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Abstract: Griffithsin (GRFT) is a red alga-derived lectin with demonstrated broad spectrum antiviral
activity against enveloped viruses, including severe acute respiratory syndrome–Coronavirus
(SARS-CoV), Japanese encephalitis virus (JEV), hepatitis C virus (HCV), and herpes simplex virus-2
(HSV-2). However, its pharmacokinetic profile remains largely undefined. Here, Sprague Dawley rats
were administered a single dose of GRFT at 10 or 20 mg/kg by intravenous, oral, and subcutaneous
routes, respectively, and serum GRFT levels were measured at select time points. In addition, the
potential for systemic accumulation after oral dosing was assessed in rats after 10 daily treatments
with GRFT (20 or 40 mg/kg). We found that parenterally-administered GRFT in rats displayed a
complex elimination profile, which varied according to administration routes. However, GRFT was
not orally bioavailable, even after chronic treatment. Nonetheless, active GRFT capable of neutralizing
HIV-Env pseudoviruses was detected in rat fecal extracts after chronic oral dosing. These findings
support further evaluation of GRFT for pre-exposure prophylaxis against emerging epidemics for
which specific therapeutics are not available, including systemic and enteric infections caused by
susceptible enveloped viruses. In addition, GRFT should be considered for antiviral therapy and the
prevention of rectal transmission of HIV-1 and other susceptible viruses.
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1. Introduction

Several lectins isolated from natural sources inhibit microbial and viral pathogens both in vitro
and in vivo [1–6]. Griffithsin (GRFT), derived from the red alga Griffithsia sp., is a homodimeric
lectin with a total of six oligosaccharide binding sites recognizing terminal oligomannose residues
on asparagine (N)-linked Man5-9-GlcNAc2 structures [7–11]. Interestingly, oligomannose structures
constitute the vast majority of N-linked glycans in the HIV-1 glycan shield [12,13], and help the
virus evade immune surveillance [14]. Griffithsin inhibits HIV-1 in vitro with an EC50 in the
mid-picomolar range [7,15,16], with nanomolar activity against several other enveloped viruses such
as acute respiratory syndrome-coronavirus (SARS-CoV), Japanese encephalitis virus (JEV), hepatitis C
virus (HCV), and herpes simplex virus-2 (HSV-2) [3,17–19]. GRFT binds oligosaccharides to multiple
sites on a single molecule [11], thereby occluding functionally important domains of the viral envelope
glycoprotein, preventing interactions with cell-surface receptors and impeding structural transitions
indispensable for infection initiation. As demonstrated with HSV-2, GRFT may also act by inhibiting
virus egress and spread post-infection in vitro [17]. Importantly, GRFT’s antiviral activity has been
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confirmed in pre-exposure prophylaxis animal models, with the lectin inhibiting HSV-2, SARS-CoV,
JEV, and HCV [3,17–21]. This potent activity of GRFT is coupled with an excellent safety profile as
shown in vitro and in several animal models [15,22,23]. Taken together, GRFT’s tolerability profile and
broad spectrum activity against susceptible viruses, both in vitro and in vivo, advocate for its further
development as an antiviral chemopreventative or chemotherapeutic.

Despite the impressive wealth of studies assessing GRFT’s therapeutic value, little is known about
its pharmacokinetic profile, which could limit its use as a drug. Therefore, this study aimed to evaluate
the pharmacokinetic properties of this promising antiviral, after administration by different routes.

We found that GRFT was readily bioavailable in rats after intravenous and subcutaneous
treatments, showing distinct pharmacokinetic profiles according to the route employed. However,
GRFT was not detected in serum after oral single or chronic dosing; nevertheless, a small fraction
of orally-administered GRFT formulated in PBS was found in fecal extracts in its active form. Our
findings indicate that GRFT’s pharmacokinetics depends on the administration route, while indicating
a potential multi-use of this lectin for the treatment of systemic and enteric infections caused by
susceptible enveloped viruses.

2. Materials and Methods

2.1. Lectin Reagents

Recombinant GRFT produced in Nicotiana benthamiana plants as described previously [15] was
purified to >99% purity in phosphate-buffered saline (PBS, pH 7.4) with <0.05 endotoxin units (EU)
per milligram.

2.2. Animal Housing and Care

Sprague Dawley (SD) rats (Rattus norvegicus, Charles River Laboratories, USA) weighing 250 g
were housed in a temperature- and humidity-controlled room with an alternating light/dark cycle of
12 h, with standard diet and water ad libitum. All animal procedures were approved by the University
of Louisville’s Institutional Animal Care and Use Committee.

2.3. Pharmacokinetic Study and Sample Collection after Single Dose Administration

SD rats (250 g) were procured from Charles River with indwelling femoral vein catheters. After a
week of adaptation, the animals were weighed and treated with a single dose of GRFT by different
routes. For intravenous treatment, indwelling catheters were checked for patency and either 10 or
20 mg/kg GRFT was infused through the catheter over a 15 s period. For subcutaneous treatment, 10
or 20 mg/kg GRFT was injected under the skin between the shoulders. For oral dosing, 10 mg/kg of
GRFT formulated in PBS at a final volume of 1 mL was administered by gavage.

Approximately 150 µL of blood were collected from each intravenously and subcutaneously dosed
animal via the indwelling femoral catheter at the following time points after GRFT administration:
15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 72 h, and 96 h. In the case of oral treatment, 150 µL of blood
were drawn 10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 6 h, 24 h, and 24 h post-administration. All animals
were sacrificed by CO2 asphyxiation followed by thoracotomy at study completion.

2.4. Active Mass Balance Rat Treatment and Sample Collection

Rats were treated with a single dose of 10 mg/mL GRFT either intravenously (n = 5) through the
indwelling catheter or subcutaneously (n = 5). Additional rats were treated with 10 mg/mL GRFT
in 1 mL solution by gavage. Post-dosage, animals were placed in metabolic cages and urine samples
were collected at 4, 8, 12, 20, and 48 h; fecal pellets were collected at 24 and 48 h. Urine volumes and
fecal pellet masses were recorded for mass balance calculations.
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2.5. Chronic Oral Dosing Treatment and Sample Collection

A total of 18 rats with no indwelling catheters were treated daily with PBS (n = 6), 20 mg/kg GRFT
(n = 6), or 40 mg/kg GRFT (n = 6) for a period of 10 days by gavage of 1 mL solution. Blood samples
were drawn via lateral tail vein on day 5 approximately 3 h after oral dosing. On day 10, animals were
sacrificed approximately 3 h after treatment by CO2 asphyxiation, followed by thoracotomy; blood
samples were then obtained by cardiac puncture. Urine samples were collected, as well, at selected
time points after oral dosing.

Six fecal pellets were randomly collected at 8 and 24 h after initial treatment, and at selected
days thereafter. Briefly, 2 mL PBS were added per gram of pellets 15–30 min before mixing.
The homogenates were cleared twice by centrifugation at 4 ◦C for 10 min at 1000× g. The resulting
fecal suspension was stored at −20 ◦C, for the determination of GRFT concentrations and anti-HIV
activity. Fecal extract samples were pooled by combining equal volumes of extracts from each cage
within the applicable treatment group. Fecal extracts from chronically treated animals underwent
additional processing to further remove contaminants before HIV-1 pseudovirus neutralization assays:
samples were sterile filtered using Costar Spin-X centrifuge tube filters containing 0.22 µm cellulose
acetate filters. After filtration, samples were dialyzed at 2 kDa molecular weight cut off against PBS
for 24 h at 4 ◦C.

Extracts for mass balance experiments were prepared by desiccation and rehydration of fecal
pellets. After overnight desiccation, pellets were pulverized using a commercial coffee grinder. Pellet
extracts were formulated using 0.5 g of dried powder and 2 mL of PBS. The resulting fecal slurry was
thoroughly mixed and cleared twice by centrifugation at 1000× g for 5 min; the final supernatant was
aliquoted for GRFT concentration determination.

2.6. GRFT Capture Immunoassay Using Purified Influenza Hemagglutinin

To detect trace amounts of GRFT in serum and fecal extracts an enzyme-linked immunosorbent
assay (ELISA) was carried out as previously described [22], coating plates with 10 µg/mL purified
influenza hemagglutinin (HA, Kentucky Bioprocessing, Owensboro, KY, USA) instead of 250 ng/mL
gp120. This method detects active GRFT.

2.7. Evaluation of Anti-HIV Activity of Fecal Extracts

HIV-1 neutralization activity was assessed of pooled fecal extracts from chronically treated
animals as previously described [24]. Briefly, DU156 Env-pseudotyped virus particles were obtained
by transfection of 293T cells and titrated in TZM-bl cells. Antiviral effect was reflected by luciferase
reporter gene activity, determined by relative luminescence after substrate addition. The 50% inhibitory
dose (ID50) represented the sample dilution required to reduce luminescence by half in comparison to
control wells.

2.8. Histopathology

Organs, including liver, kidney, heart, lung, and spleen, were obtained from each animal and
paraffin embedded after fixation in 10% neutral buffered formalin. Then, sections were stained with
hematoxylin and eosin (H and E) and evaluated in a blinded manner by a veterinary pathologist
(Dr. Mary Proctor, University of Louisville) for gross or cellular abnormalities.

2.9. Pharmacokinetic Analysis

Pharmacokinetic parameters were obtained with PK Solutions Software (SummitPK, Eugene,
OR, USA), using GRFT serum concentrations at sampling time points. Values were generated
from concentration time curves based upon GRFT amounts administered, and included absorption,
distribution, elimination half-life, area under the curve (AUC), volume of distribution (Vd), clearance,
and maximum serum concentration (Cmax).
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2.10. Statistical Analyses

Graph Pad Prism 5 and SAS software version 9.3 were used for statistical analyses. P < 0.05 was
considered statistically significant.

3. Results

3.1. GRFT’s Bioavailability after Intravenous Administration

GRFT was detected at all time points assessed after administration of a single dose (Figure 1).
As shown in Figure 1A, serum concentrations increased with lectin dose. At 15 min, animals displayed
average serum GRFT concentrations of 74 ± 8 and 141 ± 22 µg/mL in the 10 and 20 mg/kg groups,
respectively. These amounts rapidly decreased over time, with 827 ± 256 vs. 1540 ± 312 ng/mL,
54 ± 12 vs. 66 ± 19 ng/mL, and 10 ± 7 vs. 23 ± 4 ng/mL at 8, 24, and 48 h post-administration,
respectively. Interestingly, GRFT remained detectable in serum at low concentrations up to 96 h
post-treatment (Figure 1B).
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Figure 1. Pharmacokinetic profile of GRFT. Mean serum GRFT concentrations after single intravenous
(IV) or subcutaneous (SQ) administration (n = 3–4 per group) (A). Serum GRFT amounts in
animals dosed with 10 mg/kg were assessed at both 72 and 96 h post-administration (B). Bars are
mean ± standard deviation from five biological replicates.

3.2. GRFT’s Bioavailability after Subcutaneous Administration

After subcutaneous administration, serum GRFT amounts gradually increased from 61 ± 30 and
171 ± 110 ng/mL at 15 min for the 10 and 20 mg/kg groups, respectively, to peak at approximately
4 h post-administration with 6615 ± 602 and 19740 ± 2376 ng/mL, respectively (Figure 1A). This
was followed by a decreasing trend, similar to that observed in intravenously dosed animals. At 8,
24, and 48 h, 1811 ± 883, 59 ± 23, and 14 ± 2 ng/mL GRFT, respectively, were detected in the low
dose treatment group, while 10114 ± 3988, 411 ± 479, and 18 ± 3 ng/mL were obtained after drug
administration at 20 mg/kg, respectively. GRFT was detected in serum samples from both treatment
groups at 96 h post-treatment (Figure 1B).

3.3. GRFT’s Pharmacokinetic Parameters after Parenteral Administration

Table 1 summarizes the various pharmacokinetic parameters of GRFT over 48 h. Analysis of
concentration-time curves with the PK Solutions software after intravenous administration revealed a
multiphasic kinetics, with three distinct phases: absorption, distribution, and elimination. Half-lives
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for absorption (0–2 h), distribution (4–8 h) and elimination (24 h and up) were 0.5 ± 0.1 h, 1.7 ± 0.3 h,
and 10.7 ± 4.6 h, respectively, in animals treated intravenously with 10 mg/kg GRFT; similar values
were obtained after high dose administration by the same route.

Table 1. Pharmacokinetic parameters of Griffithsin (GRFT) within 48 h of systemic administration.

Intravenous Subcutaneous

Parameter Unit 10 mg/kg
(n = 4)

20 mg/kg
(n = 3)

10 mg/kg
(n = 4)

20 mg/kg
(n = 4)

absorption half life hour 0.5 ± 0.1 0.5 ± 0.2 1.3 ± 0.3 1.6 ± 0.4
distribution half life hour 1.7 ± 0.3 2.1 ± 0.7 2.1 ± 0.9 2.8 ± 1.2
elimination half life hour 10.7 ± 4.6 17.5 ± 6.1 13.8 ± 6.8 6.6 ± 1.9

AUC mg-h/L 105.7 ± 16.9 203.6 ± 27.6 45.6 ± 9.9 183.2 ± 45.3
VD L 0.4 ± 0.1 0.6 ± 0.2 1.2 ± 0.6 0.2 ± 0.1

Clearance L/h 0.03 ± 0.01 0.02 ± 0.01 0.06 ± 0.01 0.02 ± 0.01
CMAX µg/mL 81.8 ± 25.7 176.0 ± 26.7 6.6 ± 0.6 19.7 ± 2.4

Data are mean ± standard deviation. Absorption, distribution, elimination half-life, area under the curve (AUC),
volume of distribution (VD), clearance, and maximum serum concentration (Cmax) were determined.

After subcutaneous administration of 10 mg/kg GRFT, these pharmacokinetic parameters showed
an increasing trend: 1.3 ± 0.3 h, 2.1 ± 0.9 h, and 13.8 ± 6.8 h were obtained as absorption, distribution,
and elimination half-lives, respectively; similar values were obtained with the high dose of 20 mg/kg
for these parameters. AUC values were higher in intravenously administered animals than in
the subcutaneous group for both low (105.7 ± 16.9 mg×h/L vs. 45.6 ± 9.9 mg×h/L) and high
(203.6 ± 27.6 mg×h/L vs. 183.2 ± 45.3 mg×h/L) GRFT doses. A similar trend was observed for
maximum serum concentrations (Cmax). Intravenous administration of 10 and 20 mg/kg GRFT resulted
in Cmax values of 81.8 ± 25.7 and 176.0 ± 26.7 µg/mL, respectively; in subcutaneously administered
animals, these values dropped to 6.6 ± 0.6 and 19.7 ± 2.4 µg/mL, respectively. Volumes of distribution
(Vd) and clearance rates were relatively low for both routes and all doses tested.

3.4. Pharmacokinetic Parameters after Oral Administration

GRFT was not detected in serum at any time point after oral administration of a 20 mg/kg
single dose.

3.5. GRFT Is Found in Fecal Extracts after Chronic Oral Treatment

At 8 h after initial dosing, the animals treated with 20 and 40 mg/kg GRFT displayed fecal GRFT
concentrations averaging approximately 30 ng/mL (Figure 2A). However, these levels decreased in
both groups at 24 h after dosing, with 5 and 9 ng/mL obtained in average in the 20 and 40 mg/kg
GRFT treatment groups, respectively (Figure 2B). Fecal pellets were collected at days 2, 3, 8, and
9 during the 10 day treatment. Fecal extracts from animals treated with 20 mg/kg GRFT showed
concentrations ranging from 44 to 250 ng/mL, and higher amounts were obtained after treatment with
40 mg/kg (447 to 1612 ng/mL) (Figure 2C).
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Figure 2. Fecal GRFT concentrations following chronic oral dosing. Fecal extracts were prepared from
fresh fecal pellets obtained 8 h (n = 5) (A) and 24 h (n = 6) (B) after oral treatment with PBS, 20 mg/kg
GRFT, or 40 mg/kg GRFT. Bars are mean ± standard deviation from five biological replicates. Fecal
extracts (n = 3) were prepared from desiccated pellets randomly drawn from cages (two animals per
cage) on indicated days (C); bars are mean ± standard deviation from three biological replicates.

3.6. Fecal Extracts after Chronic Oral Treatment Show Neutralization Activity Against HIV

Fecal extracts from rats orally treated with 20 and 40 mg/kg GRFT neutralized HIV-1
pseudoviruses (Clade C primary sexually transmitted isolate Du156) with ID50 (dilution factor required
to reduce luminescence to 50% of PBS treated controls) values of 590 and 2059, respectively, on day 3
(Figure 3 and Table 2). Interestingly, higher antiviral activity was obtained for 20 and 40 mg/kg doses
at day 8 (ID50 885 and 9452, respectively) and day 9 (ID50 2195 and 13,307, respectively) of treatment
(Table 2 and Figure 3).
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Figure 3. Antiviral activity of pooled fecal extracts collected during chronic oral treatment with
GRFT. HIV-1 env-pseudovirus neutralization activity was assessed in pooled rat fecal extracts from
animals dosed with 20 or 40 mg/kg GRFT, and expressed as ID50 (dilution factor required to reduce
luminescence to 50% of PBS treated controls).

Table 2. Antiviral activity of pooled fecal extracts collected during chronic oral treatment with GRFT.

Day Treatment Fecal GRFT (ng/mL) Interpolated ID50

3
PBS 0 192

20 mg/kg GRFT 23 590
40 mg/kg GRFT 447 2059

8
PBS 0 174

20 mg/kg GRFT 46 885
40 mg/kg GRFT 460 9452

9
PBS 0 43

20 mg/kg GRFT 140 2195
40 mg/kg GRFT 1073 13,307

HIV-1 Env-pseudovirus neutralization activity was assessed in pooled rat fecal extracts from animals dosed
with 20 or 40 mg/kg GRFT, and expressed as ID50 (dilution factor required to reduce luminescence to 50%
of PBS-treated controls). The actual mean GRFT concentrations were determined in fecal extracts to derive
experimental EC50 obtained from interpolated ID50 values.

3.7. Mass Balance of Active GRFT

Concentrations of active GRFT were assessed in urine and fecal materials produced within
24 h following single intravenous, subcutaneous and oral treatments, respectively, of a 2.5 mg
(approximately 10 mg/kg) dose. Intravenous and subcutaneous administrations resulted in 131
and 41 µg GRFT in urine, respectively (Figure 4). Meanwhile, urine GRFT levels in animals treated
orally were below detection. Instead, GRFT was found in fecal extracts, and approximately 2.3 µg
GRFT was recovered in the feces.
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Figure 4. Total GRFT recovery following single administration. Based upon the likely route of excretion,
urine or fecal samples were obtained from animals treated with 10 mg/kg GRFT intravenously (IV),
subcutaneously (SQ), and orally. GRFT amounts in respective samples were determined. Bars indicate
mean ± standard deviation from five biological replicates.

4. Discussion

The data described here confirmed our previous findings that subcutaneous GRFT administration
is well tolerated in laboratory rodent species (mouse and guinea pig), accumulating to therapeutically
relevant levels [22]. In addition, this work revealed a complex PK profile for GRFT in rats, a standard
rodent model used for PK studies.

As shown above, GRFT’s drug concentration time curves varied with the administration route
(Figure 1). Indeed, a multiphasic elimination pattern was observed after intravenous treatment, with
GRFT’s serum half-life changing over time. Although most of the bolus GRFT was eliminated within
8 h, therapeutically effective amounts remained for at least 96 h post-administration. Such complex
elimination patterns have been observed in other recombinant protein based pharmaceuticals, which
show differences in time to maximum serum concentrations and elimination rates [25–27]. GRFT was
excreted mainly in urine starting shortly after intravenous dosing, and urine concentrations decreased
with time. Further in vivo radiolabeling studies are required to determine the full GRFT distribution
in the body. In addition, degradative proteolysis of the lectin might be occurring. Previous studies
have shown GRFT is relatively resistant to most proteases; however, it is susceptible to leukocyte
elastase [28]. Therefore, GRFT might also be vulnerable to yet to be tested proteases: extensive in vitro
protease degradation assays and catabolite assessment in serum after systemic administration are
needed to fully understand GRFT’s susceptibility to proteases.

As shown above, the final phase of GRFT’s elimination half-life is comparable to that of other
protein therapeutics such as monoclonal antibodies [26] and smaller molecule biologics [25]. Serum
persistence could potentially result from redistribution from deeper physiological compartments.
However, it is more likely that GRFT is involved in interactions with endogenous proteins. These
hypotheses should be tested in vivo with radiolabeled GRFT and cellular protein binding experiments.
Subcutaneous GRFT treatment resulted in serum concentrations peaking at approximately 4 h
post-administration, with the elimination patterns mirroring intravenous treatment thereafter
(Figure 1A). The initial distribution phase immediately following subcutaneous dosage was fairly
comparable for both GRFT doses (10 and 20 mg/kg). However, the high dose resulted in markedly
increased GRFT’s peak concentration, total drug exposure, and bioavailability, compared with the
low dose, as reflected by AUC values. The approximately four-fold increase in total drug amounts
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obtained between 10 and 20 mg/kg doses could be attributable to a gradual release or absorption
from the injection site over time, while competing distribution, elimination, and degradative processes
occur as the lectin enters the circulation from the capillary bed.

Since serum GRFT concentrations peaked at 4 h post bolus dosing, and persisted up to 96 h,
daily subcutaneous self-administration would maintain potential therapeutic effects. Understanding
GRFT’s pharmacokinetics is very critical for future studies. Given that subcutaneous dosing may be
viable in maintaining potentially therapeutic drug concentrations, the following parameters should be
assessed: steady-state drug concentrations, loading doses, maintenance doses, and dosing intervals.
GRFT’s EC50 for HIV is approximately 40 pM [7]. Based on 0.06 L/h clearance determined for
single 10 mg/kg subcutaneous dose, administration of 2.5 mg/kg GRFT every 72 h would achieve
a steady-state concentration of 47 nM, over 1000 times the EC50 for HIV-1. However, GRFT has
higher EC50 for HCV (4 nM) [3] and SARS-CoV EC50 (48 nM) [19], indicating that optimal regimens
should be determined for various viral diseases, maintaining serum drug concentrations at therapeutic
steady-state levels while avoiding toxicities. More frequent regimens could also be designed based on
these data, to minimize peak and trough drug levels while maintaining potentially effective steady-state
serum concentrations. For instance, a steady state concentration of 47 nM would require 35 µg/h
or 840 µg/day to be administered. Interestingly, GRFT amounts dosed subcutaneously affected its
bioavailability: at 10 and 20 mg/kg, respectively, GRFT displayed 43 and 90% bioavailability rates
(AUCsubcutaneous)/AUCintravenous). Although the underlying reasons remain unclear, these findings
highlight the impact of dose selection on study design. It should be noted that only active GRFT
was detected in this study. Preliminary experiments in our laboratory have shown that GRFT may
bind some proteins in the plasma. However, how such binding affects the actual detection of GRFT
deserves further attention. Using more sensitive measurements of the lectin, e.g., mass spectrometry
or performing treatments with the radiolabeled compound would provide additional insights. Such
experiments will be carried out in future studies.

In contrast to parenteral routes, oral administration of GRFT did not yield detectable blood levels.
Nevertheless, active GRFT concentrations present in feces indicate it could be used orally to prevent
the rectal transmission of HIV-1 and other pathogens such as HSV-2. Indeed, the non-absorption
of GRFT after oral administration allowed for a drug fraction to pass through the digestive tract,
ultimately being expelled in fecal material (Figure 4). Approximately 1% of initial GRFT amount was
recovered in the feces; shielding the lectin from stomach acid and protease effects might increase the
excreted amounts. Nonetheless, GRFT fecal levels exceeded its EC50 toward HIV-1 within the first 24 h
post treatment.

Daily prophylactic treatment for HIV-1 is well established, e.g., Truvada is currently prescribed
to high risk populations, including men who have sex with men (MSM) [29,30]. Additionally,
antiretrovirals are employed following occupational and non-occupational exposure to HIV [31–35].
Therefore, oral GRFT could be utilized daily to “seed” the bowels and rectal mucosa, potentially
blocking HIV infection. Interestingly, GRFT passage following oral dosage was consistent with the
typical intestinal transit time of 20–30 h [36]. Finally, given that serum GRFT concentrations peaked
at 4 h post bolus parenteral dosing, and persisted up to 96 h, daily subcutaneous self-administration
would maintain a potential therapeutic effect as a prophylactic for HIV.

5. Conclusions

The continuous worldwide spread of enveloped viruses, such as SARS-CoV, HIV-1, HSV-2, and
HCV, demands robust prevention measures. GRFT’s pharmacokinetic profile supports multiple
potential uses and enables the design of different regimens. As a systemic post-exposure treatment,
subcutaneous self-administration would be both viable and effective, achieving potentially therapeutic
serum concentrations of GRFT. In the context of post-exposure prophylaxis to emerging viral threats,
an initial intravenous bolus treatment with GRFT may be useful to achieve speedy serum peak levels.
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In addition, GRFT could be utilized orally to prevent colorectal transmission of HIV and susceptible
viruses in a pre-exposure prophylactic setting.

Acknowledgments: This work was supported by NIH grants AI076169 and AI113182 to Kenneth E. Palmer and
NIH grant T32-ES011564, DOD grant USAMRMC W81XWH-10-2-CLIN 1, and NIH contract HHSN27201100016C.

Author Contributions: Kenneth E. Palmer and Christopher Barton conceived and designed the experiments;
Christopher Barton performed the experiments; Christopher Barton, Harrell Hurst and J. Calvin Kouokam
analyzed the data; Christopher Barton, J. Calvin Kouokam and Kenneth E. Palmer wrote the paper.

Conflicts of Interest: Kenneth Palmer is a member of Intrucept Biomedicine LLC that holds a license to make and
sell Griffithsin from the United States Public Health Service. The funding sponsors had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to
publish the results.

References

1. Michelow, I.C.; Dong, M.; Mungall, B.A.; Yantosca, L.M.; Lear, C.; Ji, X.; Karpel, M.; Rootes, C.L.; Brudner, M.;
Houen, G.; et al. A novel L-ficolin/mannose-binding lectin chimeric molecule with enhanced activity against
Ebola virus. J. Biol. Chem. 2010, 285, 24729–24739. [CrossRef] [PubMed]

2. Michelow, I.C.; Lear, C.; Scully, C.; Prugar, L.I.; Longley, C.B.; Yantosca, L.M.; Ji, X.; Karpel, M.; Brudner, M.;
Takahashi, K.; et al. High-dose mannose-binding lectin therapy for Ebola virus infection. J. Infect. Dis. 2011,
203, 175–179. [CrossRef] [PubMed]

3. Meuleman, P.; Albecka, A.; Belouzard, S.; Vercauteren, K.; Verhoye, L.; Wychowski, C.; Leroux-Roels, G.;
Palmer, K.E.; Dubuisson, J. Griffithsin has antiviral activity against hepatitis C virus. Antimicrob. Agents
Chemother. 2011, 55, 5159–5167. [CrossRef] [PubMed]

4. Swanson, M.D.; Winter, H.C.; Goldstein, I.J.; Markovitz, D.M. A lectin isolated from bananas is a potent
inhibitor of HIV replication. J. Biol. Chem. 2010, 285, 8646–8655. [CrossRef] [PubMed]

5. Alexandre, K.B.; Gray, E.S.; Mufhandu, H.; McMahon, J.B.; Chakauya, E.; O’Keefe, B.R.; Chikwamba, R.;
Morris, L. The lectins griffithsin, cyanovirin-N and scytovirin inhibit HIV-1 binding to the DC-SIGN receptor
and transfer to CD4+ cells. Virology 2012, 423, 175–186. [CrossRef] [PubMed]

6. Huskens, D.; Schols, D. Algal lectins as potential HIV microbicide candidates. Marine Drugs 2012, 10,
1476–1497. [CrossRef] [PubMed]

7. Mori, T.; O’Keefe, B.R.; Sowder, R.C., 2nd; Bringans, S.; Gardella, R.; Berg, S.; Cochran, P.; Turpin, J.A.;
Buckheit, R.W., Jr.; McMahon, J.B.; et al. Isolation and characterization of griffithsin, a novel HIV-inactivating
protein, from the red alga Griffithsia sp. J. Biol. Chem. 2005, 280, 9345–9353. [CrossRef] [PubMed]

8. Moulaei, T.; Shenoy, S.R.; Giomarelli, B.; Thomas, C.; McMahon, J.B.; Dauter, Z.; O’Keefe, B.R.; Wlodawer, A.
Monomerization of viral entry inhibitor griffithsin elucidates the relationship between multivalent binding
to carbohydrates and anti-HIV activity. Structure 2010, 18, 1104–1115. [CrossRef] [PubMed]

9. Ziolkowska, N.E.; O’Keefe, B.R.; Mori, T.; Zhu, C.; Giomarelli, B.; Vojdani, F.; Palmer, K.E.; McMahon, J.B.;
Wlodawer, A. Domain-swapped structure of the potent antiviral protein griffithsin and its mode of
carbohydrate binding. Structure 2006, 14, 1127–1135. [CrossRef] [PubMed]

10. Ziolkowska, N.E.; Shenoy, S.R.; O’Keefe, B.R.; McMahon, J.B.; Palmer, K.E.; Dwek, R.A.; Wormald, M.R.;
Wlodawer, A. Crystallographic, thermodynamic, and molecular modeling studies of the mode of binding of
oligosaccharides to the potent antiviral protein griffithsin. Proteins 2007, 67, 661–670. [CrossRef] [PubMed]

11. Ziolkowska, N.E.; Shenoy, S.R.; O’Keefe, B.R.; Wlodawer, A. Crystallographic studies of the complexes
of antiviral protein griffithsin with glucose and N-acetylglucosamine. Protein Sci. 2007, 16, 1485–1489.
[CrossRef] [PubMed]

12. Bonomelli, C.; Doores, K.J.; Dunlop, D.C.; Thaney, V.; Dwek, R.A.; Burton, D.R.; Crispin, M.; Scanlan, C.N.
The glycan shield of HIV is predominantly oligomannose independently of production system or viral clade.
PLoS ONE 2011, 6, e23521. [CrossRef] [PubMed]

13. Doores, K.J.; Bonomelli, C.; Harvey, D.J.; Vasiljevic, S.; Dwek, R.A.; Burton, D.R.; Crispin, M.; Scanlan, C.N.
Envelope glycans of immunodeficiency virions are almost entirely oligomannose antigens. Proc. Natl. Acad.
Sci. USA 2010, 107, 13800–13805. [CrossRef] [PubMed]

14. Vigerust, D.J.; Shepherd, V.L. Virus glycosylation: Role in virulence and immune interactions.
Trends Microbiol. 2007, 15, 211–218. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M110.106260
http://www.ncbi.nlm.nih.gov/pubmed/20516066
http://dx.doi.org/10.1093/infdis/jiq025
http://www.ncbi.nlm.nih.gov/pubmed/21288816
http://dx.doi.org/10.1128/AAC.00633-11
http://www.ncbi.nlm.nih.gov/pubmed/21896910
http://dx.doi.org/10.1074/jbc.M109.034926
http://www.ncbi.nlm.nih.gov/pubmed/20080975
http://dx.doi.org/10.1016/j.virol.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22209231
http://dx.doi.org/10.3390/md10071476
http://www.ncbi.nlm.nih.gov/pubmed/22851920
http://dx.doi.org/10.1074/jbc.M411122200
http://www.ncbi.nlm.nih.gov/pubmed/15613479
http://dx.doi.org/10.1016/j.str.2010.05.016
http://www.ncbi.nlm.nih.gov/pubmed/20826337
http://dx.doi.org/10.1016/j.str.2006.05.017
http://www.ncbi.nlm.nih.gov/pubmed/16843894
http://dx.doi.org/10.1002/prot.21336
http://www.ncbi.nlm.nih.gov/pubmed/17340634
http://dx.doi.org/10.1110/ps.072889407
http://www.ncbi.nlm.nih.gov/pubmed/17567736
http://dx.doi.org/10.1371/journal.pone.0023521
http://www.ncbi.nlm.nih.gov/pubmed/21858152
http://dx.doi.org/10.1073/pnas.1006498107
http://www.ncbi.nlm.nih.gov/pubmed/20643940
http://dx.doi.org/10.1016/j.tim.2007.03.003
http://www.ncbi.nlm.nih.gov/pubmed/17398101


Viruses 2016, 8, 331 11 of 12

15. O’Keefe, B.R.; Vojdani, F.; Buffa, V.; Shattock, R.J.; Montefiori, D.C.; Bakke, J.; Mirsalis, J.; d’Andrea, A.L.;
Hume, S.D.; Bratcher, B.; et al. Scaleable manufacture of HIV-1 entry inhibitor griffithsin and validation of
its safety and efficacy as a topical microbicide component. Proc. Natl. Acad. Sci. USA 2009, 106, 6099–6104.
[CrossRef] [PubMed]

16. Alexandre, K.B.; Gray, E.S.; Lambson, B.E.; Moore, P.L.; Choge, I.A.; Mlisana, K.; Karim, S.S.; McMahon, J.;
O’Keefe, B.; Chikwamba, R.; et al. Mannose-rich glycosylation patterns on HIV-1 subtype C gp120 and
sensitivity to the lectins, Griffithsin, Cyanovirin-N and Scytovirin. Virology 2010, 402, 187–196. [CrossRef]
[PubMed]

17. Nixon, B.; Stefanidou, M.; Mesquita, P.M.; Fakioglu, E.; Segarra, T.; Rohan, L.; Halford, W.; Palmer, K.E.;
Herold, B.C. Griffithsin protects mice from genital herpes by preventing cell-to-cell spread. J. Virol. 2013, 87,
6257–6269. [CrossRef] [PubMed]

18. Ishag, H.Z.; Li, C.; Huang, L.; Sun, M.X.; Wang, F.; Ni, B.; Malik, T.; Chen, P.Y.; Mao, X. Griffithsin inhibits
Japanese encephalitis virus infection in vitro and in vivo. Arch. Virol. 2013, 158, 349–358. [CrossRef]
[PubMed]

19. O’Keefe, B.R.; Giomarelli, B.; Barnard, D.L.; Shenoy, S.R.; Chan, P.K.; McMahon, J.B.; Palmer, K.E.;
Barnett, B.W.; Meyerholz, D.K.; Wohlford-Lenane, C.L.; et al. Broad-spectrum in vitro activity and in vivo
efficacy of the antiviral protein griffithsin against emerging viruses of the family Coronaviridae. J. Virol.
2010, 84, 2511–2521. [CrossRef] [PubMed]

20. Ferir, G.; Huskens, D.; Palmer, K.E.; Boudreaux, D.M.; Swanson, M.D.; Markovitz, D.M.; Balzarini, J.;
Schols, D. Combinations of griffithsin with other carbohydrate-binding agents demonstrate superior activity
against HIV Type 1, HIV Type 2, and selected carbohydrate-binding agent-resistant HIV Type 1 strains.
AIDS Res. Hum. Retrovir. 2012, 28, 1513–1523. [CrossRef] [PubMed]

21. Ferir, G.; Palmer, K.E.; Schols, D. Synergistic activity profile of griffithsin in combination with tenofovir,
maraviroc and enfuvirtide against HIV-1 clade C. Virology 2011, 417, 253–258. [CrossRef] [PubMed]

22. Barton, C.; Kouokam, J.C.; Lasnik, A.B.; Foreman, O.; Cambon, A.; Brock, G.; Montefiori, D.C.; Vojdani, F.;
McCormick, A.A.; O’Keefe, B.R.; et al. Activity of and effect of subcutaneous treatment with the
broad-spectrum antiviral lectin griffithsin in two laboratory rodent models. Antimicrob. Agents Chemother.
2014, 58, 120–127. [CrossRef] [PubMed]

23. Kouokam, J.C.; Huskens, D.; Schols, D.; Johannemann, A.; Riedell, S.K.; Walter, W.; Walker, J.M.; Matoba, N.;
O’Keefe, B.R.; Palmer, K.E. Investigation of griffithsin’s interactions with human cells confirms its outstanding
safety and efficacy profile as a microbicide candidate. PLoS ONE 2011, 6, e22635. [CrossRef] [PubMed]

24. Montefiori, D.C. Evaluating neutralizing antibodies against HIV, SIV, and SHIV in luciferase reporter gene
assays. Current Protocols in Immunology 2005. [CrossRef]

25. Macdougall, I.C.; Roberts, D.E.; Coles, G.A.; Williams, J.D. Clinical pharmacokinetics of epoetin (recombinant
human erythropoietin). Clin. Pharmacokinet. 1991, 20, 99–113. [CrossRef] [PubMed]

26. Azanza, J.R.; Sadaba, B.; Gomez-Guiu, A. Monoclonal antibodies: Pharmacokinetics as a basis for new
dosage regimens? J. Oncol. Pharm. Pract. 2015, 21, 370–376. [CrossRef] [PubMed]

27. Dostalek, M.; Gardner, I.; Gurbaxani, B.M.; Rose, R.H.; Chetty, M. Pharmacokinetics, pharmacodynamics
and physiologically-based pharmacokinetic modelling of monoclonal antibodies. Clin. Pharmacokinet. 2013,
52, 83–124. [CrossRef] [PubMed]

28. Moncla, B.J.; Pryke, K.; Rohan, L.C.; Graebing, P.W. Degradation of naturally occurring and engineered
antimicrobial peptides by proteases. Adv. Biosci. Biotechnol. 2011, 2, 404–408. [CrossRef] [PubMed]

29. Centers for Disease Control and Prevention. Prevention, Interim guidance for clinicians considering
the use of preexposure prophylaxis for the prevention of HIV infection in heterosexually active adults.
MMWR. Morb. Mortal. Wkly. Rep. 2012, 61, 586–589.

30. Interim guidance for PrEP in MSM. CDC: Do not expand to other risk groups yet. AIDS Alert 2011, 26, 44–45.
31. Flexner, C. Post-exposure prophylaxis revisited: New CDC guidelines. Centers for Disease Control and

Prevention. In The Hopkins HIV Report: A Bimonthly Newsletter for Healthcare Providers; Johns Hopkins
University AIDS Service: Baltimore, MD, USA, 1998; Volume 10, pp. 2–3.

32. Young, T.N.; Arens, F.J.; Kennedy, G.E.; Laurie, J.W.; Rutherford, G. Antiretroviral post-exposure prophylaxis
(PEP) for occupational HIV exposure. Cochrane Database Systematic Rev. 2007, 1. [CrossRef]

33. Post-exposure prophylaxis for HIV. Drug Ther. Bull. 2011, 49, 30–33.

http://dx.doi.org/10.1073/pnas.0901506106
http://www.ncbi.nlm.nih.gov/pubmed/19332801
http://dx.doi.org/10.1016/j.virol.2010.03.021
http://www.ncbi.nlm.nih.gov/pubmed/20392471
http://dx.doi.org/10.1128/JVI.00012-13
http://www.ncbi.nlm.nih.gov/pubmed/23536670
http://dx.doi.org/10.1007/s00705-012-1489-2
http://www.ncbi.nlm.nih.gov/pubmed/23053519
http://dx.doi.org/10.1128/JVI.02322-09
http://www.ncbi.nlm.nih.gov/pubmed/20032190
http://dx.doi.org/10.1089/aid.2012.0026
http://www.ncbi.nlm.nih.gov/pubmed/22607556
http://dx.doi.org/10.1016/j.virol.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/21802104
http://dx.doi.org/10.1128/AAC.01407-13
http://www.ncbi.nlm.nih.gov/pubmed/24145548
http://dx.doi.org/10.1371/journal.pone.0022635
http://www.ncbi.nlm.nih.gov/pubmed/21829638
http://dx.doi.org/10.1002/0471142735.im1211s64
http://dx.doi.org/10.2165/00003088-199120020-00002
http://www.ncbi.nlm.nih.gov/pubmed/2029809
http://dx.doi.org/10.1177/1078155214538085
http://www.ncbi.nlm.nih.gov/pubmed/24903270
http://dx.doi.org/10.1007/s40262-012-0027-4
http://www.ncbi.nlm.nih.gov/pubmed/23299465
http://dx.doi.org/10.4236/abb.2011.26059
http://www.ncbi.nlm.nih.gov/pubmed/22611520
http://dx.doi.org/10.1002/14651858.CD002835.pub3


Viruses 2016, 8, 331 12 of 12

34. Hardy, E.J. Testing and treatment after non-occupational exposures to STDs and HIV. Med. Health Rhode Island
2012, 95, 258–261.

35. Nikolopoulos, G.; Tsiodras, S.; Bonovas, S.; Hatzakis, A. Antiretrovirals for HIV exposure prophylaxis.
Curr. Med. Chem. 2012, 19, 5924–5939. [CrossRef] [PubMed]

36. Pettersson, G.; Ahlman, H.; Kewenter, J. A comparison of small intestinal transit time between the rat and
the guinea-pig. Acta Chir. Scand. 1976, 142, 537–540. [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2174/0929867311209065924
http://www.ncbi.nlm.nih.gov/pubmed/22963555
http://www.ncbi.nlm.nih.gov/pubmed/1020594
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Lectin Reagents 
	Animal Housing and Care 
	Pharmacokinetic Study and Sample Collection after Single Dose Administration 
	Active Mass Balance Rat Treatment and Sample Collection 
	Chronic Oral Dosing Treatment and Sample Collection 
	GRFT Capture Immunoassay Using Purified Influenza Hemagglutinin 
	Evaluation of Anti-HIV Activity of Fecal Extracts 
	Histopathology 
	Pharmacokinetic Analysis 
	Statistical Analyses 

	Results 
	GRFT’s Bioavailability after Intravenous Administration 
	GRFT’s Bioavailability after Subcutaneous Administration 
	GRFT’s Pharmacokinetic Parameters after Parenteral Administration 
	Pharmacokinetic Parameters after Oral Administration 
	GRFT Is Found in Fecal Extracts after Chronic Oral Treatment 
	Fecal Extracts after Chronic Oral Treatment Show Neutralization Activity Against HIV 
	Mass Balance of Active GRFT 

	Discussion 
	Conclusions 

