
priate dosage for FIH clinical trials. Since RTD-1 is believed to follow linear PK at the
HED for efficacy, as evidenced by dose-proportional increases in the AUC0-1 at lower
doses in cynomolgus monkeys (0.3 to 3 mg/kg), we performed interspecies allometric
scaling using simple allometry to predict human PK. For macromolecules that are
renally excreted, human CL can be adequately predicted using the simple allometric
equation (29). As three or more preclinical species are typically needed to reliably scale
the parameters to humans, available single-dose data from mice and vervet were
included in the analysis (30). The estimated allometric scaling exponents of 0.8302 and
0.8651 for CL and Vss, respectively, agree with the values reported for other therapeutic
proteins, which are 0.65 to 0.84 for CL and 0.84 to 1.02 for Vss (31).

The target AUC0-1 was previously established in a mouse model of lipopolysaccha-
ride (LPS)-induced ALI, where a single subcutaneous injection of 5 or 25 mg/kg RTD-1
resulted in mean AUC0-1 values of 3,869 and 9,001 ng � h/mL, respectively. RTD-1 treat-
ment at both doses led to attenuation of the airway inflammatory response through in-
hibition of proinflammatory cytokine production, peroxidase activity, and neutrophil
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recruitment and protected against lung injury (3). RTD-1 treatment (25 mg/kg) admin-
istered 0 h after LPS instillation was associated with approximately 66%, 63%, and 80%
decreases in IL-6, IP-10 (CXCL10), and IFN-g, respectively, in bronchoalveolar lavage
fluid, whereas dexamethasone treatment (2 mg/kg) led to approximately 26%, 50%,
and 43% decreases in IL-6, IP-10 (CXCL10), and IFN-g, respectively (3).

The HED of 0.36 mg/kg daily was determined using the predicted human CL (6.48
L/h) from interspecies allometric scaling and the target AUC0-1 for efficacy (from the
murine model of endotoxin-induced ALI). Based on the FDA’s recommendation for a
10-fold safety factor, the predicted FIH dose in a clinical trial is approximately
0.036 mg/kg for an adult (32, 33). This approximation of the dose for the FIH study is
predicted to be well below the NOAEL established by preclinical animals and therefore
projected to be safe in humans. The HED equivalent to the NOAEL in cynomolgus mon-
keys of 16.1 mg/kg was higher than both the HED equivalents to the NOAEL and the
LOAEL in rats (3.2 and 11.8 mg/kg, respectively). Since cynomolgus monkeys are more
physiologically similar to humans than rats, doses up to 16.1 mg/kg may be tolerated
in humans. Furthermore, this indicates that the HED required for efficacy (0.36 to
0.83 mg/kg) is approximately 19- to 45-fold lower than the HED calculated based on
the NOAEL in cynomolgus monkeys, further ensuring safety in humans.

There were a few limitations to our analysis. First, simple allometry does not
account for dose-dependent (nonlinear) processes and therefore may not be suitable
for scaling the parameters to humans. However, since nonlinearity was more evident
at higher dose ranges, we believe that at the doses selected for an FIH clinical trial,
RTD-1 is predicted to exhibit linear PK. Second, the target AUC0-1 used to determine
the FIH dose was established in a murine model of LPS-induced ALI and therefore may
not reflect the actual target AUC0-1 required for efficacy in COVID-19 in humans. We
believe this is an appropriate animal model to derive the target AUC0-1 for efficacy, as
COVID-19-related pneumonia is characterized by excessive infiltration of neutrophils
and overproduction of proinflammatory cytokines in the airway (34, 35).

In summary, we assessed the PK and safety of intravenous RTD-1 in mice, rats, cyno-
molgus monkeys, and a vervet and predicted the human PK using a simple allometric
equation. Single-dose and multiple-ascending-dose studies in cynomolgus monkeys
revealed a dose-dependent decrease in CL. The biodistribution of [14C]RTD-1 revealed
that RTD-1 distributes extensively to tissues and, in particular, the liver. Recoverable
14C counts in the urine and feces indicate that renal and biliary excretion are the major
routes of elimination. Further studies are warranted to investigate the kinetics of tissue
distribution/elimination to identify the sources of nonlinearity. Lastly, repeat adminis-
trations of intravenous RTD-1 were well tolerated in rats and cynomolgus monkeys up
to 10 mg/kg/day and 15 mg/kg/day, respectively, without any evidence of toxicity. The
HED required to provide efficacy is well below the HED established based on the
NOAEL in the cynomolgus monkey. Therefore, these results support the clinical investi-
gation of RTD-1 for the treatment of COVID-19. The PK and safety of intravenous RTD-1
are being evaluated in a phase I/II clinical trial with patients hospitalized with COVID-
19-related pneumonia (ClinicalTrials.gov identifier NCT04708236).

MATERIALS ANDMETHODS
The pharmacokinetics and safety of i.v. RTD-1 were studied in mice, rats, cynomolgus monkeys, and

a vervet. Lyophilized RTD-1 (purity . 98%) was dissolved in filter-sterilized saline solution and used for
injections of mice and one vervet. RTD-1 solutions employing rats and cynomolgus monkeys were pre-
pared by dilution of formulated RTD-1 (12.5 mg/mL in 1% propylene glycol, 20 mM sodium acetate, pH
6.5) in filter-sterilized saline. The summary of study design and schedule of safety assessments are given
in Tables S1 and S2, respectively, in the supplemental material. The studies included single- and multi-
ple-dose-ranging experiments. All protocols received local IACUC approval before the initiation of the
studies.

Pharmacokinetics. (i) Mice. The murine pharmacokinetic study has been described previously (12).
All procedures and protocols involving the use of animals were reviewed and approved by the
University of Southern California (USC) IACUC (protocol no. 20538). Briefly, male (31.7 to 37.7 g) and
female (25.2 to 35.6 g) CD-1 mice (Charles River Laboratories) were administered a single 5-mg/kg i.v.
bolus injection of RTD-1 into the lateral tail vein. A total of 24 mice were separated into six groups
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(n = 2/sex/group), with each group assigned to a single, predetermined time point. EDTA-anticoagulated
blood samples were collected at 0.25, 1, 2, 4, 8, and 24 h postdose via terminal cardiac puncture. The col-
lected samples were centrifuged to separate the plasma and stored at 280°C until analysis.

(ii) Rats. Pharmacokinetics of RTD-1 in Sprague-Dawley rats was evaluated as part of a Good
Laboratory Practice (GLP) 7-day toxicity study performed at Charles River Laboratories (Stilwell, Kansas). The study
protocol was reviewed and approved by the Citoxlab USA IACUC and was conducted in accordance with guide-
lines from the USA National Research Council. On the day of the dosing (day 1), male (229 to 272 g) and female
(186 to 214 g) rats (n = 6/sex/group) were assigned to receive repeated doses of 0 (placebo), 5, 10, or 20 mg/kg/
day of RTD-1 once daily for 7 days via i.v. infusion (20 min6 3 min). The intravenous route was selected, as this is
the intended route of administration for the treatment of COVID-19 pneumonia. The doses were chosen based
on a pilot single-dose escalation study in rats, which established the MTD of 20 mg/kg (data not shown). Two
subgroups of rats with alternating blood sampling schemes (n = 3/sex/group) were assigned as follows: sub-
group A with blood collections at 0 (predose), 0.5, 6, and 24 h postinfusion and subgroup B with blood collec-
tions at 0.083, 2, and 12 h postinfusion. The 24-h postinfusion samples on day 1 were taken before the adminis-
tration of the dose on day 2. Serial blood samples were collected into K2EDTA tubes at the above-mentioned
time points on days 1 and 7 and once on day 25 (recovery). The samples were centrifuged at 2,700 � g for
10 min at 5°C to separate plasma from the blood and stored at280°C until analysis.

(iii) Cynomolgus monkeys. A non-GLP dose-range-finding PK study and a GLP 10-day toxicity study
were conducted in cynomolgus monkeys (Macaca fascicularis) at Charles River Laboratories (Stilwell, Kansas). The
study protocol was reviewed and approved by the Citoxlab USA IACUC and was conducted in accordance with
guidelines from the USA National Research Council. The non-GLP dose-range-finding study included evaluation
of a single ascending dose and a multiple dose. In the single-ascending-dose PK study, male (3.49 to 3.57 kg) and
female (2.66 to 2.79 kg) cynomolgus monkeys (n = 1/sex/group) were randomly assigned to one of two dose
groups. Group 1 received a single dose of 0.3 mg/kg RTD-1 as an i.v. infusion (60 min 6 5 min) on day 1 and a
single dose of 3 mg/kg RTD-1 on day 3, while group 2 received a single dose of 1 mg/kg RTD-1 on day 1 and a
single dose of 10 mg/kg RTD-1 on day 3. The doses used in this study are based on a pilot study in cynomolgus
monkeys which demonstrated the safety of single i.v. doses up to and including 10 mg/kg (data not shown).
Blood samples were collected into K2EDTA tubes at the following time points: predose and approximately 0.083,
0.25, 0.5, 1, 2, 4, 8, 12, and 24 h post-end of infusion, on days 1 and 3. In the multiple-dose study, repeated doses
of 15 mg/kg RTD-1 were administered once daily for 7 days via i.v. infusion (60 min 6 5 min) (n = 1 per sex).
Serial blood samples were collected into K2EDTA at predose and at approximately 0.083, 0.25, 0.5, 1, 2, 4, 8, 12,
and 24 h post-end of infusion, on days 1, 4, and 7. The 24-h postinfusion samples on days 1 and 4 were taken
before the administration of the dose on days 2 and 5, respectively. In the GLP 10-day toxicity study, PK was eval-
uated following multiple ascending doses of RTD-1. Male (2.52 to 3.65 kg) and female (2.39 to 3.18 kg) cynomol-
gus monkeys (n = 3-5/sex/group) received repeated doses of 0 (placebo), 5, 10, or 15 mg/kg of RTD-1 once daily
for 10 days via i.v. infusion (60 min 6 5 min). Serial blood samples were collected into K2EDTA tubes at the fol-
lowing time points: predose and 0.083, 0.5, 2, 6, and 12 h postinfusion on day 1 and predose and 0.083, 0.5, 2, 6,
12, and 24 h postinfusion on day 10. Additional blood samples were collected on days 12 and 24 from monkeys
that received 0 or 15 mg/kg (n = 2/sex/group). All samples were centrifuged at ;2,700 � g for 10 min at ;5°C
to isolate plasma and stored at280°C until analysis.

(iv) Vervet. As a pilot safety study, a single dose of RTD-1 at 3 mg/kg was administered to an adult
male vervet/African green monkey (Chlorocebus aethiops sabaeus) via i.v. bolus. Serial blood samples
were collected at 0.5, 1, 4, 8, 24, 48, 72, 96, 120, and 192 h postadministration.

Bioanalytical analysis. Clarified plasma samples from mice were directly diluted into 5% formic
acid-5% acetonitrile. Quantitative analysis of RTD-1 was performed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) with reverse-phase liquid chromatography (XBridge BEH phenyl column; 3.5mm,
3 by 100 mm; Waters no. 186003328) on an Acquity H-class ultraperformance LC (UPLC) (Waters) coupled to a
Xevo TQ-S tandem electrospray mass spectrometry running MassLynx V4.1 (Waters). Quantitative mass spectros-
copy was performed by multiple-reaction monitoring with the area under the curve determined by TargetLynx
(Waters). A synthetic theta defensin-like peptide was used as an internal standard (IS). The lower limit of quantifi-
cation (LLOQ) of the assay was 1 ng/mL. Intra- and interassay precision (percent coefficient of variation [CV])
was #3%, and intra- and interassay accuracy (% relative error) was #5%. Plasma RTD-1 concentration analyses
for rats and cynomolgus monkey studies were performed at MicroConstants (San Diego, CA) by LC-MS/MS using
a validated method with an LLOQ of 10.0 ng/mL. Details of the method are summarized in MicroConstants
method no. MN20038. Clarified plasma samples from a serially sampled vervet were quantified using a
Waters Acquity H-class UPLC. The plasma samples were diluted directly (1:10) into 5% formic acid-5%
acetonitrile and quantified by photodiode array (PDA; AUC of 210 nm) by using a C18 XBridge BEH col-
umn (2.5 mm, 2.1 by 150 mm; Waters no. 186006709) and running Empower 3 software (Waters). RTD-
1 peak and mass confirmation was performed on post-PDA eluent using a Micromass Quattro Ultima
mass spectrometer with MassLynx 4.1 (Waters). The LLOQ ranged from 10 to 30 ng/mL (depending on
sample background) to an upper limit of 50 mg/mL. RTD-2 (10 mg/mL) was used as an internal stand-
ard. Intra- and interassay precision (% coefficient of variation [CV]) was #3%, and intra- and interassay
accuracy (% relative error) was #5%.

Pharmacokinetic analysis. Noncompartmental analysis (NCA) was performed using Phoenix
WinNonlin (version 8.3.1; Certara USA, Inc., Princeton, NJ) to determine the PK parameters in mice, rats,
cynomolgus monkeys, and a vervet. Nominal sampling times were used in the analysis, and data below
the lower limit of quantification of the assay were excluded from the analysis. The maximum plasma
concentration (Cmax) was determined from visual inspection of the data. In addition, the following pa-
rameters were calculated: terminal elimination rate constant (lz), area under the curve extrapolated to
infinity (AUC0-1), area under the curve to dosing interval (AUCt), mean residence time (MRT), clearance
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(CL), and volume of distribution at steady state (Vss). AUC was calculated using the linear up, log down
method, and the lz was calculated using up to the last four data points of the log-linear terminal phase
of the concentration-time profile. Due to sparsely sampled data in mice and rats, the sparse sampling
calculation methodology in Phoenix WinNonlin was used, which generated a single estimate without
standard error for all parameters except Cmax. For rats and cynomolgus monkeys, all parameters were cal-
culated using sampling times relative to the beginning of the i.v. infusion.

Dose proportionality. Dose proportionality of Cmax and AUC0-1 was evaluated in cynomolgus mon-
keys administered a single i.v. dose of RTD-1 ranging from 0.3 to 15 mg/kg using a natural log-trans-
formed power model (36). Dose proportionality was concluded if the slope and the corresponding 95%
confidence interval of the linear regression included 1.

Interspecies allometric scaling. Single-dose PK data from mice, rats, cynomolgus monkeys, and a
vervet was used to predict human PK parameters using simple allometry. The relationship between CL
or Vss was obtained from the NCA, and the body weight was described using the following equation Y =
a � BWb, where Y is the PK parameter (e.g., CL or Vss), BW is the body weight of the species, a is an allo-
metric coefficient, and b is an allometric exponent (33, 37). Linear regression was performed on log-
transformed data. The predicted HED was calculated based on the allometrically scaled CL by use of the
following equation: dose = CL � AUC0-1. The corresponding average AUCt and AUC0-1 at NOAEL and
LOAEL, respectively, were used to convert the doses at NOAEL and LOAEL in preclinical animals to HED.

Biodistribution 14C-radiolabeled RTD-1 in female rats. Five Sprague-Dawley rats (195 to 200 g
body weight) with jugular vein catheters (JVC) were each injected with 200 ml of 5 mg/mL RTD-1 in saline con-
taining ;4 million cpm of [14C]RTD-1. The [14C]RTD-1 was created by substituting the natural glycine residue on
position 1 of the cyclic peptide with a 14C-labeled glycine. The JVC line was cleaned with 70% isopropyl alcohol,
and the line plug was removed. A new 25-gauge blunt needle with a 1-mL syringe containing injectable solutions
was used for each injection. The JVC line was first cleared with 100mL saline, followed by the RTD-1 solution, and
then cleared with an additional 100 mL of saline. Tissues and organs were harvested into separate vials and
weighed. Small organs such as lymph nodes, kidneys, and heart/lungs were processed whole. Large organs (e.g.,
liver, muscles, subcutaneous fat pads) were sampled from representative areas or those of interest (e.g., subcutis
at the injection site). Organs were then dissolved in 2 mL Solvable (Perkin Elmer 6NE9100) for up to 1 g of tissue.
For a large section of skin and other organs, 4 or 6 mL was added. Vials were incubated in a 60°C water bath for
18 to 22 h and then removed and allowed to cool to room temperature. Two milliliters of dissolved tissue was
added to a fresh scintillation tube for color correction with 100mL of 0.1 M EDTA and 2� 100mL 30% hydrogen
peroxide. Samples were allowed to stand at room temperature for 1 h, incubated in a 37°C incubator for 1 h, and
then incubated in a 60°C water bath for 1 h. If necessary to prevent boiling over, samples were removed from
the heat source temporarily before continuing. Samples were cooled before 10 mL of Ultima Gold (Perkin Elmer
6013321) was added to each vial, and then contents were mixed and allowed to stand in the dark at 22°C for 1
h. Scintillation counting was an average of two 1-min counts using a Packard Tri-Carb 2100TR scintillation coun-
ter. Urine was collected over 1 h or 24 h after i.v. infusion, and 500mL was added to a scintillation vial processed
as described above for scintillation counting. The stomach and its content were dissolved with 6 mL of Solvable
and processed as for other tissues. The duodenum, jejunum, and ileum were flushed with saline to remove lumi-
nal contents, and then the tissues were processed with Solvable as described above. The large intestine was
opened lengthwise to remove fecal content, rinsed with saline to remove the remaining luminal contents, and
then processed as described above. Feces were collected, transferred into a 500-mL plastic cup, and treated with
50 mL of 7% sodium hypochlorite and allowed to react for 1 h at 22°C, followed by 1 h in a 60°C water bath.
Two milliliters of the resulting suspension was transferred to a scintillation vial and mixed with 10 mL of scintilla-
tion fluid. The contents were mixed and allowed to stand for 1 h before scintillation counting.

Safety. Evaluation of safety in rats and cynomolgus monkeys was based on clinical observations, sur-
vival, body weight, food consumption, clinical pathology (hematology, clinical chemistry, and coagulation), uri-
nalysis, ophthalmology, macroscopic findings at necropsy, and microscopic histopathology and is described in
detail in the supplemental material. The schedule of assessments for these studies is summarized in Table S2.

Statistical analysis. Statistical analysis of the PK data was performed with GraphPad Prism version
9.1.2 (GraphPad Software, Inc., San Diego, CA). The Shapiro-Wilk test was used to check for normality. One-way
analysis of variance (ANOVA) with Bonferroni's multiple-comparison test was performed to compare Cmax val-
ues across doses (5, 10, and 20 mg/kg) in rats, and lz, AUC, Cmax, CL, and Vss values across doses (5, 10, and
15 mg/kg) in cynomolgus monkeys. An unpaired t test was used to compare PK parameters (lz, AUC, Cmax, CL,
and Vss) between different days (day 1 versus day 10) within each dosing group and between sexes. Statistical
analyses of safety data were performed using SAS 9.4, considering a 95% statistical significance. Differences in
body weight, change in body weight, and clinical pathology (hematology, serum chemistry, coagulation) were
compared between each dose group using the Kruskal-Wallis test with Dunn's multiple comparison test. The
data analysis was performed independently for each sex.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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