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Purpose. TRX1 is a nondepleting anti-CD4 monoclonal IgG1 antibody being developed to induce

tolerance by blocking CD4-mediated functions. The purpose of this study is to describe the

pharmacokinetics (PK) and pharmacodynamics (PD) of TRX1 and to develop a receptor-mediated

PK/PD model that characterizes the relationships between serum TRX1 concentration and total and free

CD4 expression in healthy male volunteers.

Methods. Nine subjects from three dosing cohorts in double-blinded, placebo-controlled phase I clinical

study was included in the analysis. Serum TRX1 levels were determined using enzyme-linked

immunosorbent assay. Blood total and free CD4 receptor levels were determined by using flow

cytometric analyses. The receptor-mediated PK/PD model was developed to describe the dynamic

interaction of TRX1 binding with CD4 receptors.

Results and Conclusions. TRX1 displayed nonlinear pharmacokinetic behavior and the CD4 receptors

on T cells were saturated and down-modulated following treatment with TRX1. Results from in vitro

studies using purified human T cells suggested that CD4-mediated internalization may constitute one

pathway by which CD4 is down-modulated and TRX1 is cleared in vivo. The developed receptor-

mediated PK/PD model adequately described the data. This PK/PD model was used to simulate PK/PD

time profiles after different dosing regimens to help guide the dose selection in future clinical studies.

KEY WORDS: monoclonal antibody; pharmacokinetics/pharmacodynamics; mechanism-based model;
human; T cells; tolerance.

INTRODUCTION

CD4+ T cells are key mediators in the initiation and
perpetuation of both normal and pathogenic immune re-
sponses directed against self-antigens, which can contribute
to autoimmune diseases and organ rejection in transplanta-
tion. Anti-CD4 antibodies have been consistently shown to
induce durable, antigen-specific tolerance to soluble proteins
(1,2) and tissue organ transplants (3,4), and to reestablish self-
tolerance in rodent model of autoimmune disease (5,6).
However, successfully transferring these positive results from
rodent models into the clinical setting has met with dis-
appointing results. Over the past several years, several
different anti-CD antibodies have been evaluated in clinical
studies encompassing a wide range of indication including
rheumatoid arthritis (7Y9), multiple sclerosis (10Y12), psoriasis
(13,14), transplant, Crohn`s disease (15,16), and asthma (17).
However, the therapeutic effectiveness of these antibodies
was modest at best, of short duration, and most likely the

consequence of transient immunosuppression. Failure of these
anti-CD4 antibodies to produce durable and robust response
may be attributed to factors relating to both antibody
properties and dose. For example, early clinical studies used
murine and chimeric anti-CD4 antibodies that were highly
immunogenic, and therefore elicited neutralizing human
antimouse antibody and antichimeric antibody response that
led to the rapid clearance of these anti-CD4 antibodies
(10,17,18). Furthermore, many anti-CD4 antibodies used in
previous clinical studies depleted CD4+ T cells, and failed
to recognize the advantages of nondepleting anti-CD4
antibodies because the major regulatory T-cell population
mediated tolerance is CD4 itself (19,20). In addition, the dose
of anti-CD4 antibodies used in most clinical studies, although
sufficient to induce varying degrees of immunosuppression,
may be too low to induce long-term immunological tolerance
because of adverse side effects or the T-cell-depleting nature
of these antibodies.

To overcome these potential limitations, a novel human-
ized anti-CD4 monoclonal IgG1. antibody was developed to
reduce immunogenicity. In addition, one of the amino acid in
the Fc region of the heavy chain was modified to reduce FcR
interactions and complement binding in order to avert CD4
depletion and infusion reactions. In nonhuman primates, it
was demonstrated that a short course of high-dose TRX1
induced a long-term, antigen-specific tolerance to foreign
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antigens without compromising normal immune function or
depleting CD4 lymphocytes (21).

In this report we describe the pharmacokinetic (PK) and
pharmacodynamic (PD) profiles of the anti-CD4 antibody
TRX1 in normal human volunteers and show that anti-CD4
antibody TRX1 clearance is likely mediated in part by cel-
lular binding and internalization. Furthermore, PK/PD data
from the phase I study was used to develop a mechanism-
based PK/PD model to describe the receptor-mediated drug
disposition of TRX1 and its modulatory effect on CD4
receptors. This model was also utilized to simulate the PK/
PD time profiles following different dosing regimens to help
guide dose selection for future clinical studies.

MATERIALS AND METHODS

Antibody

TRX1 is a humanized monoclonal antibody with a
molecular weight of 150 kDa, and composed of two identical
heavy chains (composed of 44 amino acids each) and two
identical light chains (composed of 218 amino acids each),
each held together by disulfide bonds. The antibody was
formulated for an intravenous infusion at 5.49 mg mLj1 in
20 mM histidine and was supplied in 5-mL glass vials with
silicone polymerized butyl rubber stoppers and aluminum
crimp seals.

Clinical Study Design

The phase I study was a single-center, double-blind,
randomized, placebo-controlled study to investigate the
safety, tolerability, PK, and PD of single rising doses of
TRX1. The study was conducted at Quintiles Drug Metab-
olism and Pharmacokinetics Unit in Edinburgh, UK. Four
healthy male subjects (per dose group) received a single
2-h intravenous infusion of TRX1 at the dose levels of 1, 5,
and 10 mg kgj1. Within each dose group, three subjects were
randomized to receive TRX1 and one subject to receive
placebo. The study was approved by the institutional review
board; all subjects gave written informed consent for their
participation in the study. A total of 12 subjects were enrolled
in the study. Summary statistics of subject demographic details
by treatment are shown in Table I. PK blood samples were
collected at day 0 preinfusion, 0.5, 1, 2, 3, 5, 6, 8, 12, 24 h (day
1), 48 (day 2) and 72 h (day 3) after commencement of infusion,

days 5, 7, 10, 15, 22, and 29, and every 2 weeks thereafter until
CD4 levels returned to baseline. PD blood samples (5 mL)
were collected from all the patients at the following times to
measure total and free CD4 receptors: screening, day 1
(admission), day 0 preinfusion, 3, 12, 24 h (day 2), 48 h (day
3), and 72 h (day 3) after commencement of infusion, days
5, 7, 10, 15, 22, and 29, and thereafter every 2 weeks until
TRX1 binding to lymphocytes was no longer detectable.

Analytical Methods

PK assay: Blood samples were drawn either by direct veni-
puncture or via an intravenous catheter and collected into
plain vacutainers without anticoagulant. Samples were allowed
to stand for 60 min to allow the clot to retract, and then
centrifuged at 2500 rpm for 10 min at room temperature. The
resulting serum was stored at j70-C until further analysis.
Serum levels of TRX1 were determined using an enzyme-
linked immunosorbent assay (ELISA). The assay was validat-
ed over the concentration range of 156Y10,000 ng mLj1 TRX1
with precision ranging from 5.98 to 24.2%.

PD assay: Blood samples were collected into sodium heparin
vacutainers and stored at ambient temperatures of 18Y22-C.
The samples were analyzed by flow cytometry using FACS-
Calibur 4-color Analyzer (Becton Dickinson, Cowley, UK).
One hundred microliters of blood was added to a tube
(12 � 75 mm) containing 1 2g per stain of primary antibodies,
i.e., CD8-FITC, CD4-PE, CD3-PerCP, CD45RA. Contents
in the tube were mixed well and incubated in the dark at
room temperature for 20 min, after which 2 mL of lysis
reagent was added. Each tube was vortexed and incubated
in the dark at room temperature for 10 min. The tubes were
centrifuged for 5 min at 200 � g and the supernatant
removed. The cells were then fixed by adding 0.5 mL of 1%
paraformaldehyde and the tubes were stored until analysis
(2Y4 h) at 4-C.

The saturation of CD4+ lymphocytes and monocytes was
monitored by staining blood samples with TRX-1 biotin
followed by fluorescein isothiocyanate (FITC)Ystreptavidin
to detect free CD4 sites on cells. T lymphocytes and
monocytes were identified by staining with CD3 and CD14,
respectively. Coating of CD4 by TRX1 was detected in a
separate tube by staining with F(ab0)2 fragment of goat
antihuman IgGYbiotin, followed by FITCYstreptavidin. Data
were reported as percent TRX1Ybiotin stained CD3(+) and

Table I. Summary of Subject Demographic Characteristics

TRX1

Parameters 1 mg kgj1 (n = 3) 5 mg kgj1 (n = 3) 10 mg kgj1 (n = 3) Placebo (n = 3)

Age (years) 27.0 (27Y27) 25.7 (23Y30) 41.7 (39Y43) 30.0 (23Y37)

Weight (kg) 80.0 (67 Y99) 79.9 (76Y87) 90.8 (84Y99) 85.7 (85Y87)

BMI (kg mj2) 23.3 (22Y26) 24.3 (23Y26) 28.3 (26Y30) 25.7 (25Y26)

Race

White 1 3 2 3

Africa America 1 0 0 0

Others 1 0 1 0

Values indicate mean (range).
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CD14(+) cells and percent antihuman IgG stained CD3(+)
and CD14(+) cells. Mean channel fluorescence (MCF) was
reported for each population as well.

Isolation of Human T Cells

Human T cells were isolated from 100 mL of anonymous
whole donor blood using T-cell Negative Isolation Kit (22)
(Dynal Biotech, Lake Success, NY, USA). Lymphocytes
were separated from whole blood using the Ficoll gradient
method (ICN Pharmaceuticals Biochemicals Division, Auro-
ra, OH, USA). The isolated lymphocytes were then sus-
pended in 20 mL of complete media (RPMI 1640, 10% fetal
bovine serum, 1% glutamine, 1% penicillin/streptomycin,
and 1% sodium pyruvate) in a tissue culture flask and placed
in a humidified 37-C tissue incubator for 1 h to allow
monocytes and macrophages to attach. Following incubation,
the unattached cells were removed from the flasks and
resuspended at 107 cells per 200 2l of PBS containing 0.1%
bovine serum albumin. Twenty microliters of fetal bovine
serum per 107 cells was added, followed by the addition of
20 2l of Antibody Mix (Dynal Biotech) for 10 min at 4-C.
Excess antibody was washed out, and T cells were negatively
separated followed by exposure to a magnetic source.
Recovered T cells were greater than 97% in purity, as
determined by flow cytometry using FITC-conjugated anti-
CD3 monoclonal antibody (data not shown).

Wide-Field Fluorescent Microscopy

Human T cells were incubated with TRX1-488 at a ratio
of 106 cells per 1 2g of antibody in 200 2l of PBS for 30 min at
4-C. The cells were washed and then incubated in the same
volume with 1 2g of antihuman IgG for an additional 30 min
at 4-C. Cells were then washed and incubated at 37-C for a
range of time points. At the conclusion of each incubation
time point, cells were placed on ice. At the conclusion of all
time points, cells were incubated with 5 2M DiI for 5 min at
37-C or 50 nM LysoTracker Red for 30 min at 37-C to label
the lysosomes (Molecular Probe, Eugene, OR, USA). In
addition, cells were incubated for 5 min with 100 nM Hoechst
33342 (Calbiochem, Bad Soden, Germany) at 37-C to label
the nucleus. Labeled cells were then attached to poly[L]
lysine-coated plates and assessed for TRX1-488 antibody
internalization and subcellular localization using wide-field
fluorescent microscopy (22).

Data Analysis

Pharmacokinetic Variables

PK parameters of TRX1 were initially estimated by
noncompartmental methods using WinNonlin Pro software,
Version 3.1 (Pharsight Corporation, Mountain View, CA,
USA). Maximum concentration (Cmax) and time to Cmax

(Tmax) were the observed values. Area under the plasma
concentrationYtime curve from zero to last observable time
(AUClast) was estimated using the trapezoidal rule. Terminal
half-life (t1/2) was calculated using the terminal linear portion
of the log concentrationYtime curve.

Pharmacodynamic Variables

The pharmacodynamic parameters, free CD4, and total
CD4 sites were calculated for each subject at each time point.
The PD parameters are represented as a ratio from baseline
(using the average of PD estimates at screening, day j1, and
day 0 preinfusion).

PK/PD Model

A receptor-mediated pharmacokinetic (PK)/pharmaco-
dynamic (PD) model (23,24) characterizing the relationship
between serum TRX1 concentration and total and free CD4
expression was developed (Fig. 1) and simultaneously fitted
to both sets of PK/PD data. Drug in the plasma or central
compartment was assumed to be eliminated by both nonspe-
cific elimination (Kel) and specific receptor-mediated endo-
cytosis. Receptor-mediated endocytosis was modeled as an
interaction with free CD4 receptor (Rf) to form a drug-
receptor complex (XR) via reversible (Kon and Koff) binding,
followed by cellular internalization (Kint). A tissue compart-
ment with linear first-order distribution processes (Kct and
Ktc) was used to account for nonspecific drug binding or
distribution.

The differential equations used to describe the PK/PD
model (Fig. 1) of TRX1 are as follows:

dXc

dt
¼ R0� Kel þ Kctð ÞXc þ KtcXt � Kon

Xc

Vc

Rf�Koff XR

� �
Vc

ð1Þ

dXt

dt
¼ KctXc � KtcXt ð2Þ

dRf

dt
¼ Ksyn�KdegRf�Kon

Xc

Vc

Rf þ Koff XR ð3Þ

dXR

dt
¼ Kon

Xc

Vc

Rf � Koff XR � KintXR ð4Þ

where Xc and Xt are the amount of free TRX1 in central and
tissue compartment, respectively; Rf and XR are the free CD4
and TRX1YCD4 complex concentrations, respectively; Ktc

and Kct are the first-order distribution rate constants; Kel is
the first-order nonspecific elimination rate constant from the

Fig. 1. Schematic representation of mechanism-based PK/PD model

of TRX1.
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central compartment; Vc is the volume of distribution of TRX1
in the central compartment; Ksyn and Kdeg are the zero-order
synthesis rate and first-order elimination rate constants of
free CD4 receptor, respectively; Kon and Koff are the
association and dissociation rate constants for TRX1YCD4
binding, respectively; and Kint is the first-order internaliza-
tion/degradation rate constant of CD4 receptor complex.
SCL is the conversion factor to convert the fluorescent inten-
sity value of free and total CD4 to concentration (nM).

This model was simultaneously fitted to the individual
TRX1 concentration data, the total CD4 expression, and the
free CD4 receptor sites by use of an iterative two-stage
modeling approach (25) implemented in S-ADAPT II
program, an augmented version of ADAPT II with popu-
lation analysis capabilities (26,27). The intersubject varia-
bility was assumed to be log normally distributed and was
fitted by use of an exponential model. A proportional error
model was used to describe the intrasubject variability. With
the assumption that the PK/PD system will remain constant
after continuous exposure, the final model was then used
to simulate the PK/PD profiles of the different multiple dos-
ing regimens. The dose levels of TRX1 simulated were 1,
2, 3, 4, and 5 mg kgj1 i.v. infusion over 2 h on days 0, 4, 9,
and 13.

RESULTS

In the study, TRX1 seemed to be well tolerated by the
subjects, and first dose side effects, such as fevers, chills, and
hypotension, were not observed. The 10 mg kgj1 dose group
of TRX1 was associated with pruritic rashes in two out of
three subjects. Both subjects were prescribed oral antihista-
mine. In both cases, the rashes were resolved completely.
TRX1 did not deplete the total lymphocyte counts (Fig. 2).
The pharmacokinetic parameters of TRX1 profiles (Fig. 3AYC),
estimated using noncompartmental analyses, are shown in
Table II. Serum TRX1 concentrations declined with a mean
apparent terminal half-life of approximately 0.77 to 2.55 days
over the dose range of 1Y10 mg kgj1. Following a single
intravenous infusion of TRX1 administered over 2 h to healthy
young subjects, Cmax increased in a dose-proportional manner.

However, the extent of systemic exposure, AUC0�1; increased
in a greater than dose-proportional manner for TRX1 (i.e.,
dose-dependent kinetics) over the dose range 1Y10 mg kgj1,
suggesting the nonlinearity of TRX1 pharmacokinetics. Serum
TRX1 concentrations were below the limit of quantification of
the assay in the three subjects following 1, 5, and 10 mg kgj1

TRX1 by days 5, 15, and 29, respectively.
The CD4 receptor levels were saturated by more than

90% relative to placebo and the duration of maximal effect
lasted from 3 h post-TRX1 administration up to 3, 10, and 15
days, following the administration of 1, 5, and 10 mg kgj1

TRX1, respectively (Fig. 3AYC). The levels of total CD4Fig. 2. Total lymphocyte countsYtime profiles.

Fig. 3. Model fit of representative PK/PD profiles: (A) 1 mg kgj1,

(B) 5 mg kgj1, (C) 10 mg kgj1.
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were reduced by more than 70% relative to placebo, and the
duration of maximal effect and the start of the return to
baseline levels at each dose level for total CD4 were similar
to that of free CD4, with the exception of onset of maximal
effect being 12 h post-TRX1 administration. Furthermore,
the duration of maximum coating and down-modulation of
CD4 receptors increased with increasing dose (Fig. 3AYC).

Wide-field fluorescent microscopy was used to assess the
TRX1-induced internalization of CD4 and subcellular local-
ization of T cell internalized TRX1 antibody in isolated
human T cells. At time 0, TRX1-488 was localized to the
plasma membrane (left panel, Fig. 4A). The internalization
of TRX1-488 was observed as early as 15 min, and at 30 min,
most of the TRX1-488 located on the plasma membrane was
internalized, as there was noticeably less antibody associated
with the plasma membrane relative to time 0. Aliquots of
these cells incubated in the presence of TRX1-488 for 30 min
at 37-C were labeled with LysoTracker Red and Hoechst

33342 to determine whether the internalized antibody is
located within the lysosome. Results from this analysis are
presented in Fig. 4B. The left panel represents the internal-
ization of TRX1-488 by purified human T cells. The center
panel shows the subcellular location of lysosomes in these
cells, whereas the right panel shows the merged image of left
and center panels, suggesting that the internalized TRX1-488
is located within the lysosomes.

A fully integrated mechanism-based PK/PD model was
developed to describe the serum TRX1 and free and total
CD 4 receptor time profiles in human subjects (Fig. 1). The
nonlinear pharmacokinetic behavior of TRX1 was assumed
to be primarily due to binding of the drug to the CD4
receptors. Figure 3AYC represents the model fitted TRX1
serum concentration, free CD4 sites, and the total CD4
expression data from phase I for subjects 3, 4, and 9,
respectively. As shown in Fig. 3AYC, the model fitted the
data reasonably well and helped explain the receptor-

Table II. Noncompartmental Pharmacokinetic Parameters of TRX1 Administered as Single Intravenous Infusions at Dose Levels

of 1, 5, and 10 mg kgj1

Parameters Group 1 (1 mg kgj1) Group 2 (5 mg kgj1) Group 3 (10 mg kgj1)

Cmax (2g mLj1) 22.8 T 3.9 104.7 T 8.5 228.5 T 17.4

AUC0-1 (2g day mLj1) 26.8 T 1.7 449.8 T 155.7 1285.3 T 105.9

CL (mL dayj1 kgj1) 37.4 T 2.4 12.0 T 3.7 7.8 T 0.6

Terminal t1/2 (day) 0.77 T 0.14 2.55 T 0.89 2.00 T 0.20

Mean T SD (n = 3).

Fig. 4. Internalization and subcellular localization of TRX1. Wide-field fluorescent microscopy of

purified human T cells incubated with TRX1 antibody conjugated to AlexaFluor 488 (green). (A) Cells

were incubated with TRX1-488 and labeled with plasma membrane marker DiI (red) and cytoplasmic

marker Hoechst 33342 (blue). The left, center, and right panels represent the internalization of TRX1-

488 for 0, 15, and 30 min, respectively. (B) Cells were incubated with TRX1-488 for 30 min and then

labeled with lysosome marker LysoTracker Red (red) and Hoechst 33342 (blue). The left panel shows

the location of TRX1-488, the center panel shows the location of LysoTracker Red, and the right panel

is the merged image of left and center panels.
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mediated drug disposition for TRX1 and its effect on CD4
receptors in humans. The residuals were well distributed and
there was no systematic bias identified in the goodness-of-fit
plots (Fig. 5A and B). In addition, the % CV values
calculated for the model parameter estimates were relatively
low and indicative of a good model fit (Table III). The
equilibrium dissociation constant Kd, calculated as the ratio
of Koff and Kon, was estimated to be 19.38 nM, which
indicates a high affinity of the antibody to the CD4 receptors.

The PK/PD model was utilized to simulate the data for a
multiple dose regimen of TRX1 at various dose levels to help

guide the dose selection process for future clinical studies.
Simulated profiles were obtained for dosing regimens of 1, 2,
3, 4, and 5 mg kgj1 i.v. infused over 2 h on days 0, 4, 9, and 13
(Fig. 6). Figure 6A and B represents the simulated plasma
concentration profiles for TRX1 and free CD4 receptor sites,
respectively, at different dosing regimens. Based on the
analysis of preclinical efficacy model, it is assumed that the
reduction in free CD4 receptor levels could be utilized as a
possible marker to aid in dose selection for future clinical
doses (21). The CD4 levels at the 1 mg kgj1 dose level
recovered to greater than 50% of baseline before the second
and third doses, and greater than 35% before the fourth dose
(Fig. 6B). However, as evident in Fig. 6B, free CD4 receptors
were persistently below set target of 20% up to 24, 31, 36,
and 40 days at the 2, 3, 4, and 5 mg kgj1 level.

Figure 7 represents the percentage of contribution of
receptor-mediated clearance of TRX1 at various dose levels.
It is evident that at lower dose levels the clearance
mechanism due to receptor-mediated endocytosis contribut-
ed more toward the elimination of the drug than at the higher
dose levels because of the saturation of the receptor at higher
doses. The contribution of the receptor-mediated clearance
ranged from 58.5 to 94.4% at various dose levels.

Table III. PK/PD Parameters Estimates from the Model

Parameter Model estimates (% CV)

Kel (dayj1) 0.078 (21.4)

Kct (dayj1) 0.649 (15.9)

Ktc (dayj1) 0.874 (24.9)

Vc (ml kgj1) 41.7 (3.3)

Kdeg (dayj1) 0.694 (5.5)

Kon (nM dayj1) 0.753 (16.1)

Koff (dayj1) 14.6 (18.5)

Kint (dayj1) 3.93 (7.3)

SCL (nM %j1) 0.549 (6.7)

Fig. 6. Simulated (A) TRX-1 and (B) free CD4 receptor time

profiles of different dosing regimens (1, 2, 3, 4, and 5 mg kgj1 i.v.

infusion over 2 h on days 0, 4, 9, and 13).

Fig. 5. Goodness-of-fit plot: (A) individual weighted residual vs.

individual predicted TRX1, and free and total CD4 receptors; (B)

individual observed vs. individual predicted TRX1, and free and total

CD4 receptors.
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DISCUSSION

TRX1, an anti-CD4 monoclonal IgG1 antibody, is
currently being developed to induce tolerance against
foreign proteins, biologic therapeutics, allograft-transplanted
organs, and ultimately to self-antigens in autoimmune set-
tings by blocking CD4-mediated functions. In this first
human trial of TRX1, pharmacokinetics and pharmaco-
dynamics were investigated after a single intravenous infu-
sion (1Y10 mg kgj1) in healthy normal volunteers. The convex
shape of the serum concentrationYtime profiles, and greater
than dose-proportional increase in systemic exposure
(AUC0�1) from a dose range 1Y10 mg kgj1 suggested that
TRX1 pharmacokinetics in humans is nonlinear. Although
TRX1 does not affect the number of circulating T cells
(Fig. 2), it does coat and down-modulate the CD4 receptors
in a dose- and concentration-dependent manner. Coating
and down-modulation of the CD4 antigen by TRX1 were
evident in all dose groups studied. The duration of maximum
coating and down-modulation of CD4 receptors increased
with increasing dose from 1 to 10 mg kgj1. Overall, the phar-
macokinetic and pharmacodynamic profiles of TRX1 sug-
gested that receptor-mediated clearance of TRX1 may
represent one mechanism by which TRX1 is cleared, and C-
D4 receptor was saturated and down-modulated after TRX1
treatment in human subjects. In general, majority of the anti-
bodies that modulate the cell surface antigen expression do so
through a process similar to receptor-mediated endocytosis of
the entire immunocomplex, where the antibody and antigen
enter common or distinct pathways for recycling and/or deg-
radation (28). A recent study using human T cells as a model
to study the cellular uptake and clearance of efalizumab sug-
gested that this anti-CD11a monoclonal IgG1 antibody is
internalized by purified T cells. This CD11a-mediated inte-
rnalization constitutes one important pathway by which efa-
lizumab is cleared in human (22). Therefore, it is possible
that the receptor-mediated clearance of TRX1 and CD4 re-
ceptor saturation and down-modulation observed in this
study may be mediated by cellular internalization of the
TRX1YCD4 receptor complex. Using the purified human
T-cell model, we showed that TRX1 was internalized in vitro

by human T cells. In addition, the internalized TRX1 was

found in subcellular organelles that stained positive for
LysoTracker, the fluorescent marker for lysosomes. These
results suggested that CD4-mediated internalization and
lysosomal targeting of TRX1 may be one pathway by which
this antibody is cleared in human.

The findings from the in vitro study were then used to
develop a mechanism-based PK/PD model that describes the
PK/PD behavior of TRX1 after the i.v. infusion of various
dose levels in human subjects. The proposed model described
the relationship between serum TRX1 concentration and
total and free CD4 reasonably well. The final estimated value
of Vc (41.7 mL kgj1) closely resembles the plasma volume in
humans (f42.8 mL kgj1) (29), as is expected for a high
molecular weight protein and was consistent with the values
reported for other monoclonal IgG1 antibodies (30,31). The
elimination rate constant (Kel) is 0.078 daysj1, and represents
the elimination of TRX1 from the central compartment in the
absence of receptor-mediated endocytosis. Therefore, the
theoretical � phase elimination half-life in the absence of
receptor-mediated endocytosis can be calculated using the
following equation:

t
1=2� ¼ 2*0:693=

�
Ktc þKct þKelð Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ktc þKct þKelð Þ2 � 4KtcKel

q �
¼ 15:9 days

This value falls within the range of 15Y21 days of the " phase
half-life of natural IgG in human (32). The TRX1YCD4
dissociation rate constant, Kd, calculated as the ratio of the
model estimated Koff and Kon values, is estimated as 19.38 nM.
This finding is different than the Kd values of 0.6 T 0.3 nM
obtained from in vitro studies (unpublished data; TolerRx, Inc.).
One possible reason for the difference is that the Kd value
estimated from the model reflects the binding affinity in a Breal-
time’’ clinical setting (i.e., within an open and dynamic
biological system with disposition pathways for free TRX1,
free CD4, and TRX1YCD4 complexes), whereas the Kd values
estimated by in vitro binding studies were performed under
closed microsystem with controlled experimental conditions.

The model takes into account the receptor-mediated
endocytosis and nonspecific mechanism of elimination as the
elimination pathway of TRX1. Therefore, the total systemic
clearance of the TRX1 (CLtotal) can be calculated as follows
(24):

CLtotal ¼ KelVc þ Rtotal�DRð ÞVc
Kint

Kint þ Koff

� �

where Rtotal is the amount of total CD4 receptors. When the
TRX1 concentration is very high, DR Y Rtotal and CLtotal

was reduced to KelVc, which is a clearance due to nonspecific
elimination pathways. Likewise, when the TRX1 concentra-
tions is very low compared to amount of total CD4 receptors,
DR Y 0, and the CLtotal becomes:

CLtotal ¼ KelVc þ KonRtotalVc
Kint

Kint þ Koff

� �

Therefore, it is expected that at a very high TRX1 con-
centration in patients who receive large doses, the receptor-

Fig. 7. Simulated percentage of total TRX1 elimination due to

receptor-mediated clearance at various dose levels.
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mediated elimination of TRX1 will become less significant,
and the elimination of TRX1 is mainly attributable to linear
nonspecific elimination pathways. Therefore, the contribu-
tion of CD4 receptor-mediated pathways on TRX1 elimina-
tion should decrease as the dose increases. This was
confirmed by comparing the values of KelVc obtained from
the model to the clearance obtained from the noncompart-
mental analysis of i.v. single-dose data. The contribution of
the nonspecific mechanism of elimination, Kel, was thus
calculated to be 8.6, 27.1, and 41.7% of the clearance values
at 1, 5, and 10 mg kgj1 dose levels, respectively; this finding
was further supported by using the simulation study. Figure 7
represents the simulated percentage of eliminated drug due
to receptor-mediated clearance mechanisms after a single
dose administration. The values obtained for the contribution
of the nonspecific clearance of TRX1 are similar to the ones
obtained as a ratio of KelVc and total clearance. It is evi-
dent that Kel does not represent a significant mechanism
of elimination until higher i.v. doses (5 mg kgj1) are
administered. This can be explained by the hypothesis that
receptor-mediated elimination pathway is saturated at higher
doses and the contribution of receptor-mediated endocytosis
decreases as dose increases.

TRX1 is currently in development for induction of
tolerance in autoimmune diseases and organ transplants.
Results from the preclinical and phase I studies with TRX1
were promising and indicated that the free CD4 levels could
be reduced below 20% baseline up to a period of 15 days at
the highest dose level. To achieve reduction in free CD4
levels for an extended period of time, a regimen of multiple
i.v. infusions could be further administered. However, the
determination of the number and optimal schedule of
infusions in human population is associated with a financial
and time constraint. Therefore a PK/PD model explaining
the disposition of drug in relation to the expression of free
receptor sites would lend an understanding in the feasibility
and design of a rational clinical study. In this study we have
developed an integrated PK/PD model to characterize the i.v.
dosing of TRX1 at various dose levels in humans. The
developed model described the serum TRX1 and free and
total CD4 receptor time profiles reasonably well. The
developed PK/PD model was used to simulate PK/PD time
profiles after different dosing regimens to guide dose
selection in future clinical studies.
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