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ABSTRACT
Purpose This study was to characterize the pharmacokinetics
(PK) and pharmacodynamics (PD) of a chimeric protein, CD4-
anchoring bi-functional fusion inhibitor (CD4-BFFI), in monkeys
and assess the feasibility for HIV-1 treatment in humans.
Methods The serum concentrations of CD4-BFFI and CD4
receptors were determined and modeled using a target-
mediated drug disposition (TMDD) model following intravenous
administration of 1 or 10 mg/kg in monkeys. In vitro CD4
internalization was examined in human peripheral blood mono-
nuclear cells.
Results Noncompartmental analysis showed a decrease in clear-
ance (1.35 to 0.563 mL/h/kg) and an increase in half-lives (35 to
50 h) with increasing doses. Dose-dependent CD4 occupancy
was observed. The TMDD model reasonably captured the PK/
PD profiles and suggested greater degradation rate constant for
the free CD4 than the bound CD4. In vitro assay showed CD4-
BFFI did not reduce the internalization of cell surface CD4. The
simulated serum concentrations of CD4-BFFI were 20-fold above
its in vitro IC50 for HIV-1 at 3 mg/kg weekly or biweekly following
subcutaneous administration in humans.
Conclusions The TMDD modeling and in vitro CD4 internali-
zation study indicate that CD4-BFFI does not induce CD4

internalization and CD4-BFFI short half-life is likely due to normal
CD4 internalization. The simulated human PK supports CD4-
BFFI as a promising anti-HIV-1 agent.
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ABBREVIATIONS

ADA anti-drug antibody
AUC area under the curve
CD4-BFFI CD4-anchoring bi-functional fusion inhibitor
ELISA enzyme-linked immunosorbent assay
FACS fluorescence-activated cell sorting
HIV-1 human immunodeficiency virus-1
mAb monoclonal antibody
MFI mean fluorescence intensity
PBMC peripheral blood mononuclear cells
PD pharmacodynamics
PK pharmacokinetics
TMDD target-mediated drug disposition
Vdss steady-state volume of distribution
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INTRODUCTION

The first human immunodeficiency virus-1 (HIV-1) entry in-
hibitor on the market, enfuvirtide, is a heptad repeat 2 (HR2)
derived peptide that inhibits the fusion process of viral mem-
brane and host cell cytoplasm membrane and prevents the
viral entry (1). Enfuvirtide in combination with other agents
represents an effective option to counteract resistance muta-
tions for HIV-1 (2, 3). Despite its clinically proven efficacy, the
use of enfuvirtide is limited by its twice-daily dosing regimen
due to rapid elimination of the peptide from plasma (1, 2, 4). In
addition, the low genetic barrier to resistance and injection site
reactions in some patients represent challenges in HIV-1 treat-
ment. To overcome these challenges CCR5-anchoring bi-
functional fusion inhibitor (CCR5-BFFI) was developed (5).
CCR5-BFFI is a chimeric protein and it contains two HIV-1
entry inhibitors: a CCR5 monoclonal antibody (mAb) that
blocks HIV-1 attachment to the CCR5 coreceptor and a
fusion inhibitor that inhibits the HIV-1 viral-host cell fusion
process. CCR5-BFFI showed greater antiviral potency than
either the fusion inhibitor peptide or the CCR5mAb in in vitro
antiviral assays. However, it failed to block the entry of X4 and
R5X4 viruses into HIV-1 target cells expressing CXCR4
coreceptor but not CCR5 coreceptor (5).

To overcome the defect of CCR5-BFFI, we generated a
second generation bi-functional fusion inhibitor that is equally
potent in inhibiting R5 and X4 HIV-1 viral entry and named it
CD4-BFFI (CD4-anchoring bi-functional fusion inhibitor) (6, 7).
CD4-BFFI is a chimeric protein consisting of an anti-CD4mAb,
a peptide linker, and a fusion inhibitor peptide T651. The
antibody was derived from the sequence of a humanized anti-
human CD4mAb TNX-355 (human IgG4) (8, 9). In contrast to
TNX-355, the anit-CD4 antibody in CD4-BFFI is designed as a
human immunoglobulin G1 (IgG1) isotype, carrying the L234A
and L235A double mutations to abolish Fc-mediated antibody-
dependent cellular cytotoxicity and complement-dependent cy-
totoxicity. The HIV-1 fusion inhibitor peptide T651 is
recombinantly conjugated to the Fc end of the anti-CD4 anti-
body via a Glycine-Serine linker. T651 peptide is derived from
the heptad repeated 2 (HR2) region of HIV-1 gp41, with two
modifications: one internal potential N-glycosylation site was
removed by point mutation (N676Q) and a new N-
glycosylation site at the N-terminus of the peptide was intro-
duced that leads to improved solubility (6). CD4-BFFI was
designed for the treatment of HIV-1 infections by intercepting
two different steps of HIV-1 entry process: inhibition of HIV-1
attachment to CD4 receptor by binding to the D2 domain of
CD4, and inhibition of HIV-1 fusion by interacting with the
HR1 domain of HIV-1 gp41.

CD4-BFFI has demonstrated high and broad antiviral po-
tency in vitro and is highly stable in serum (6, 7). It represents a
promising therapeutics for HIV-1 infected patients. The ob-
jectives of this study were to determine the pharmacokinetics

(PK) and pharmacodynamics (PD) of CD4-BFFI in monkeys,
characterize the PK/PD relationship using modeling ap-
proaches, and assess the feasibility of using CD4-BFFI as a
new therapeutics for HIV-1 infections in humans.

MATERIALS AND METHODS

Antibody and Other Chemicals

CD4-BFFI was prepared at Roche Penzberg (Penzberg, Ger-
many) as previously described with a purity of 98.8% (6). All
other chemicals used in the experiments were of the highest
available grade.

Monkey Study

Male and female cynomolgus monkeys weighing 3–7 kg were
obtained from Charles River (Biomedical Resources Founda-
tion). CD4-BFFI (3.8 mg/mL) was prepared in an aqueous
vehicle containing 20 mM histidine and 140 mM sodium
chloride at pH 6. Three male cynomolgus monkeys were dosed
intravenously (IV) at 1 or 10 mg/kg CD4-BFFI. Blood samples
were taken before dosing and at 15 min, 30 min, 1, 3, 6, 24, 48,
72, 96, 168, 336, and 504 h after dosing from the femoral vein.
For multiple dose study, 2 male and 2 female monkeys were
dosed every 3 days on day 1, 4, 7, 10, and 13.On days 1 and 13,
blood samples were collected from all animals pre-dose and at 4,
24, 48, and 72 h after dosing. Blood samples weremaintained at
room temperature and allowed to clot. Serum was prepared in
a refrigerated centrifuge (10°C) within 2 h of blood collection.
All procedures involving animals were approved by the Institu-
tional Animal Care and Use Committees at Roche Palo Alto.

Determination of Serum CD4-BFFI

Concentrations of CD4-BFFI in serum were determined by a
specific ELISA method in 96-well plates. Briefly, the serum
samples and the calibration standards were incubated in 96-
well plates which contain immobilized heptad repeat 1 (HR1)
peptide at 25°C for 1 h. After the plates were washed 3 times, a
digoxiginated anti-human IgG-pan mAb against the human
antibody Fcγ region was added into the wells and the plates
were incubated at 25°C for 1 h. After the plates were washed 3
times, a horseradish peroxidase (HRP) linked mAb against
digoxigenin was added into the wells and the plates were
incubated at 25°C for 1 h, and then washed for 3 times. Finally,
HRP substrate 2,2’-azino-di-(3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS) in hydrogen peroxide was added into the wells
and the plates were incubated at 25°C for 15 min. The absor-
bance was detected at 409 nm with a plate reader. The accu-
racy of the method as calculated from the recoveries of the
quality control samples (% Theoretical) of CD4-BFFI which
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ranged from 96.5% to 100.1%. Calibration standards for
CD4-BFFI in monkey serum ranged from 7 to 100 ng/mL.

Determination of Serum CD4

Whole blood (200 μL) from three monkeys before and after
dosing with CD4-BFFI was incubated with 5 μg/mL mouse
anti-human CD4 mAb OKT4-Pacific Blue (BioLegend, San
Diego, CA) or Alexa-488 labeled CD4-BFFI on ice for
45 min. The Alexa-488 labeled CD4-BFFI was covalently
labeled with fluorochrome Alexa 488 following procedure
from Alexa Fluor 488 MAb Labeling Kit from Invitrogen
(Invitrogen). The red blood cells were removed by incubation
in 1 mL of 1X lysis buffer (BD PharmLyse lysing buffer (10X),
BD Biosciences, San Diego, CA) for 15–20 min followed by
centrifugation for 5 min at 300 g. The pellet was washed with
250 μL FACS (fluorescence activated cell sorting) staining
buffer (PBS containing 3% heat-inactivated fetal calf serum,
0.09% (w/v) sodium azide) and the CD4 staining on monkey
peripheral blood mononuclear cells (PBMC) was analyzed by
Fluorescence-activated cell sorting (FACS). For the calcula-
tion of CD4 occupancy, the mean fluorescence intensity (MFI)
from the pre-dose samples were set as 0% CD4 occupancy
and MFI from the pre-dose samples treated with saturating
amount of CD4-BFFI before adding Alexa-488 labeled CD4-
BFFI was set as 100% occupancy. MFI from OKT4-Pacific
Blue staining was used to assess the total CD4 level on the

PBMC. OKT4 binds to D3/4 domains of CD4 and CD4-
BFFI binds to D2 domain of CD4. It has been reported that
OKT4 and TNX-355 do not compete for binding to CD4
(10), therefore OKT4 was used to determine the total CD4
(both CD4-BFFI bound and free CD4) in CD4-BFFI dosed
monkey blood samples.

In Vitro CD4 Internalization Assay

Commercial fluorochrome-labeled anti-human CD4 mAbs
OKT4, MT-310, and B486A1 were purchased from BD
Biosciences (La Jolla, CA). Human PBMCs from healthy
donors were purchased from AllCells (cat # PB001,
Emeryville, CA) and cultured in complete medium (RPMI
1640, 10% FBS, 1% P/S, 1% L-Glutamine, 1% non-essential
amino acid, 1% sodium pyruvate, 1% HEPES, 5 IU/mL IL-
2). PBMC at 2×10−6 cells/mL were treated with cyclohexi-
mide at 10 μg/mL final concentration and distributed onto a
multiwell plate on ice. Labeled various CD4 antibodies were
added to the cells at 1 μg/reaction/200 μL on ice. Two
hundred μL reaction solution was kept at 4°C as time 0.
The rest binding reaction solutions were incubated at 37°C
for various time points. At the end of each incubation time
point, the corresponding reaction wells were kept at 4°C to
stop the internalization. After all time points were collected,
cells were spun down and washed 3 times and re-suspended in
ice cold 300 μL FACS buffer. Samples were analyzed by using
FACS Calibur (BD, San Jose, CA) and data were processed
using FlowJo (Tree Star, Ashland, OR).

Data Analysis

PK parameters were determined using noncompartmental
method with WinNonlin Professional software (version 5.2.1;
Pharsight, Mountain View, CA) and were based on individual
subject serum concentration-time data. PK parameters in-
cluding terminal half-life (t1/2), area under the curve from
time zero to the last time (AUC(0-last)), AUC from time zero
to infinity (AUC(0-∞)), clearance (Cl), and steady-state volume
of distribution (Vdss) were calculated.

Two-Compartment Michaelis-Menten PK Model

A two-compartment PK model with Michaelis-Menten kinet-
ics (Fig. 1a) was used to characterize the nonlinear clearance.
Like other mAbs targeting membrane-associated antigens,
CD4-BFFI is expected to have two distinct elimination path-
ways in vivo (11–13). One pathway is nonspecific antibody
elimination through intracellular degradation, which is
protected by FcRn-mediated endosomal recycling. The other
pathway is receptor-mediated internalization of antibody-
receptor complex, which is saturable because of the limited
availability of CD4 receptors on the cell surface.
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IV dose

Cl

Cld

C2

C1
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Cl
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Fig. 1 Schematic representation of two-compartmenal PK model (a ) and
target mediated drug disposition (TMDD) model (b ). CL, linear clearance
from the central compartment; Cld, inter-compartment distribution clearance;
Vmax, maximal rate of elimination; Km, Michaelis-Menton constant. Free
CD4 receptor (Rf) were modeled to form a drug-receptor complex (XR)
via reversible (Kon and Koff) binding, and the complex was eliminated by
cellular internalization (Kint). CD4 receptor synthesis rate was Ksyn and deg-
radation rate as Kdeg.
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CD4-BFFI in the central compartment was assumed to be
eliminated by both linear clearance and nonlinear clearance
in Eq. 1.

Clearance ¼ Cl þ V max

K m þ C1
ð1Þ

Where Cl represents linear clearance, Vmax and Km rep-
resent maximal rate of elimination and Michaelis-Menten
constant for the nonlinear clearance, and C1 represents
CD4-BFFI concentration in the central compartment.

The drug concentration in the central compartment fol-
lowing IV bolus dose was described by Eq. 2:

V 1
dC1

dt
¼ Cld•C2− Cld þ Cl þ V max

K m þ C1

� �
•C1 ð2Þ

where V1 is the volume of distribution in the central compart-
ment, Cld is the distribution clearance between central and
peripheral compartment.

The drug concentration in the peripheral compartment
was described by Eq. 3:

V 2
dC2

dt
¼ Cld• C1−C2ð Þ ð3Þ

where C2 is the concentration in the peripheral compartment
and V2 is the volume of distribution in the peripheral com-
partment. Due to a small sample size in our studies (6 monkeys)
and 6 parameters to be estimated from Michaelis-Menten PK
model, we employed a population NONMEM approach. The
Individual fitting using Berkeley Madonna software had non-
identifiable issues (not enough data for proper model estima-
tion). The advantage of population/NONMEM approach is
that population mean estimate can be used to help identify
individual parameter estimation. The population model
implemented in NONMEM (Version 6.2, ICON, Dublin,
Ireland) was used to simultaneously fit the data from the
1 mg/kg and 10 mg/kg dose groups. Selection of final model
was based on Objective Function and Akaike Information
Criterion (AIC) for nested models. In addition, several diag-
nostic plots including model prediction (IPRED) vs. observed
data (DV) and non-biased distribution of IWRES were also
evaluated.

Target-Mediated Drug Disposition (TMDD) Model

TMDD modeling approach and its framework were de-
scribed in the literature (11–13). In brief, concentrations of
CD4-BFFI in the central compartment (C1) and free CD4
receptor (Rf) formed a drug-receptor complex (XR) via re-
versible binding with on-rate constant Kon and off-rate con-
stant Koff, and the complex was eliminated by cellular inter-
nalization (Kint). The configuration of the TDMM model is

shown in Fig. 1b. The drug concentration in the central
compartment following IV bolus dose was described by Eq. 4:

V 1
dC1

dt
¼ Cld•C2− Cld þ Clð Þ•C1− K onC1Rf −K off XR

� �
•V 1

ð4Þ
The drug concentration in the peripheral compartment

was described by Eq. 3.
The Rf concentration was described by Eq. 5:

dRf

dt
¼ K syn−K deg•Rf −K on•C1•Rf þ K off •XR ð5Þ

Where Ksyn and Kdeg represent the rate constants of CD4
synthesis and degradation, respectively.

The concentration of XR was described by Eq. 6:

dXR
dt

¼ K on•C1•Rf −K off •XR−K int•XR ð6Þ

To avoid non-identifiable issues (a total of 8 parameters to
estimate from 6 monkeys), we used a stepwise approach and
assumed that the difference between TMDD and Michaelis-
Menten model is the non-linear clearance pathway mediated
by the receptor binding. The PK parameters Cl, Cld, V1 and
V2 were fixed to the same estimated values from the two-
compartment Michaelis-Menten model. TMDD model was
simultaneously fitted to individual serum concentration-time
profiles of CD4-BFFI, free, and total CD4 to estimate R0 (initial
free CD4 concentration), Kdeg, Kint and Kon. Ksyn was set at
Ksyn = R0*Kdeg. Monkey Kd of 0.020 μg/mL (Supplementary
Material Figure 1) was used to estimate Koff based on Koff =
Kd*Kon. The model was implemented in Berkeley Madonna
(Version 8.3, University of California at Berkeley, Berkeley,
CA) and parameter estimates were based on minimization of
least mean square errors.While we were also able to implement
the TMDDmodel in NONMEMwith same fixed parameters,
the population/NONMEM approach did not yield satisfactory
description of data due to number of parameters needed to be
estimated from a small number of animals.

Human PK Simulation

To simulate human PK for CD4-BFFI after subcutaneous
(SC) administration, allometry scaling was used based on
model parameters obtained from the two-compartment mod-
el and TMDDmodel. Allometry exponent was set as 1 for the
volume of distribution (V1 and V2) and allometry exponent
was set as 0.85 for the linear clearance (Cl) and inter compart
distribution clearance (Cld) for both the two-compartment
and TMDD models. For the two-compartment model, hu-
man Vmax was estimated from monkey Vmax and human Km

was estimated form the product of monkey Km and Kd(human)/
Kd(monkey) ratio, where Kd(human) and Kd(monkey) are the ob-
served disassociation constants for human and monkey CD4

812 Liu et al.



receptor, respectively. For the TMDD model, all the human
CD4 targeted related parameters were assumed same as the
monkey parameters except the Kd, for which human value
was used.

RESULTS

CD4-BFFI PK and Modeling Following a Single IV
Administration in Monkeys

CD4-BFFI was well tolerated following a single IV dose of
1 mg/kg or 10 mg/kg in monkeys and exhibited nonlinear
PK (Fig. 2). The clearance at 1mg/kg was 2.4-fold greater than
that at 10 mg/kg. The estimated mean t1/2 was 35 h at 1 mg/
kg and 50 h at 10 mg/kg (Table I). A two-compartment
Michaelis-Menten PK model illustrated in Fig. 1a with both
linear and nonlinear clearance from the central compartment
was able to fit the plasma concentration-time data (Fig. 2). The
goodness-of-fit was presented in Supplementary Material
Figure 2. The mean PK parameters are listed in Table II.

CD4-BFFI PK Following Multiple IV Administrations
in Monkeys

Similar to the single dose study, after multiple IV doses at 1mg/
kg or 10 mg/kg every 3 days for 13 days, CD4-BFFI exhibited
nonlinear PK with 4.0-fold higher clearance at 1 mg/kg than
that at 10 mg/kg on day 1 (Table I). The terminal t1/2 at 1 mg/
kg in the single dose study was longer than the terminal t1/2 at
the same dose level in the multiple dose study on day 1 (35 h vs.
8 h). In contrast, the terminal t1/2 at 10 mg/kg in single dose
study was similar to that in the multiple dose study on day 1
(58.0 h vs. 58.1 h). The apparent difference of the t1/2 between
the single dose and multiple dose studies at 1 mg/kg but not at
10 mg/kg are due to the difference of the time points that are
available for calculation of the t1/2. In the single dose study, the
sera were collected from 0 h to 504 h and concentration data
are available from 0 h to 168 h with concentration at 336 h and
504 h below the lower limit of the quantitation. In the multiple
dose study, the sera were only collected from 0 h to 72 h.

The exposure on day 13 was lower than that on day 1 for
the 1 mg/kg group (Table I). On day 13, only concentrations
at 4 h were detectable in 3 of the 4 monkeys at 1 mg/kg. To
test if the decrease of exposure after multiple doses was due to
formation of anti-drug antibody (ADA) in the monkey serum,

Fig. 2 Serum concentration-time profiles of CD4-BFFI following a single IV
dosing of 1 mg/kg or 10 mg/kg in cynomolgus monkeys. The symbols
represent the observed data (mean ± SD) and the lines represent the best
fit of the two-compartment model shown in Fig. 1a to the observed data.

Table I Non-Compartment Pharmacokinetic Parameters (Mean ± SD) of CD4-BFFI Following IV Administration in Cynomolgus Monkeys

Dose regimen Time (day) Dose (mg/kg) t1/2 (hr) AUC (0-t) (μg*hr/mL) AUC (0-∞) (μg*hr/mL) Cl (mL/h/kg) Vdss (mL/kg)

Singlea 1 1 35.0±5.0 751±120 752±120 1.35±0.21 28.4±2.6

Singlea 1 10 50.0±6.9 16200±1800 18000±2600 0.563±0.080 39.4±1.1

Multipleb 1 1 8.31±0.38 339±43 340±43 2.97±0.37 37.9±4.7

Multipleb 1 10 58.1±1.9 8220±820 13700±1600 0.746±0.080 58.5±5.6

Multipleb 13 1 4.34c 164c 164c 6.11c 29.4c

Multipleb 13 10 39.2±13.8 13192±2989 18041±5812 0.609±0.232 28.6±4.6

t1/2 terminal half-life, AUC(0-t) area under curve from time zero to the last measurable time point, AUC(0-∞) area under curve from time zero to infinity, Cl
clearance, Vdss steady-state volume of distribution
aN=3
bN=4, dosed every 3 days
c Concentrations were above the lower limit of quantitation in only one of the four animals

Table II CD4-BFFI PK Parameters of the Two-Compartment PK Model
Following a Single IV Administration in Cynomolgus Monkeys

Parameter Unit Estimate (RSE%)

Cl mL/h/kg 0.398 (9%)

Cld mL/h/kg 0.287 (3%)

V1 mL/kg 34.0 (2%)

V2 mL/kg 15.9 (3%)

Vmax μg/h/kg 8.36 (3%)

Km μg/mL 0.352 (6%)

RSE Relative standard error

PK and PD of CD4-BFFI in Monkeys 813



CD4-BFFI recovery was examined in serum samples previous-
ly collected at predose, 336 h (day 14), and 504 h (day 21) from
the monkeys in the single dose study. For the monkey sera
collected prior to CD4-BFFI administration, the recovery was
100% for all the 6 monkeys. The recovery was reduced after
the administration of CD4-BFFI (Table III). At 1 mg/kg, the
recovery reduced to 0–69.7% on day 14 and 0–18.4% on day
21. At 10 mg/kg, the recovery reduced to 0% on days 14 and
21. Due to limited volume of sera from themultiple dose study,
the recovery assay was not performed for those serum samples.

CD4 Concentrations Following a Single IV
Administration of CD4-BFFI in Monkeys and TMDD
Modeling

One day after the administration of CD4-BFFI, free receptor
was reduced to less than 10% of the baseline indicating greater
than 90% receptor occupancy by CD4-BFFI (Fig. 3). The free
CD4 receptors gradually returned to the predose level in
about 168 h (7 days) at 1 mg/kg (Fig. 3a) but were still less
than the predose level at 10 mg/kg (Fig. 3b). In contrast, the
total CD4 receptors quickly increased and reached to the
maximal levels at approximately 6 h and then it reduced
and maintained at 30–50% above the baseline.

The TMDD model reasonably describes the serum concen-
trations of CD4-BFFI, the free CD4, and the trend of the total
CD4 (Fig. 3). The goodness-of-fit was presented in Supplemen-
tary Material Figure 3. The model parameters are shown in
Table IV. The TMDD modeling analysis showed that the
internalization rate constant of the bound CD4 which is the
complex of CD4-BFFI and CD4 receptors, Kint (0.0237 h−1),
was slightly less than the degradation rate constant of the free
CD4, Kdeg (0.0397 h−1), suggesting CD4-BFFI did not induce
the CD4 internalization. To examine the robustness of this
observation, a sensitivity analysis was conducted using the model
to simulate the effects of different Kint on the total CD4 (Fig. 4a).
As shown in Fig. 4a, Kint would need to be smaller than Kdeg in
order to describe the elevation of the total CD4 above the
baseline following CD4-BFFI administration. In the TMDD

model, the CD4 receptor synthesis rate was assumed to be
constant. Additional modeling exercise indicated that the eleva-
tion of the total CD4 above the baseline can also be explained by
an increased synthesis rate of CD4 (ksyn) following CD4-BFFI
administration (Fig. 4b).

In Vitro Assessment of CD4 Receptor Internalization

In order to accurately monitor surface CD4 levels over a long
period, cycloheximide was used to block de novo CD4 protein

Table III Recovery of the CD4-BFFI in Monkey Serum Following a Single IV
Administration in Cynomolgus Monkeys

Time 1 mg/kg 10 mg/kg

Monkey
Q

Monkey
R

Monkey
S

Monkey
T

Monkey
U

Monkey
V

Predose 100% 100% 100% 100% 100% 100%

Day 14 0.00% 69.7% 3.37% 0.00% 0.00% 0.00%

Day 21 0.00% 18.4% 3.14% 0.00% 0.00% 0.00%

The recovery was conducted by adding 0.1 μg/mL of CD4-BFFI into the
monkey serum collected pre-dose, and days 14 and 21 after dosing

Table IV CD4-BFFI
TMDDModel Parameters
Following a Single IV Ad-
ministration in
Cynomolgus Monkeys

Kd of 0.020 μg/mL was
used to estimate Koff based
on Koff = Kon*Kd

Parameter Unit Mean (CV%)

Cl (fixed) mL/h/kg 0.398

Cld(fixed) mL/h/kg 0.287

V1(fixed) mL/kg 34.0

V2(fixed) mL/kg 15.9

Ro nM 0.0565 (38.2%)

Kdeg hr−1 0.0397 (16.2%)

Kon nM/h 2.45 (37.4%)

Kint hr−1 0.0237 (17.6%)

Fig. 3 Serum concentration-time profiles of CD4-BFFI, free CD4, and total
CD4 following a single IV dosing of 1 mg/kg (a ) or 10 mg/kg (b ) in
cynomolgus monkeys. The symbols represent the observed data (mean ±
SD) and the lines represent the best fit of the TMDDmodel shown in Fig. 1b
to the observed data.
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synthesis in PBMCs. If an antibody induces CD4 internaliza-
tion and degradation, the fluorescence, which represent the
total surface CD4 level, will decrease over time. As shown in
Fig. 5, the fluorescence of two cells treated with MT310 and
B486A reduced over time, indicating induction of CD4 inter-
nalization and degradation in the PBMCs. However, CD4-
BFFI and OKT4 did not cause any observable reduction of

the fluorescence, indicating no induction of CD4 internaliza-
tion in the PBMCs for these two mAbs.

CD4-BFFI Human PK Simulation

To assess the feasibility of development of CD4-BFFI as a
human therapeutic protein to treat HIV-1, human PK of
CD4-BFFI after SC administration was simulated based on
the model parameters obtained from the two-compartment
Michaelis-Menten model (Table II). For the volume of distri-
bution, the allometry exponent was set as 1, predicting human
volume of distribution for the central compartment and pe-
ripheral compartment of 34 mL/kg and 15.9 mL/kg, respec-
tively. For the linear clearance, the exponent was set as 0.85,
resulting in projected human linear clearance of 0.249 mL/h/
kg. For the nonlinear clearance in the two-compartment mod-
el, the human Km (0.546 μg/mL) was scaled based on monkey
Km (0.352 μg/mL) corrected for the difference of monkey and
human Kd where Kd for human CD4 is 0.031 μg/mL and Kd

for monkey CD4 is 0.020 μg/mL (Supplementary Material
Figure 1). For the nonlinear clearance in the TMDDmodel, all
the human CD4 targeted related parameters were assumed

Fig. 4 Simulated concentration-time profiles of total CD4: (a ) effects of
different internalization rate constants (Kint) of the bound CD4 on the total
CD4 and (b ) effects of different CD4 synthesis rate constants (Ksys) on the
total CD4 following a single IV dosing at 10 mg/kg.

Fig. 5 Effects of mAb B486A1, OKT4, and MT310 and CD4-BFFI on the
MFI measured by FACS. MFI indicates the total CD4 receptors on the surface
of the human PBMC.

Fig. 6 Simulated human serum concentration-time profiles of CD4-BFFI
following 3 mg/kg weekly (a ) or biweekly (b ) SC administration using the 2-
compartment model (solid line) or the TMDD model (dotted line). The Cmin

(0.182 μg/mL) represents 20-fold of the observed in vitro IC50 (0.0091 μg/
mL) for blocking HIV-1 infections in PBMCs. Bioavailability is assumed as
50%–75% and Ka is assumed as 0.01−0.03 h−1.
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same as the monkey parameters except the Kd, for which
human value was used. The absorption rate constant and
bioavailability following a SC dosing were assumed as 0.01 to
0.03 h−1 and 50 to 75%, respectively. These values were based
on other known human IgG mAbs in humans (14). In order to
achieve sufficient clinical efficacy, we assume the minimal
serum concentration of CD4-BFFI needs to be 20-fold higher
than the observed in vitro IC50 (0.0091 μg/mL) for blocking
HIV-1 infections in PBMCs (7). Under these assumptions,
human plasma concentration-time profiles were simulated
using both the two-compartment model and TMDD model
(Fig. 6) at 3 mg/kg weekly or biweekly administration. The
predicted human concentration-time profiles using the two-
compartment approach and TMDD approach are similar.
The projected human terminal t1/2 is 30–90 h.

DISCUSSION

CD4-BFFI showed nonlinear PK at dose range of 1 to 10 mg/
kg in monkeys. Similar to other anti-CD4 antibody reported in
the literature, it has t1/2 of approximate 2 days in monkeys.
After multiple doses, its clearance increased likely due to for-
mation of ADA in monkeys. Dose-dependent CD4 occupancy
was observed with CD4-BFFI. The occupancy for the CD4
receptors was greater than 90% for 2 and 7 days after single IV
administration in monkeys at 1 and 10 mg/kg, respectively.
The results of the TMDD modeling and the in vitro CD4
internalization study showed that binding of CD4-BFFI to
CD4 does not stimulate CD4 internalization and degradation.
The simulated human PK supports CD4-BFFI may reach
efficacious serum concentrations at 3 mg/kg.

CD4-BFFI Showed Nonlinear PK in Monkeys

CD4-BFFI exhibited nonlinear PK at doses from 1 to 10 mg/
kg in monkeys following IV administration. The nonlinear is
likely due to saturable binding to CD4 receptors and degra-
dation. A two-compartment PK model with both linear and
nonlinear clearance from the central compartment was able to
fit the observed 1 mg/kg and 10 mg/kg data simultaneously.
After multiple dose at 1 mg/kg, CD4-BFFI exhibited lower
exposure on day 13 as compared to day 1. We hypothesized
the decrease of the exposure after multiple doses was due to
formation of ADA in the monkey serum. Since an assay for
measuring monkey ADA against CD4-BFFI was not available,
we used the CD4-BFFI recovery as a surrogate approach to
indicate the formation of ADA in the monkey serum. If ADA
exists in the sera, the recovery should be less than 100%
because our specific CD4-BFFI assay requires intact and un-
bound CD4 antibody and functional fusion peptide. We ob-
served the recovery was 100% in all the pre-dosedmonkey sera
but reduced in the post-dosed sera, indicating sequestration of

the spiked CD-BFFI, likely due to the presence of the forma-
tion of ADAs in the post-dosed monkey sera.

Mechanism of the Short t1/2 of CD4-BFFI in Monkeys

The t1/2 of CD4-BFFI in monkeys is approximate 2 days.
Typically the t1/2 for an IgG is from a few days to 20 days in
monkeys (15, 16). A similar anti-CD4 mAb, TNX 355, with-
out the linker and fusion peptide, showed similar t1/2 with 15 h
at 1 mg/kg and 99 h at 10 mg/kg in monkeys (8, 9). The
similar t1/2 for CD4-BFFI and TNX 355 are similar in their
corresponding doses, suggesting the relatively short t1/2 of
CD4-BFFI is likely related to the binding to CD4.

Short t1/2 has been reported for another anti-CD4 mAb,
TRX1, a CD4 non-depleting mAb (12, 17). It was hypothe-
sized that the short t1/2 for TRX1 was due to its induction of
CD4 internalization as the free and total CD4 were reduced
following TRX1 administration in humans (9, 12). Following
administration of CD4-BFFI, only the free CD4 was reduced
and the total CD4 was maintained and stayed above the
predose level, suggesting that the short t1/2 of CD4-BFFI was
not due to the induction of the internalization and degradation
of CD4-BFFI and CD4 complex. Instead, the short t1/2 is likely
due to the normal internalization and catabolism of CD4
receptor, enhancement of CD4 synthesis, or trafficking.

Development of a TMDD model allowed us to further
examine the PK/PD of CD4-BFFI. It has been shown that
CD4 has slow endocytosis and turnover in lymphocytes (18).
As the estimated Kint from the TMDD modeling was slightly
less than the estimated Kdeg, indicating CD4-BFFI did not
stimulate CD4 internalization. Instead the mAb followed the
normal turnover rate of the CD4 receptor. In vitro receptor
internalization results are consistent with the in vivo modeling
results. Binding of CD4-BFFI to CD4 did not cause internal-
ization of CD4 in human PBMCs in vitro for 24 h in our in vitro
internalization assay. As a comparison, Ng et al. (12) observed
that TRX1 induced CD4 internalization in 30 min after
incubation with T cells in vitro . Another possibility is that an
increase of cell surface CD4, which can be achieved by in-
creasing the de novo synthesis or trafficking, may contribute to
the short t1/2 for CD4-BFFI. This modeling showed that the
TMDDmodeling is a useful tool to quantitatively examine the
observed results under different assumptions.

Simulated Human PK Supports CD4-BFFI
as a Promising Anti-HIV-1 Agent

To assess the feasibility of development of CD4-BFFI as a new
therapeutic for treating HIV-1 patients, we simulated its human
PK following SC administration based on model parameters
from the two-compartment Michaelis-Menton PK modeling
coupling using allometric scaling. The SC route is considered
as themost likely route to dose protein drug in clinical settings. It
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has been reported in the literature that allometry is a useful
approach to simulate human PK for therapeutic mAbs (15, 16,
19). We used allometric scaling approach based on monkey PK
data with exponent of 0.85 for clearance and exponent of 1 for
volume of distribution. This approach was supported by several
studies reporting a better prediction of human PK based on
monkey PK data and an allometric scaling exponent of 0.85 for
clearance than other scaling approaches (14, 20–22). Although
two-compartment allometry approach has been used success-
fully in prediction of human PK for mAb with nonlinear PK
when the plasma concentrations were greater than the Km, it
tends to overestimate the human plasma concentration when
the human plasma concentrations were less than the Km (19).
Recently Luu et al. (23) described a TMDD allometry method
that successfully predicted the human concentration-time pro-
file for a mAb. In this method, the PK parameters such as
distribution rate constants in the TMDDmodel were predicted
using allometry, the receptor related parameters in the TMDD
model were from the observed in vitro values, and the receptor
concentration was from monkey. In the present work, the
predicted human PK was similar using both methods,
supporting CD4-BFFI can be used as a viable agent HIV-1
treatment. A number of therapeutic mAbs bind both human
and primate antigens, but not the homologous murine antigens.
Therefore, allometric scaling based on primate PK alone could
provide the most relevant information for the prediction of
human PK of humanized antibodies.

The projected the human terminal half-life to be 30–90 h
at 3 mg/kg of doses. These values are comparable or longer
than the human t1/2 for a related CD4 antibody, TNX 355,
whose human t1/2 was 8 h at 1 mg/kg and 29 h at 10 mg/kg
(9). As compared to the current 90 mg twice daily dose
regimen for fusion inhibitor enfuvirtide (1–4), CD4-BFFI will
clearly provide significant advantages for its enhanced effica-
cy, better compliance, and higher hurdle of drug resistance.

Receptor expression levels are known to be different be-
tween healthy volunteers and HIV-1-infected patients. It has
been reported that HIV-1 infection down-regulates CD4,
most likely through HIV-1 virulence factor nef. HIV-1 nef-
induced CD4 down regulation probably via two mechanisms:
accelerated endocytosis and degradation, and direct routing
from the Golgi apparatus to the endocytic pathway (24–26).
HIV-1 nef also induce MHC-I endocytosis and degradation,
possibly as a mechanism of immune evasion through reduced
viral antigen presentation and recognition by effector immune
cells (27). The fact that CD4-BFFI do not interfere with the T
cell receptor coreceptor function of CD4 (8, 28) and increase
total CD4 density on lymphocytes may help combat the nef-
mediated negative immunomodulatory effects. HIV-1-
infected patients will lose both CD4 expression and CD4 T
cells. During early stage infection only moderate reduction of
CD4 counts is observed, AIDS (acquired immunodeficiency
syndrome) patients are accompanied with a rapid and steady

decline of CD4 T cell counts to ≤200 cells/μL, ≥80% lower
than the normal baseline level (29). The reduced CD4 target
in HIV-1 chronically infected especially late stage AIDS pa-
tients will likely result in reduced target-mediated clearance of
the CD4-BFFI; therefore, these patients may need lower doses
or less frequent dosing than the projected human doses.

In summary, CD4-BFFI exhibited nonlinear PK in mon-
keys in the dose range of 1 to 10 mg/kg following IV admin-
istration with a t1/2 of 35 to 50 h. Its exposure reduced after
multiple doses, likely due to the formation of ADAs in mon-
keys. Unlike other anti-CD4 antibody TRX1, CD4-BFFI did
not induce internalization and degradation after binding to
CD4. Based on the monkey PK results and in vitro antiviral
potency, CD4-BFFI may be efficacious in HIV-1 infected
patients at 3 mg/kg using a weekly or bi-weekly dosing sched-
ule. Therefore, the present study supports continuous devel-
opment of CD4-BFFI as a new therapeutics for the treatment
of HIV-1 infections.
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