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Abstract
Soft-tissue bacterial infection can progress to severe sepsis and septic shock as a result of a disproportionate inflammatory 
response, characterized by an excessive release of cytokines and influx of immune cells. Reltecimod (previously known as 
AB103 or p2TA), a peptide derived from the T-cell receptor CD28, modulates the host immune response by targeting the 
co-stimulatory pathway, which is essential for the induction of multiple pro-inflammatory cytokines. Consequently, relteci-
mod has demonstrated beneficial effects against different bacterial infections, their exotoxins and endotoxins, and ionizing 
radiation. The dosing regimen of reltecimod was evaluated in three mouse models of infection. The effect of the number of 
reltecimod doses with respect to survival, cytokine/chemokine levels, and blood leukocyte profiles was assessed. Overall, 
mice treated with a single intravenous dose of reltecimod (5 mg/kg) at 1–2 h after infection showed significantly greater sur-
vival as compared with saline-treated controls. Mice treated with a second doses demonstrated improved survival compared 
with saline-treated controls. However, in all models of infection, administration of a single therapeutic dose of reltecimod 
was superior to two or multiple doses. Further examination showed that the single therapeutic dose of reltecimod was asso-
ciated with an early (within 24 h) decrease in cytokine/chemokine levels and most circulating leukocyte subpopulations. 
A second dose of reltecimod did not improve these early positive effects and appeared to attenuate further changes. These 
results provided insight into the mechanism of action of reltecimod and established a basis for the dosing regimen utilized 
in clinical trials, where reltecimod is administered as a single dose.
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NOAEL  No-observable-adverse-effect level
PBS  Phosphate-buffered saline
RP-HPLC  Reversed-phase high-performance liquid 

chromatography
SEB  Staphylococcal enterotoxin B
TNF-α  Tumor necrosis factor α
UPLC  Ultra-performance liquid chromatography

Introduction

The invasion of microbial pathogens into the bloodstream 
is characterized by a systemic pro-inflammatory response 
that can lead to severe sepsis and septic shock. It develops 
when the initial appropriate host response to an infection 
becomes amplified and subsequently dysregulated (Cohen 
2002). The activation of this “first line of cellular defense” 
results in an excessive release of cytokines, chemokines, and 
other inflammatory regulators, as well as affecting the influx 
of immune cells, predominantly polymorphonuclear neu-
trophils (PMNs), into remote or affected organs and tissues. 
Some localized infections caused by gram-positive bacte-
rial pathogens, including group A Streptococcus pyogenes 
(S. pyogenes) and Staphylococcus aureus, are complicated 
by manifestations of systemic toxicity and may progress to 
sepsis and lethal septic or toxic shock (Johansson et al. 2010; 
Brosnahan and Schlievert 2011). Necrotizing soft- tissue 
infections (NSTI) by some gram-positive pathogens can be 
complicated by toxic shock syndromes which can rapidly 
become fatal. Sepsis due to severe gram-negative bacterial 
infections is also a major cause of morbidity and mortality 
worldwide (Dellinger et al. 2008). Despite the availability 
of potent antimicrobial agents and advances in supportive 
care, mortality from sepsis has persisted at > 20% (Annane 
et al. 2009; Napolitano 2018) and mortality from NSTI is 
currently estimated as 15–25% (Barupal et al. 2019). This 
situation is further exacerbated by the dramatic rise in 
resistance to commonly used antimicrobial agents and the 
dearth of new antibiotics in the drug development pipeline. 
Consequently, there have been concerted efforts to develop 
agents that can either neutralize bacterial virulence factors or 
enhance host defenses (or both) and that, in conjunction with 
antibiotic therapy, may improve the outcome from severe 
infections.

Reltecimod (previously known as AB103 or p2TA) is a 
novel, 10-amino-acid immunomodulating peptide. Targeting 
the host immune response rather than the pathogen, relteci-
mod provides treatment for bacterial infections by delivering 
broad-spectrum coverage, independent of pathogen type, and 
may eliminate the risk of development of drug resistance. 
Furthermore, this mode of action permits the initiation of 
therapy at early disease stages, before the bacterial pathogen 
has been identified. Reltecimod modulates the inflammatory 

response by targeting and attenuating the critical CD28/B7-2 
co-stimulatory pathway, without inhibiting it. The extracel-
lular β-barrel homodimer interface of CD28 is remote, at 
the opposite pole, from the binding site for the two B7 co-
ligands (Evans et al. 2005). Nevertheless, it has been shown 
that engagement of B7-2 and CD28 receptors can be regu-
lated via their homodimer interfaces (Kaempfer et al. 2017; 
Levy et al. 2016). Binding of reltecimod to CD28 (Shir-
van et al. 2018) is hypothesized to induce changes in CD28 
beyond the specific binding site that act to reduce its binding 
to B7-2 without blocking it, thus down-regulating synapse 
formation and downstream events. Additionally, CD28/B7-2 
and SEB/CD28 affinity are both in the micromolar range 
[20 μM (Collins et al. 2002) and 2.3 µM (Arad et al. 2011), 
respectively] resulting in reduction rather than complete 
blocking of CD28 B7-2 interaction.

Reltecimod has been shown to provide broad protection 
against polymicrobial, gram-positive (Ramachandran et al. 
2013) and gram-negative bacteria (Ramachandran et al. 
2015), their exotoxins and endotoxins [e.g., staphylococcal 
enterotoxin B (SEB) (Arad et al. 2011) and lipopolysaccha-
ride (LPS) (Ramachandran et al. 2015)], and ionizing radia-
tion (Mirzoeva et al. 2014). Reltecimod peptide is derived 
from the homodimer interface of the co-stimulatory T-cell 
receptor CD28, which is essential for the induction of mul-
tiple pro-inflammatory cytokines when co-stimulation is 
activated (Arad et al. 2011). Reltecimod does not have anti-
microbial activity, and by targeting CD28, it prevents the 
excessive harmful inflammatory cytokine response underly-
ing infection pathology; it significantly improves the host’s 
ability to respond to infection efficiently and, consequently, 
reduces the tissue damage caused to key organs during acute 
inflammation (Ramachandran et al. 2013, 2015; Mirzoeva 
et al. 2014). By modulating an upstream target, reltecimod 
attenuates a broad range of cytokines. This is in contrast 
to other therapeutic efforts designed to inhibit a specific 
cytokine (e.g., tumor necrosis factor α [TNF-α] or interleu-
kin 1β [IL-1β]), that have been shown to be unsuccessful.

Exposure to bacterial infections, especially in sepsis, per-
sists for long periods of time. While pharmacokinetic stud-
ies of reltecimod have indicated a short half-life in plasma 
(1–2 min, based on studies conducted in mice, pigs, and 
humans), reltecimod has pharmacodynamic effects that 
last for hours or even days, as demonstrated in experimen-
tal animal systems and early clinical trials in patients with 
necrotizing soft-tissue infections (NSTI) (clinicaltrials.gov 
Identifier: NCT01417780) (Ramachandran et al. 2013, 2015; 
Mirzoeva et al. 2014; Bulger et al. 2014). Therefore, debate 
arose as to the optimal therapeutic regimen for reltecimod 
that would be sufficient to provide sustained benefit follow-
ing bacterial infection.

We therefore conducted experiments in which we com-
pared the efficacy of single and multiple doses of reltecimod 
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using three mouse models of infection, in which reltecimod 
efficacy was previously demonstrated (Ramachandran et al. 
2013, 2015). The parameters compared included survival, 
cytokine/chemokine levels, and leukocyte profiles. We 
examined whether reltecimod protects mice from lethality 
following gram-negative, gram-positive, and polymicrobial 
infections and whether, in the mouse models, a single dose 
of reltecimod was superior to multiple doses. We present the 
results of these studies and correlate these findings with the 
effect observed on cytokine/chemokine levels and leukocyte 
profile.

Materials and Methods

Reagents

Chemical reagents were obtained from Sigma (St. Louis, 
MO), unless otherwise stated. The antibiotic cefepime was 
obtained from Elan Pharmaceuticals, Inc. (Dublin, Ireland).

Peptide

Reltecimod (also known as AB103 and p2TA) is a peptide 
with the amino acid sequence of SPMLVAYD; it has D-ala-
nine residues abutted to its N- and C-termini to enhance 
protease resistance (Arad et al. 2011). Once dissolved in 
phosphate-buffered saline (PBS) at 1 mg/mL, reltecimod 
was used immediately at desired dilutions.

Bacteria

Streptococcus pyogenes strain 8198 (scarlet fever serotype 
M1T1, kindly provided by Dr. Jonathan Cohen (Hammer-
smith Hospital, London, United Kingdom), produces SPEA 
and SPEB, and carries genes for SPEG, SPEJ, and SMEZ 
(Sriskandan et al. 1996); it was cultured in Todd-Hewitt 
broth (Becton Dickinson) at 37 °C under aerobic conditions. 
Escherichia coli O18:K1:H7 (also known as “Bort” strain), 
a highly virulent, serum-resistant, gram-negative bacteria 
isolated from the spinal fluid of a neonate, was used for the 
peritonitis studies (Cross et al. 1993).

Animals and Ethics

Pathogen-free, female BALB/c mice (aged 8–12 weeks for 
the polymicrobial sepsis and peritonitis models, and aged 
6–8 weeks for the thigh infection model) were obtained 
from Charles River Laboratories (Wilmington, Mass.). 
All animal studies were approved by the Brown Univer-
sity/Rhode Island Hospital and University of Maryland 
Institutional Animal Care and Use Committees (IACUCs) 
before experiments were initiated. Animals were housed in 

an IACUC-approved facility under biosafety level 2 safety 
conditions and were monitored by Brown University/Rhode 
Island Hospital and University of Maryland veterinary staffs.

Escherichia coli Peritonitis Mouse Model

Acute bacterial peritonitis was induced by intraperitoneal 
(IP) challenge of BALB/c mice with E. coli 018:K1 (1 × 105 
colony-forming units [CFUs]), followed by IV therapy with 
either reltecimod or saline 4 h after challenge. The protective 
ability of reltecimod was tested following the induction of E. 
coli peritonitis in the presence of a suboptimal dose of the 
antibiotic cefepime (Elan Pharmaceuticals, Inc.).

Streptococcus pyogenes Thigh Infection Mouse 
Model

Thigh infection with Group A streptococcus (GAS) is a 
model for NSTI. BALB/c mice were infected intramuscu-
larly (IM) (100 µL) in the left upper thigh with 1 × 107 CFUs 
of GAS. Reltecimod (2.5 or 5 mg/kg) was administered 
intravenously at 1 h, or at 1 h and 12 or 72 h post infection, 
and survival was monitored. Mice injected with phosphate-
buffered saline (uninfected) served as controls.

Cecal Ligation and Puncture (CLP) Polymicrobial 
Sepsis Model

The murine CLP model of polymicrobial sepsis has been 
detailed elsewhere (Opal et al. 2005). Moxifloxacin (Scher-
ing) was given at a suboptimal dose of 5 mg/kg. Animals 
that underwent sham surgery were handled in the identical 
fashion except that, after laparotomy, the exposed cecum was 
not ligated or punctured. We tested the efficacy of relteci-
mod administered at different time points and regimens as 
indicated, after CLP. Moribund animals (defined as ani-
mals that were hypothermic, with temperature < 30 °C, and 
unable to maintain normal body posture) were euthanized 
and scored as lethally infected animals. For assessing the 
cytokine/chemokine level and leukocyte profile, another set 
of mice, randomized to three groups, was used. Mice were 
euthanized at prespecified periods after CLP (24 h or 48 h), 
and quantitative analysis of blood cytokines, chemokines, 
and leucocyte profiles was determined.

Suboptimal dose of antibiotics were used in E. coli peri-
tonitis and CLP sepsis experimental models to allow the 
host to reduce the burden of bacteria, and permit the host 
response to re-establish homeostasis so it can control the 
infection. Since reltecimod is not an antibacterial agent, it 
will not by itself kill the bacteria. The suboptimal (subthera-
peutic) amount of antibiotic allows the host, in conjunction 
with antibiotics, to assist in clearing the infection whereas 
higher doses of antibiotics alone may be sufficient to treat 
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the infection efficaciously, without the need for reltecimod. 
Further, reltecimod is indicated to be used as adjunctive 
treatment to the standard of care, and it is envisioned that it 
will always be used clinically, in conjugation with antibiotics 
or some other therapy. In a real-life situation, patients may 
receive a sub-optimal amount of antibiotics, and reltecimod 
would be expected to improve the outcome.

Sample Preparation

At 24 h or at 24 h and 48 h after the CLP procedure, prior to 
euthanasia, blood specimens were collected in heparinized 
syringes by cardiac puncture from mice under deep terminal 
anesthesia, and plasma specimens were obtained by centrifu-
gation. The sham-operated group was handled in an identical 
fashion except that, after laparotomy, the exposed cecum was 
not ligated or punctured. The sham-operated group served 
as baseline control.

Cytokine and Chemokine Level Determination

Mouse cytokine levels of IL-6, IL-3, IFN-γ, IL-1α, MCP-
1, and RANTES were assayed in serum, using a multiplex 
immunoassay, with standard curves (Quansys Biosciences, 
Logan, UT).

Leukocyte Profile Determination

For total T cells and subsets of T-cell populations—CD4+ 
cells,  CD8+ cells, B cells, neutrophils, and macrophages/
monocytes—heparinized mouse blood samples were fixed 
in PBS 2% FBS 2% PFA and were washed and run on a 
FACSCalibur™ (BD). Data were analyzed using FlowJo 
(TreeStar). The fluorescent automated cell sorter (FACS) 
was used to identify each cell marker by labelled antibod-
ies: CD16/32 (Clone YT1.24) to FC receptor; TCRβ-PE 
(Clone H57-597), CD8α-Alexa488 (Clone 53-6.7), CD4-
PercP-eFluor710 (Clone GK1.5), CD49b-APC (Clone DX5), 
F4/80-Alexa488 (Clone BM8), Ly6C-PE (Clone HK1.4), 
Ly6G-PercP-eFluor710 (Clone 1A8), CD11b-APC (Clone 
M1/70), B220-FITC (Clone RA3-6B2), CD20-PE (Clone 
AISB12), and CD19-APC (Clone 1D3). Cell populations 
were identified using the following markers: Total cells—
hemocytometer;  CD4+ T cells—[CD4+, TCRβ+,  CD49b+]; 
 CD8+ T cells—[CD8+, TCR β+,  CD49b+]; B cells—[B220+, 
 CD19+  CD20+]; monocytes—[CD11b+,  Ly6Chigh, F4/80+]; 
neutrophils—[CD11b+,  Ly6Cint  L6G+].

Statistical Analysis

Values are expressed as mean ± standard error of the mean. 
Differences between groups were analyzed using the Stu-
dent t test, pEXACT (P-value from nonparametric exact 

Wilcoxon test), and pANOVA (P-value from parametric 
ANOVA on natural log-transformed values). Differences 
are considered statistically significant at a P-value of < 0.05.

Spearman correlations between pairs of cytokine meas-
ures at 24 h, collapsing across control and single dose 
groups, and at 48 h, collapsing over all three treatments, 
were used to measure the relationship among the cytokines 
measured. In addition, correlation analyses were performed 
to examine any associations between cytokine levels and 
lymphocyte profiles, and among cytokines at a given time 
point, both overall and within treatment groups. For this cor-
relation analysis, results were based on Spearman rank cor-
relations in the full sample, with similar analyses presented 
within treatment groups where data were available.

Results

Survival Studies

Cecal Ligation and Puncture (CLP) Polymicrobial Mouse 
Model

The murine CLP intra-abdominal infection model is consid-
ered a clinically relevant model for investigating polymicro-
bial infections and for following the effects of therapeutic 
agents as a well-accepted model for intra-abdominal infec-
tions or sepsis. Previous results have demonstrated that sin-
gle dose intravenous (IV) administration of reltecimod, at 
2, 12, or 24 h post infection (at doses of 1.25, 2.5, or 5 mg/
kg), in addition to suboptimal dose of moxifloxacin admin-
istered intramuscularly (IM), increased day 7 survival by up 
to 100%, as compared with only 8–25% survival in control 
groups treated only with a suboptimal dose of moxifloxacin 
(P < 0.05) (Ramachandran et al. 2015).

In the initial set of experiments, we used the CLP model 
to compare survival among controls (n = 16) and among 
mice receiving either a single dose of reltecimod (IV, 2 h 
post CLP; n = 10) or two doses of reltecimod (IV, 2 h and 
24 h post CLP; n = 10). After 7 days, both the single dose 
and the two doses of reltecimod significantly improved sur-
vival as compared with control (P = 0.001 and P = 0.0007, 
respectively). The single 5 mg/kg dose of reltecimod pro-
vided 90% survival, while two doses of reltecimod, 5 mg/
kg each, yielded 40% survival. The results demonstrate that 
both single and two doses of reltecimod provides survival 
benefit as compared to control (5% survival). Surprisingly 
however, despite the short half-life of reltecimod and the 
persistence of the infectious pathogen, one dose of relteci-
mod provides significantly greater protection than two doses 
(P = 0.0002) (Fig. 1a). Further support for the superiority of 
a single dose of reltecimod was evident from calculation of 
the mean survival time (Fig. 1b). Treatment with reltecimod 
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prolonged the mean survival time relative to control by 
2.1 days (from 2.9 to 5 days) for two doses, and by 3.8 days 
(from 2.9 to 6.7 days) for a single dose (P < 0.005 each). The 
single dose of reltecimod significantly extended survival by 
1.7 days as compared with two doses of reltecimod (from 
5.0 to 6.7 days; P = 0.0182).

Lethal S. pyogenes NSTI Mouse Model

Group A streptococcus S. pyogenes (GAS) is one of the 
most common pathogens leading to necrotizing soft-tissue 
infections. Using a mouse model for GAS lethal bacterial 
infection, a recognized model for NSTI, we have previously 
shown that in the absence of antibiotic, IV administration 
of reltecimod as a single dose (0.5–5 mg/kg at 30 min pre-
infection, or at 1 h or 5 h post infection) increased over-
all survival (by up to 80% as compared with infected, 

saline-treated controls) in the presence of a clinically iso-
lated invasive strain of S. pyogenes (Ramachandran et al. 
2013).

In order to define the optimal dosing regimen of relteci-
mod in this model, we performed experiments to determine 
the optimal number and interval between reltecimod doses. 
These regimens were investigated in BALB/c mice that were 
infected with S. pyogenes and in which the first dose was 
administered at a delayed time point (1 h) post infection.

Single Dose Versus Two Doses of Reltecimod at Different 
Concentrations The effect of a single dose of reltecimod 
as compared with two doses was examined under a regimen 
in which the first dose was initiated at 1 h post infection and 
the interval to the second dose was 12 h (Fig. 2). Reltecimod 
doses of 2.5 mg/kg and 5 mg/kg were evaluated, and sur-
vival was monitored for 8 days. Infected, saline-treated con-
trol mice (n = 20) exhibited 20% survival. Treatment with a 

Fig. 1  Efficacy of a single dose versus two doses of reltecimod, at 
24  h interval, in a mouse model of lethal CLP infection. BALB/c 
mice underwent CLP surgical procedure. Reltecimod (5 mg/kg), with 
suboptimal moxifloxacin (5  mg/kg), was administered by IV at 2  h 
or at 2 h and 24 h post CLP (n = 10/group). Mice injected with sub-
optimal moxifloxacin (IM, 5  mg/kg) and phosphate-buffered saline 

(saline-treated) served as controls (n = 16). Survival was monitored 
for 7 days, and results are shown as Kaplan–Meier survival curves (a) 
and average survival time (b). *P < 0.05 versus control, **P = 0.0182 
versus two doses (a); *P = 0.001, **P = 0.0007, ***P = 0.0002 (b). 
Kaplan–Meier survival curve was created using GraphPad Prism and 
average survival time histogram was created using Microsoft Excel

Fig. 2  Efficacy of a single dose of reltecimod versus two doses, 
at 12  h intervals, in a lethal S. pyogenes thigh infection mouse 
model. BALB/c mice were infected IM in the left upper thigh with 
1 × 107 CFU S. pyogenes (100 µL). Reltecimod (2.5 or 5 mg/kg) was 
administered by IV, at 1 h or at 1 h and 12 h post infection. Survival 

was monitored for 8  days. Mice injected with phosphate-buffered 
saline (saline-treated) served as controls (n = 20 for all groups). 
*P < 0.005 versus control, **P < 0.05 versus control, ***P = 0.0043 
one versus two reltecimod doses; log rank test. Kaplan–Meier sur-
vival curve was created using GraphPad Prism
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single dose of reltecimod 2.5 mg/kg (n = 20) resulted in 65% 
survival (P < 0.005 vs. control). Two doses of reltecimod at 
2.5 mg/kg each (n = 20) yielded 30% survival. Survival in 
the two-dose group was significantly better than that for the 
saline-treated control group (P < 0.005 vs. control), how-
ever it was inferior to treatment by a single dose reltecimod 
at 2.5 mg/kg (P = 0.0043 for one vs. two reltecimod doses; 
log rank test). Similarly, reltecimod at 5 mg/kg (n = 20) as 
a single dose yielded 45% survival (P < 0.05 vs. control), 
whereas two doses provided only 30% survival (P < 0.05 
vs. control; log rank test). Addition of more than two doses 
(i.e.; three or four doses) did not improve the outcome over 
that obtained with two doses (data not shown). These results 
suggest that the superiority of a single dose is independent 
of either the dose or the number of additional doses (two to 
four doses).

One Dose Versus Two Doses of Reltecimod: Effect of Extending 
the Dosing Interval The effect of extending the time inter-
val between the first and second reltecimod dose was tested. 
A single dose of reltecimod, 5 mg/kg at 1 h post infection 
(n = 20), was compared with the saline-treated controls or 
with two doses of reltecimod, 5 mg/kg each (n = 20), admin-
istered at 1 h and at 72 h post infection. Reltecimod admin-
istered at 1 h post infection resulted in 90% survival, as com-
pared with 20% survival for saline-treated control animals 
(P < 0.0009) (Fig. 3). By comparison, administration of two 
doses of reltecimod at 1 h and at 72 h post infection resulted 
in 20% survival, which was similar to the survival rate in 
saline-treated control animals, and significantly lower than 
the survival rate following single dose treatment (P < 0.0011 
vs. one dose). Even when the first dose of reltecimod was 
given at 5 h post infection, a single dose was superior (with 
60% survival rate) to two doses, administered at 5 h and at 

72 h post infection (with 40% survival rate; data not shown). 
These results suggest that the superiority of a single dose 
is independent of the interval between doses in this mouse 
model for lethal S. pyogenes infection.

Lethal E. coli Peritonitis Mouse Model

The ability of reltecimod to increase overall survival in the 
presence of a virulent, invasive gram-negative bacterial 
infection (E. coli serotype O18:K1, IP) was evaluated pre-
viously (Ramachandran et al. 2015). When reltecimod was 
administered by IV (5 mg/kg) at 4 h post infection, together 
with a suboptimal dose of the antibiotic cefepime (5 mg/
kg IM at 4 h post infection, which reflects 25% of the effec-
tive dose), the overall survival reached 100%, as compared 
with 20% in either the group treated with saline alone or in 
a group treated with suboptimal cefepime alone (P < 0.001 
vs. saline-treated or suboptimal antibiotic-treated infection 
controls).

Using the same model, the treatment benefit of a single 
administration of reltecimod, at 1.25 mg/kg (n = 20) or at 
the full effective dose of 5 mg/kg (n = 5), was compared 
against fractionating the full effective dose (5 mg/kg) into 
four equal portions of 1.25 mg/kg each, given at 12 h inter-
vals between doses (n = 10). Control groups showed only 
20% survival on day 7, with or without a suboptimal dose of 
cefepime (Fig. 4). Treatment with a low dose of reltecimod 
(1.25 mg/kg), in addition to suboptimal cefepime, showed 
some improvement in survival (40% survival), while treat-
ment of mice with 5 mg/kg reltecimod, in addition to sub-
optimal cefepime, showed a dramatic and statistically sig-
nificant improvement (100% survival; P < 0.05 vs. control). 
Fractionated, full effective dose (5 mg/kg), of four equal por-
tions of 1.25 mg/kg each, was less protective, culminating in 

Fig. 3  Efficacy of a single dose of reltecimod versus two doses, 
at 72  h interval, in a lethal S. pyogenes thigh infection mouse 
model. BALB/c mice were infected IM in the left upper thigh with 
1 × 107  CFU of GAS (100 µL). Reltecimod (5  mg/kg) was admin-
istered IV at 1  h, or at 1  h and 72  h post infection. Survival was 

monitored for 6  days. Mice injected with phosphate-buffered saline 
(saline-treated) served as controls (n = 20 for all groups). *P < 0.0009 
(vs. control), **P < 0.0011 versus two dose. Kaplan–Meier survival 
curve was created using GraphPad Prism
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70% survival (P < 0.05 between treatment groups receiving 
one and two doses).

Summary for Survival in All Lethal Models

The dosing regimen (number of doses and interval between 
them) was investigated in the three infection models. In all 
cases, a single dose of reltecimod (administered at different 
time points post infection) was compared against several 
doses (two or four doses) that were given at varying inter-
vals between them, ranging from 12 to 72 h. In addition, in 
all models, administration of a single, optimally effective 
dose of reltecimod was superior to two doses or fractionated 
doses. Importantly, in most cases, administration of two or 
multiple doses of reltecimod demonstrated beneficial effects 
as compared with saline-treated infection control animals. A 
summary of these comparisons is shown in Table 1. These 
results suggest that a single, fully effective dose of relteci-
mod, administered within a time window that still supports 
efficacy, is sufficient to provide survival benefit to animals 
following different bacterial infections regardless of the dose 
of reltecimod that was used, and that additional doses may 
be less favorable.

Cytokine/Chemokine and Leukocyte Profiles

To elucidate the possible processes underlying the reduced 
survival upon administration of two or multiple doses of 
reltecimod as compared with a single dose, we employed 
the CLP intra-abdominal polymicrobial infection model. The 
effect on the cytokine/chemokine response and on leuko-
cyte profiles was examined and compared with each other 
(between one and two doses) and with the saline-treated con-
trol group at 24 and 48 h as illustrated in Fig. 5.

Cytokines and Chemokines

In order to characterize the effect of reltecimod on the sys-
temic pro-inflammatory response elicited by the invasion 
of microbial pathogens into the bloodstream, the levels of 
several pro-inflammatory cytokines (interleukin 6 [IL-6], 
interleukin 3 [IL-3], interferon γ [IFN-γ], interleukin IL-1α 
[IL-1α]) and chemokines (monocyte chemoattractant pro-
tein 1 [MCP-1] and regulated on activation, normal T cell 
expressed and secreted [RANTES]) were determined in the 
plasma. The effect of one and two doses of reltecimod on 
the cytokine response following the CLP surgical procedure, 
after 24 and 48 h, was examined and compared with each 

Fig. 4  Efficacy of a single dose of reltecimod versus fractionated 
doses, at 12 h intervals, in the lethal E. coli mouse infection model. 
A virulent, invasive strain of E. coli serotype O18:K1 was grown at 
37 °C and, while at log-phase growth, was injected intraperitoneally 
to BALB/c mice, at  107  CFU. Saline (control infection), Cef alone 
(IM, at  LD25), or reltecimod (5 mg/kg, 1.25 mg/kg, or 4 × 1.25 mg/

kg) with Cef (at  LD25) (IV and IM, respectively) was given at 1  h 
post infection or at 1, 12, 24, and 36 h post infection (4 × 1.25 mg/
kg). Animal survival was monitored for 7  days. Cef = cefepime; 
LD = lethal dose. *P < 0.05 versus control, **P < 0.05 versus two 
fractionated doses. Kaplan–meier survival curve was created using 
GraphPad

Table 1  Administration of two or multiple doses of reltecimod is less effective than one dose

Model Survival (%) Dose (mg/kg) Time post infection (h)

One dose Multiple doses Control One dose Multiple doses One dose Multiple doses

E. coli (peritonitis model) 100 70 20 5.0 4 × 1.25 1 1 + 12 + 24 + 36
S. pyogenes (thigh infection model) 65 30 20 2.5 2.5 + 2.5 1 1 + 12
S. pyogenes (thigh infection model) 45 30 20 5.0 5.0 + 5.0 1 1 + 12
S. pyogenes (thigh infection model) 90 20 20 5.0 5.0 + 5.0 1 1 + 72
Polymicrobial (CLP model) 90 40 10 5.0 5.0 + 5.0 2 2 + 24
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other and with the saline-treated control group. Representa-
tive results are presented (Fig. 6).

Overall, a single dose of reltecimod (5 mg/kg) given 2 h 
post-surgery reduced the level of most cytokines/chemokines 
tested as compared with levels in the saline-treated control 
group at 24 h post administration, with further reduction in 
levels at 48 h (Fig. 6). Importantly, the cytokine levels were 
not ablated by reltecimod but, rather, were restored to a more 
homeostatic state.

Near statistical significance reduction (P = 0.053 vs. 
control) (Online Resource Table S1) was observed for 
median cytokine values of IL-6 achieved with a single 

dose of reltecimod versus control, using primary non-
parametric analyses (or parametric comparison of natural 
log-transformed cytokine levels); Other cytokines demon-
strated a similar trend, yet without statistical significance.

We next examined differences in cytokine median val-
ues between the group treated with two doses of relteci-
mod 5 mg/kg (at 2 h and 24 h post-surgery) and the saline-
treated control group. Samples were evaluated at 48 h after 
the CLP procedure, which represented a lag time of 24 h 
between the second dose of reltecimod and the time of 
evaluation (Fig. 6). In general, median values for most 
of the cytokines/chemokines were higher in the group 
treated with two doses of reltecimod, as compared with 
the control group at 48 h, but no significant differences 
between the two groups were observed in nonparametric 
comparisons (or in parametric comparison of natural log-
transformed cytokine levels, Online Resource Table S2).

Cytokine values at 48 h were compared between treat-
ment with one and two doses of reltecimod (Online 
Resource Table S3a). The results showed that median val-
ues of IL-3, IL-6, MCP-1, IFN-γ, and RANTES (but not 
IL-1α) were lower in the single dose group than in the two-
dose group, but the difference did not reach statistical sig-
nificance. IL-6 and MCP-1, which are often measured in 
the blood following CLP and are nonspecific indicators of 
inflammation, showed the largest differences between the 
treatments (two- and threefold higher in the group treated 

Fig. 5  Experimental design. Mice received vehicle, a single IV dose 
of reltecimod (5  mg/kg), or two IV doses of reltecimod (5  mg/kg 
each, at 2  h and 24  h post CLP). Animals were euthanized at 24  h 
or 48 h after the CLP procedure. Plasma levels of various cytokines/
chemokines and lymphocyte subsets were determined, as schemati-
cally illustrated. Sham animal values, at time 0, were used as base-
line. Diagram was created using Microsoft PowerPoint

Fig. 6  Change over time in 
cytokine/chemokine levels for 
one or two doses of reltecimod 
versus control in the CLP lethal 
infection mouse model. Mice 
received a single IV dose of 
reltecimod (5 mg/kg, at 2 h 
post CLP), vehicle, or two IV 
doses of reltecimod (5 mg/kg 
each, at 2 h and 24 h post CLP). 
At 24 h or 48 h after CLP, 
animals were euthanized under 
anesthesia. Various cytokines/
chemokines were determined 
using a multiplex immunoas-
say. The sham group served as 
baseline control. Representative 
cytokine/chemokine levels for 
the different treatment groups 
over time are presented as mean 
levels (pg/mL). *P = 0.053 
(pANOVA). The graphs were 
constructed using group specific 
summary statistics. Kaplan–
Meier survival curve was 
created using GraphPad Prism. 
Histograms were created using 
Microsoft Excel
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with two doses of reltecimod versus the group treated with 
one dose of reltecimod, respectively).

Comparison of the median cytokine/chemokine levels 
for the two-dose reltecimod group evaluated at 48 h ver-
sus the levels for the single dose reltecimod group at 24 h 
(Online Resource Table S3b) revealed that the values were 
similar. The second dose of reltecimod (given at 2 and 24 h) 
appeared to attenuate or interrupt the process of reduction/
normalization in cytokine/chemokine levels observed after 
24 h with one dose. This resulted in elongation of the expo-
sure to the cytokine/chemokine levels observed at 24 h for at 
least an additional 24 h. Consequently, two doses of relteci-
mod were inferior in terms of survival as compared with the 
one-dose treated group, yet the group treated with two doses 
showed better survival than the saline-treated, control group. 
Nevertheless, as with previous comparisons of cytokines/
chemokines, we observed no statistically significant differ-
ences between the two conditions.

In summary, compared with the group treated with two 
doses of reltecimod, the single dose treatment group showed 
a lower level of pro-inflammatory cytokines (e.g., IL-6, IFN-
γ) and a lower level of chemokines (e.g., MCP-1, which 
is known to be negatively correlated with the survival out-
come) (Gao et al. 2012). These median levels correlated with 
survival results, where one dose consistently yielded greater 
survival than two doses. These observations suggest that the 
chain of events initiated after administration of one dose of 
reltecimod, which is essential for best efficacy, is interrupted 
when a second dose of reltecimod is administered at 24 h 
after the first dose.

Leukocyte Profile

An examination of the phenotypic changes in circulating 
lymphocyte subsets can be used to monitor the onset and 
progression of infectious diseases, including sepsis. To fur-
ther characterize the effect of reltecimod on the processes 
occurring following polymicrobial abdominal infection, we 
determined the total number of cells and the levels (num-
ber and percentage) of different leukocyte subpopulations 
(CD4 + cells, CD8 + cells, B cells, T/B lymphocytes, mac-
rophages/monocytes, and neutrophils) in plasma following 
the CLP surgical procedure. The effect of one and two doses 
of reltecimod on the leukocyte profiles following CLP after 
24 and 48 h was compared for each group and for the saline-
treated control group.

The effect on leukocyte profiles after the lethal CLP sur-
gical procedure for the saline-treated control group was first 
compared with the sham-operated group at 24 and 48 h post 
infection (Online Resource Table S4).

At 24 h, total leukocyte cell count was reduced in sham-
operated animals as compared to saline-treated control ani-
mals by approximately 17%. For leukocyte subpopulations, 

a decrease was observed for all subpopulations: (i) B-cell 
number and percentage by approximately 82% and 76%, 
respectively (ii) T/B lymphocyte number by approximately 
13% (iii) macrophage/monocyte number by approximately 
17% and (iv) neutrophil number and percentage by about 
58% and 33%, respectively.

At 48 h, total cell count, B-cell count, and counts for T 
lymphocytes (number and percentage) showed further reduc-
tions, whereas neutrophils showed a substantial increase 
(4.4-fold). These results agreed with reports in the litera-
ture citing transient lymphopenia as often being followed 
by excess neutrophils in the circulation in sepsis (Hotchkiss 
et al. 2016; Venet et al. 2010; Zahorec 2001). Contrary to 
this transient lymphopenia, and in agreement with the lit-
erature, an increase in the T-cell subpopulation  (CD4+ and 
 CD8+ cells, percentage and number) was observed at 24 h 
(Hotchkiss et al. 2016; Roger et al. 2012), and returned to 
normal, or lower than normal median values, after 48 h.

A comparison of leukocyte profiles in the blood between 
the group receiving a single reltecimod dose and the saline-
treated control group at 24 and 48 h following the lethal 
CLP surgical procedure is presented in Table 2 and Online 
Resource Table S5. Overall, reltecimod treatment resulted 
in a reduction in the number and percentage of various lym-
phocyte cell populations (except for neutrophils).

At 24 h, statistically significant differences for the con-
trol group versus the single dose reltecimod group were 
observed for multiple cell measures. The single dose reltec-
imod group had lower values for  CD4+ count (P = 0.04); 
 CD8+ percentage (P = 0.009) and count (P = 0.021); B-cell 
percentage (P = 0.012) count (P = 0.039); and for T/B 
lymphocyte percentage (P = 0.007) and count (P = 0.033). 
Conversely, the single dose reltecimod group had a higher 
percentage of neutrophils than did the control group or the 
sham-operated group (P = 0.006). There were no statistically 
significant differences in total cell measures or measures 
of macrophages/monocytes. Similar results were observed 
between nonparametric and parametric comparisons (with 
the exception of the percentage of  CD4+ cells and the T/B 
lymphocyte count).

At 48 h, statistically significant differences between the 
single dose reltecimod group and the control group were 
observed for the number of total cells (P = 0.039),  CD4+ 
cells (P = 0.025),  CD8+ cells (P = 0.016), and T/B lympho-
cytes (P = 0.023). In each case, the number of cells observed 
in the single dose reltecimod group was lower than that seen 
in control animals.

These results agree with the suggested mechanism of 
action of reltecimod, as an antagonist of the costimulatory 
pathway, involving reduced levels of pro-inflammatory 
cytokines. The results also correlate with the improved 
survival results, where one dose was consistently associ-
ated with greater survival than were the two doses, and with 
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better survival than in the saline-treated control groups. 
These observations suggest that the chain of events initi-
ated after administration of one dose of reltecimod, which 
is essential for best efficacy, is interrupted when a second 
dose of reltecimod is administered at 24 h after the first dose.

Comparison of the leukocyte profile values between the 
control group and the group receiving two doses of relteci-
mod at the 48 h time point (Online Resource Table S6) 
showed no significant differences between the two groups 
(for any measures of percentage or overall cell counts). The 
percentages and counts of all analyzed cell populations 
(with the exception of the percentage of neutrophils) were 
higher in the two-dose reltecimod group as compared with 
the saline-treated control group. These observations are in 
contrast to the effect of reltecimod at 24 h, which yielded 
a reduction in the amount and percentages of analyzed cell 
populations. Taken together with the survival data and 
cytokine levels, these results lend additional support to the 
proposal that a second dose of reltecimod, as compared with 
only a single dose, further normalization is halted, and thus 
is not as beneficial as one dose.

Significant differences were observed between one 
dose of reltecimod and two doses of reltecimod at 48 h. In 
each instance, the group that was treated with two doses 
of reltecimod had a statistical significant higher median 
number of cells as compared with the group receiving 
only one dose (1.8- to 3.4-fold difference) including the 

count of total cells (P = 0.020),  CD4+ cells (P = 0.012), 
 CD8+ cells (P = 0.003), B cells (P = 0.016), and T/B lym-
phocytes (P = 0.012) (Online Resource Table S7). These 
values for two reltecimod doses were closer to the values 
observed for the sham group (Online Resource Table S6).

Although no significant differences in leukocyte per-
centages were observed for the effects of one dose versus 
two doses at 48 h, a consistent trend was apparent (Fig. 7). 
The percentage of  CD4+ and  CD8+ T-cell lymphocytes 
was reduced at 24 h and continued to decline at 48 h in the 
single dose group. By contrast, in the group treated with 
two doses of reltecimod, the levels at 48 h were similar 
to those at the 24 h time point. In a comparison of the 
leukocyte profiles for the two-dose group at 48 h versus 
the profile of the one-dose group at 24 h (Online Resource 
Table S8), it is apparent that the values are similar (with 
the exception of the neutrophil count, most likely due to 
the recruitment of neutrophils to the site of infection). 
The second dose of reltecimod (given at 24 h) attenuated 
the further reduced levels in the different cell populations 
observed after 24 h with one dose. This resulted in a pro-
longed presence of high levels of  CD4+ and  CD8+ T-cells 
in the animals for at least an additional 24 h. Consequently, 
the two-dose group showed better survival than the non-
treated control group, although survival was inferior as 
compared with that for the one-dose treated group.

Table 2  Leukocyte profile values (number/mL) for one reltecimod dose versus control at 24 h and 48 h in CLP infection mouse model

P < 0.05 is shown in bold. Note that the number of cell counts per mL was transformed into the number of 100,000 cells per mL for ease of pres-
entation
a P-value from nonparametric exact Wilcoxon test

Measure Control One dose pEXACT a

N Median N Median

24 h
 Total cells, #100,000/mL 13 90.58 (15.98, 117.2) 13 63.94 (5.33, 154.50) 0.257
 CD4 cells, #100,000/mL 13 51.63 (8.63, 69.16) 13 24.94 (2.45, 73.85) 0.040
 CD8 cells, #100,000/mL 13 16.30 (2.72, 20.25) 13 6.39 (0.53, 22.27) 0.021
 B cells, #100,000/mL 13 7.46 (1.20, 12.89) 13 2.30 (0.40, 12.67) 0.039
 T/B lymphocytes, #100,000/mL 13 77.24 (13.43, 102.0) 13 32.76 (3.38, 104.90) 0.033
 Macrophages/monocytes, #100,000/mL 13 0.58 (0.18, 1.42) 13 0.64 (0.05, 2.16) 0.471
 Neutrophils, #100,000/mL 13 4.10 (0.69, 20.83) 13 6.20 (0.76, 50.99) 0.270

48 h
 Total cells, #100,000/mL 9 63.94 (21.31, 149.2) 7 42.62 (10.66, 85.25) 0.039
 CD4 cells, #100,000/mL 9 28.13 (6.82, 42.84) 7 12.36 (4.48, 38.36) 0.025
 CD8 cells, #100,000/mL 9 6.39 (2.34, 14.07) 7 3.63 (0.88, 9.38) 0.016
 B cells, #100,000/mL 9 3.52 (1.09, 9.29) 7 1.17 (0.85, 9.38) 0.071
 T/B lymphocytes, #100,000/mL 9 38.86 (10.25, 59.46) 7 17.26 (6.39, 57.12) 0.023
 Macrophages/monocytes, #100,000/mL 9 0.70 (0.3, 2.56) 7 0.51 (0.07, 1.02) 0.121
 Neutrophils, #100,000/mL 9 17.90 (3.84, 52.21) 7 14.92 (0.54, 28.13) 0.252
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Cytokines/Chemokines and Leukocyte Profile Correlation

Correlations between cytokines/chemokines were ana-
lyzed as described in the Methods. At 24 h, the single 
dose reltecimod group showed multiple correlations of 
all cytokines/chemokines with one to six other cytokines/
chemokines (data not shown). These results suggest 
that systemic changes in pro-inflammatory cytokines/
chemokines occurred in the group treated with one dose 
of reltecimod at 24 h which were statistically significant 
and positively correlated to each other. This is again agrees 
with the suggested reltecimod role as an anti-inflamma-
tory drug that works by attenuating CD28 signaling. 
These multiple, statistically significant correlations were 
observed to a lesser extent at 48 h. Similarly, in the two-
dose reltecimod group, we observed significant correlation 
within six cytokines/chemokines at 48 h.

Correlation analysis was also used to examine the rela-
tionships between cytokine/chemokine and leukocyte pro-
file measurements for the control group and the single dose 
reltecimod group at 24 h, collapsing across the control and 
the single dose treatment groups (Table 3). Results of this 
analysis showed significant positive correlations between 
cytokine/chemokine measures (excluding IL-1α) and the 
percentage of cell populations, including  CD4+ cells, 
 CD8+ cells, B cells, and T/B lymphocytes. Negative corre-
lations were observed for both the number and percentage 
of neutrophils when significance was achieved. There was 
some evidence of stronger correlations with macrophage/
monocyte measures in the single dose group than were 
observed overall. The correlations of IL-6, MCP-1, IFN-
γ, and RANTES with lymphocyte profiling at 24 h for a 
single dose of reltecimod were no longer observed at 48 h. 
In the group that was treated with two doses of reltecimod, 
IL-1α and MCP-1 showed positive correlation with  CD4+, 
 CD8+, and T/B lymphocytes (for both the percentage and 
the number of cells). These correlations were not observed 
for the group treated with one dose of reltecimod.

Overall, these results showed that treatment with a sin-
gle dose of reltecimod leads to multiple changes in both 
cytokine measures and lymphocyte profile, which are sig-
nificantly correlated with each other, and can be detected 
after 24 h. The timing of the different events in the group 
treated with reltecimod is correlated up to 24 h after insult/
treatment, after which it is no longer correlated.

Discussion

Using multiple animal models of infection, we evaluated the 
effect of the number of reltecimod doses and their timing 
with respect to survival, cytokines/chemokines measures, 
and blood leukocyte profiles. Overall, mice treated with a 
single IV dose of reltecimod (5 mg/kg) at 1–2 h after insult 
showed substantially greater survival, with an early (within 
24 h) decrease in cytokines/chemokines levels and circulat-
ing leukocyte subpopulations (with the exception of neu-
trophils, which increased), as compared with saline-treated 
controls. An additional dose of reltecimod, at 24 h, did not 
improve these early positive effects and appeared to attenu-
ate further changes. However, a second dose of reltecimod 
was beneficial for survival, as compared with survival in 
saline-treated controls.

Although in this study systemic events following treat-
ment with reltecimod were monitored, we have previously 
shown (Barupal et al. 2019; Ramachandran et al. 2013) 
that the effects are paralleled with similar improvements in 
organs at the site of infection, as well as in remote organs; 
peritoneal fluid, liver, and kidney for CLP model and liver, 
kidney and thigh muscle, in case of thigh infection mouse 
model.

Infectious diseases are a consequence of both inadequate 
and exaggerated immune responses, where deleterious 
effects of pathogens can be caused by hyperstimulation 
and/or chronic activation of the host immune system. In the 
study presented here, a single dose of reltecimod (at 2 h 
post insult) attenuated the early release of pro-inflammatory 

Table 3  Statistically significant 
correlations between cytokine 
levels and lymphocyte profile 
for the single dose reltecimod 
group, at 24 h

Significant positive (italic) and negative correlations (underlined) are indicated

Measure IL-1α IL-3 IL-6 MCP-1 IFN-γ RANTES
N = 8 N = 10 N = 10 N = 10 N = 10 N = 10

CD4 cells (%) 0.003 0.003 0.005 0.005
CD8 cells (%) 0.053 0.001 0.001 0.030
Neutrophils (%) 0.048 0.002 0.002 0.025
IL-1α 0.047
IL-3 0.028 0.011 0.005 0.028
IL-6 0.011  < 0.0001  < 0.0001
MCP-1 0.011  < 0.0001
IFN-γ 0.047 0.005 0.047
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cytokines/chemokines as compared with saline-treated 
controls (Fig. 6), consistent with its proposed mechanism 
of action in targeting CD28. With no additional doses of 
reltecimod, cytokine/chemokine levels in saline-treated con-
trols and single dose treated animals were similar at 48 h. 
Survival, however, was markedly improved with a single 
reltecimod dose. Consequently, the total exposure to mul-
tiple cytokines for the single dose group was consistently 
lower than for the saline-treated control group.

These data may suggest that the early resolution or nor-
malization (within 24 h) of multiple cytokine levels is cor-
related with improved survival 7 days later, and that early 
intervention after infection is critical for improved outcome. 
Based on in vitro data, we hypothesis that the long-term 
efficacy benefit of reltecimod might be based partially on 
its rapid intervention in signaling pathways, irrespective of 
its short residence time in plasma.

A second dose of reltecimod (at 24 h) resulted in sus-
tained cytokine/chemokine levels that lasted beyond the 
24 h time point until 48 h and was correlated with lower 
survival rates than seen in the one-dose treatment group. 
Consequently, the exposure to cytokines for representative 
cytokines/chemokines of animals that received two doses of 
reltecimod was higher than after one dose but lower than in 
control, saline-treated animals.

The observations reported here are consistent with 
a concept suggested by Xiao et al. (2011) and recently 

presented by Maier (2019) at the 2019 Annual Congress of 
the Society of Critical Care Medicine (Maier et al. 2019). 
They found that the magnitude and duration of dysregu-
lated acute inflammatory response after severe trauma 
or burn injury in humans has a key role in determining 
clinical outcomes. Taking a transcriptomic approach, they 
suggested that the time required for expression of gene 
clusters to return to control values is a critical factor; spe-
cifically, a rapid return to baseline values is associated 
with uncomplicated outcomes, whereas persistence of high 
levels of inflammatory mediators is associated with com-
plicated outcomes.

These observations suggest that reltecimod attenuates the 
massive, early release of cytokines/chemokines in response 
to lethal bacterial infection, and that survival is related to 
the total levels of the cytokines/chemokines during this early 
period. If translated to human exposure, this may imply a 
need for reduction (but not a total abrogation) in pro-inflam-
matory response in patients who suffer from severe infec-
tions as early as possible.

Subsequently, based on these animal studies, reltecimod 
is recommended for early administration, and this concept 
was implemented in Phase 2 (Bulger et al. 2014) and Phase 
3 (ACCUTE, clinicaltrials.gov Identifier: NCT02469857) 
trials conducted in patients with NSTI and in the REACT 
trial in patients with acute kidney injury (AKI) (clinicaltri-
als.gov Identifier: NCT03403751).

Fig. 7  Leukocyte profiles over time in the CLP lethal infection 
mouse model for saline-treated control, one dose, and two doses of 
reltecimod. Mice received a single IV dose of reltecimod (5 mg/kg, 
at 2  h post CLP), vehicle, or two IV doses of reltecimod (5  mg/kg 
each, at 2 h and 24 h post CLP). At 24 or 48 h after CLP, animals 
were euthanized under anesthesia. Various lymphocyte subsets were 

determined using FACS analysis. The sham group served as baseline 
control. Results are presented for representative lymphocyte subsets 
as mean number of cells over time (three repeats). The graphs were 
constructed using group specific summary statistics. Histograms were 
created using Microsoft Excel
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The leukocyte profile data showed robust differences 
between treatment regimens. The majority of cell counts 
and percentages were significantly decreased for animals 
treated with a single dose of reltecimod, as compared with 
the values for saline-treated controls at 24 h. Neutrophils 
showed an expected significant increase possibly as a result 
of lower influx into affected organs and tissue. Data at 48 h 
were similar, with the single dose reltecimod group showing 
significantly lower cell counts (but not percentages) than 
both the saline-treated controls and the two-dose reltecimod 
group. Notably, at 48 h, there was no evidence for statisti-
cally significant differences between saline-treated controls 
and the group receiving two doses of reltecimod. The differ-
ences in  CD4+ and  CD8+ T-cell lymphocytes—numbers of 
which were reduced at 24 h and continued to decline at 48 h 
in the single dose reltecimod group versus the saline-treated 
control group—may be an indication of greater trafficking 
of lymphocytes out of the circulation and into extravascular 
tissue spaces (occurring during the first 24–48 h) in septic 
animals after treatment with one dose of reltecimod. This 
behavior is clearly observed with the analysis of the B cells 
when comparing sham and CLP control groups (Online 
Resource Table S4).

In correlation analyses, cytokines levels were generally 
positively correlated with one another, and with percent-
age measures of  CD4+ cells,  CD8+ cells, B cells, and T/B 
lymphocytes. Neutrophil percentages and counts were nega-
tively correlated with cytokines levels, which is consistent 
with the elimination of neutrophils while cytokine levels are 
increased. The group treated with one dose of reltecimod 
showed more statistically significant correlations than did 
the group treated with two doses of reltecimod or the saline-
treated control group. These correlations were more likely to 
be significant at 24 h than at 48 h. This observation empha-
sizes that the early events leading to improved survival are 
consistent with a more synchronized cytokine response and 
normalization of lymphocyte profile within 24 h.

Several potential explanations for the reduced efficacy 
of the second dose exist, and relate to toxicity and phar-
macologic properties. Nevertheless, the reduced efficacy 
upon treatment with multiple doses of reltecimod was not 
likely due to toxic effects of reltecimod, based on repeat dose 
toxicology studies conducted in multiple animal models and 
based on the safety profile in healthy and NSTI human sub-
ject (Bulger et al. 2014).

In either healthy or inflammatory models (in pigs, mini-
pigs, rabbits and mice), administration of reltecimod (up 
to 50 mg/kg) over 14 consecutive days or daily doses up to 
8 weeks was not associated with any signs of toxicity. The 
no-observable-adverse-effect level (NOAEL) appeared to be 
greater than 50 mg/kg/day for all of these species.

Furthermore, the short half-life of the reltecimod peptide 
in the circulation (a few minutes) and the dose fractionation 

data, in the present study, argue against toxicity of relteci-
mod as an explanation for decreased survival when given 
as multiple doses: a single 5 mg/kg reltecimod dose was 
associated with significantly better survival than were two 
doses of 2.5 mg/kg (24 h apart), or four doses of 1.25 mg/
kg (12 h apart).

These results corroborate those of clinical studies per-
formed in human subjects. A Phase 1 clinical study (clini-
caltrials.gov identifier: NCT01166984) identified no drug-
related toxic effects in healthy subjects. A Phase 2a clinical 
study (clinicaltrials.gov Identifier: NCT01417780) estab-
lished the safety of reltecimod in an NSTI patient popula-
tion, with no drug-related adverse events reported and no 
significant difference between the treatment arms for adverse 
events (Bulger et al. 2014).

Another potential explanation for lower survival follow-
ing subsequent doses, compared with the initial dose of 
reltecimod, is that the peptide dimerizes or forms a com-
plex with proteins in plasma, such as albumin (Donate et al. 
2008). In a study performed to explore potential aggregates 
and multimers of reltecimod drug product, the drug product 
was analyzed by both ultra-performance liquid chromatog-
raphy (UPLC) and reversed-phase high-performance liquid 
chromatography (RP-HPLC), employing a gradient with a 
high organic content. No quantifiable peaks (≥0.1%) were 
observed in reltecimod drug product when examined using 
either method. These results indicate that no measurable 
levels of aggregates or multimers are formed under the 
experimental conditions of these two methods, and there-
fore dimerization and aggregation are most likely not the 
explanation.

While reltecimod has a short residence time in the 
plasma, bacterial infections, especially in sepsis, persist 
for long periods of time. Therefore, the results obtained, 
showing a single dose of reltecimod to be sufficient and 
superior to two doses in providing a survival benefit, sus-
tained for 7 days post infection, were surprising. Other 
drugs with a single dose regimen are usually drugs with 
either (i) an extended elimination half-life or (ii) sus-
tained release into the bloodstream, or both. Sustained 
release allows the drug to be administered in shortened 
regimens while maintaining therapeutic efficacy over a 
wide range of infections. For example, Azithromycin, an 
antibiotic with additional immunomodulatory effects that 
is useful for the treatment of a number of bacterial infec-
tions, has an elimination half-life of more than 60 h and 
sustained release into the bloodstream (Rothermel 2003; 
Dunn and Barradell 1996; Guay 2003). Another example 
is Xofluza (generic name—baloxavir marboxil), the first 
FDA-approved drug to treat influenza in 20 years (McNeil 
2018), is administered in a single dose regimen. The drug, 
which is a selective inhibitor of influenza cap-dependent 
endonuclease, shortens flu symptoms, and is expected to 
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work against drug-resistant strains (Omoto et al. 2018). 
Further studies to address the duration of effect of relteci-
mod are ongoing.

Conclusions

In conclusion, we have shown that a single dose of reltec-
imod dramatically improved survival in three different 
models of infection, and that the early events, including 
reduced exposure to high levels of cytokines/chemokines 
and normalization of leukocyte profiles, precede the dra-
matic improvement in survival. Multiple-dose strategies 
do not improve survival, and in fact appear to impede ben-
eficial processes that occur following the first dose. These 
results support the early administration of a single dose 
of reltecimod in on-going clinical trials involving patients 
with NSTI and AKI.
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