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Background: Receptor occupancy, or saturation, assays are often utilized in preclinical and clinical
development programs to evaluate the binding of a biologic to a cellular target. These assays provide
critical information regarding the dose of drug required to “saturate” the target as well as important
pharmacodymamic (PD) data. A flow cytometric method was developed to measure the degree of Sema-
phorin 4D (SEMA4D; CD100) saturation by VX15/2303, an investigational monoclonal antibody specific
for SEMA4D.

Methods: The assay detects VX15/2503, a human IgG4 specific for SEMA4D, with an IgG4-specific
monoclonal antibody.

Results: Data generated allowed assessment of two related SEMA4D-specific pharmacodynamic (PD)
markers: (1) The measurement of cellular SEMA4D (cSEMA4D) saturation by VX15/2503, and (2) the
cell membrane expression levels of cSEMA4D.

Conclusions: This assay specifically and reproducibly measured cSEMA4D saturation and expression
levels. Evaluation of the SEMA4D-specific PD markers were critical in determining the clinical saturation
threshold of cSEMA4D by VX15/2503. VC 2015 The Authors Cytometry Part B: Clinical Cytometry Published by Wiley

Periodicals, Inc.
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Semaphorins consist of a family of soluble and trans-
membrane proteins, which function in axonal-guidance,
immune cell regulation, vascular growth, and tumor pro-
gression (1–3). They guide migration (4–6) and cytos-
keletal changes in endothelial, immune, and tumor cells
within the tumor microenvironment (TME). Semaphorin
4D (SEMA4D; CD100) contains a large N-terminal propel-
ler ‘‘sema’’ domain followed by an Ig-like domain, a lysine-
rich domain, a transmembrane domain, and a cytoplasmic
tail with consensus tyrosine and serine phosphorylation
sites. SEMA4D functions both as a receptor, which signals
through its cytoplasmic domain, and as a ligand (7).
When activated, the cellular form of the molecule (cSE-
MA4D) is released from the cell surface via proteolytic
cleavage to generate a physiologically active, soluble form
of the protein (sSEMA4D) (8,9).

A strong rationale exists for targeting SEMA4D in the
treatment of solid tumors. SEMA4D is over-expressed in
head and neck, prostate, colon, breast, and lung can-
cers; moreover, elevated expression correlates with inva-
sive disease and poor prognosis in human disease
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(10–12). Expression of SEMA4D at the invasive tumor
edge creates a barrier to immune infiltration and
antibody-mediated SEMA4D blockade effectively facili-
tates access and amplification of anti-tumorigenic
immune activity within the tumor. In murine models,
anti-SEMA4D-mediated tumor rejection, and increased
efficacy of checkpoint blockade inhibitors, correspond-
ing with increased immune activity in the TME (13).

SEMA4D is also involved in CNS physiology and home-
ostasis. SEMA4D knockout mice were resistant to the
development of experimental allergic encephalomyelitis
(EAE), a murine model for multiple sclerosis (MS), due to
a reduced generation of immune response to the EAE-
inducing antigen (14). Anti-SEMA4D has been shown to
attenuate EAE in multiple rodent models (15,16). In addi-
tion to the involvement with the immune response to
CNS antigens, SEMA4D may play an important role in sev-
eral other potentially pathogenic CNS processes, includ-
ing migration of oligodendrocyte precursor cells, oligo-
dendrocyte survival (1), remyelination (16) and the
integrity of the neurovascular unit comprised of endothe-
lial cells, astrocytes and pericytes (17).

VX15/2503 is a humanized IgG4 monoclonal antibody
that binds specifically to SEMA4D and blocks the binding
of SEMA4D to its receptors, plexinB1, plexinB2, and
CD72. This biologic represents a novel therapeutic strat-
egy for cancer, as well as for MS, and other neuroinflam-
matory/neurodegenerative diseases (for review see
(11,18,19)). Although the mechanism of action differs in
each of these therapeutic indications, measurements of
the degree of cSEMA4D saturation produce important
pharmacodynamic data for each indication. An assay to
measure the saturation of cSEMA4D by VX15/2503 in
clinical whole blood samples was developed successfully
and was effectively utilized in Phase 1 clinical trials for
two therapeutic indications, oncology (Patnaik, A, et al.
manuscript accepted, Clinical Cancer Research; Clintrials.-
gov identifier NCT01313065) and multiple sclerosis (Clin-
trials.gov identifier NCT01764737; study completed).

MATERIALS AND METHODS

Reagents, Instrumentation, Software

Mouse anti-chicken IgG-Biotin (clone G-1) and mouse
anti-human IgG4-Biotin (clone HP6025) were purchased
from Southern Biotech (Birmingham, AL). Staining buffer,
anti-CD45 V500 (clone H13), anti-CD3 AF488 (clone SP34-
2), Strepavidin APC (GMP Grade), FACS Lysing Solution,
Cytofix Fixation Solution were purchased from (Becton
Dickinson, San Jose, CA). Immunol-Trol and Immunol-Trol
Low were purchased from Beckman Coulter, Brea, CA.
Human IgG4 isotype control 2269-Biotin (clone 2269), anti-
SEMA4D-Biotin (clone 2282) and the study drug, VX15/
2503, were provided by Vaccinex (Rochester, NY).

Samples were acquired on two FACSCantoTM II flow
cytometers equipped with 405 nm, 488 nm, and 633 nm
lasers from Becton Dickinson (San Jose, CA). Each instru-
ment has the same configuration and version of the operat-
ing system FACSDivaTM software 6.1.2 from Becton Dickin-

son (San Jose, CA). The instruments were cross
standardized in collaboration with BD Biosciences (20,21).
Briefly, several instruments were characterized using the
BDTM Cytometer Setup and Tracking (CS&T) beads and BD
FACSDiVaTM software. Next a virtual predicate instrument
was created using the linearity and relative SD of electronic
noise (rSDEN) baseline data from all instruments. The high-
est rSDEN values were selected for the virtual predicate
instrument. Next Application Settings were created using
2.5 3 rSDEN. After confirming that brightly stained cells
would be within the linear range of the instrument, the
brightest CS&T bead was used to create the corresponding
target channels which were saved in worksheets as Appli-
cation Settings. In order to cancel out day-to-day variations
within individual instruments, the applications settings
were updated daily based on the CS&T values. Data analysis
was conducted with FACSDivaTM software 6.1.2. Quality
control data were evaluated using Unity Real Time (URT)
from Bio-Rad Laboratories (Hercules, CA).

Samples: Peripheral whole blood sample was collected in
Cyto-Chex BCT tubes (Streck Labs, Omaha, NE). For valida-
tion, samples were obtained from healthy volunteers. Clini-
cal specimens were obtained from patients enrolled in the
first-in-human study involving VX15/2503 entitled, “Safety,
Tolerability, Pharmacokinetics and Pharmacodynamics of
VX15/2503, a Humanized IgG4 anti-SEMA4D Antibody, in a
First-In-Human Phase 1 Study of Patients with Advanced
Solid Tumors.” (Patnaik, A, et al. manuscript submitted, Clin-
ical Cancer Research). Clinical specimens were also
obtained from the Phase 1 MS study in humans involving
VX15/2503 entitled, “A Phase 1, Multicenter, Randomized,
Double-Blind, Placebo-Controlled, Ascending Single-Dose
Study of the Safety, Tolerability, and Pharmacokinetics of
Intravenous VX15/2503 in Patients with Multiple Sclerosis.”
Institutional Review Board approvals for the study proto-
cols, amendments and informed consent documents were
obtained prior to study initiation; study procedures were
conducted in accordance with the Declaration of Helsinki.

cSEMA4D Saturation Assay: Two mL of whole blood
was washed with PBS and resuspended in one mL of
staining buffer. One hundred microliters of washed
whole blood were dispensed into each of five polysty-
rene tubes and incubated with 100 mL of mAb VX15/
2503 (20 mg/mL), or 100 lL staining buffer for 30 min
at 4�C. Treated cells were then washed with staining
buffer and incubated 30 min at 4�C with either 100 mL
of mouse anti-chicken IgG biotin (10 mg/mL), 100 lL of
mouse anti-human IgG4-Biotin (10 mg/mL), 100 mL of
mAb 2269 biotin (5 mg/mL), or 100 mL of mAb 2282 bio-
tin (5 mg/mL). Samples were then washed with staining
buffer and incubated 30 min at 4�C with a cocktail con-
taining 5 mL anti-CD45 V500, 0.25 mL anti-CD3 AF488
and 20 mL Strepavidin APC. Next, samples were incu-
bated for 15 min at room temperature in 3 mL of FACS
lysing solution, washed with 2 mL PBS and resuspended
in 0.5 mL PBS and acquired on a BD FACSCanto II.

Method Validation: Samples for intra-assay impreci-
sion were created by spiking varying amounts of the
compound VX15/2503 into peripheral whole blood
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collected from each of three apparently healthy volun-
teers. The resulting samples containing low, mid and
high levels of VX15/2503 were then assayed in triplicate
in a single analytical run. For each sample and each
reportable result, the mean, SD and %CV were calcu-
lated. Inter-assay imprecision was assessed by analyzing
three replicates of Immuno-Trol and Immuno-Trol Low
(described below) in four analytical runs performed by
two technicians and distributed over each of two instru-
ments. For each sample, the mean of replicates was cal-
culated for each analytical run. The Grand Mean (mean
of the daily means), SD (of the daily means) and %CV
(of all four runs) were calculated.

Immuno-Trol reagents are commercial whole blood
products intended to deliver consistent cell populations
that can be repeatedly measured to verify reagent per-
formance as well as method performance for staining and
analysis. For QC performance monitoring during sample
analysis, the QC tubes contain all of the same reagents as
the sample tubes, except that Immuno-Trol is used as the
sample instead of whole blood. We utilize Immuno-Trol
for both method validation and QC performance monitor-
ing during sample analysis. Each product (Immuno-Trol
and Immuno-Trol Low) is manufactured to deliver a spe-
cific concentration of cells to better ascertain perform-
ance across a range of numerical values. For example, a
particular lot number of Immuno-Trol reagent may be
expected to generate a value of 46% CD41 cells. A par-
ticular lot number of Immuno-Trol Low may expect to
generate a value of 21% CD41 cells. As individual patient
samples can contain varying SEMA4D levels, the use of a
constant cell concentration can assist in ensuring the
assay is performing as expected.

For the stability evaluation, peripheral whole blood
was collected in Ethylenediaminetetraacetic acid (EDTA)
and Acid Citrate Dextrose (ACD) Vacutainer

VR

tubes (Bec-
ton-Dickinson VACUTAINER Systems, Franklin Lakes, NJ)
as well as Cyto-Chex

VR

Blood Collection Tube (BCT)
(Streck, Inc., Omaha, NE). Samples were spiked ex vivo

with 100 ng/mL of VX15/2503 and held at ambient tem-
perature (18–228C) or refrigerated (48C) for 24 h, 48 h,
72 h, and 96 h. The percent change from baseline of
the percent saturation of SEMA4D at each time point
(baseline, 24, 48, 72, 96 h) at a concentration of 100
ng/mL VX15/2503 MAb was calculated using the follow-
ing formula:

% Change 5
Time pointð Þ2 Baselineð Þ

Baseline

� �
3 100

RESULTS

cSEMA4D Saturation Assay

The cSEMA4D Saturation Assay uses a peripheral
whole blood matrix and a bound receptor design to cal-
culate receptor saturation (Figs. 1A and 1B). The bound
study drug, VX15/2503, a human IgG4 anti-SEMA4D
mAb, is detected with a fluorescently labeled anti-IgG4

monoclonal antibody. Total available receptors were
detected two ways; the first in the same manner as
above except with specimens spiked ex vivo with
super-saturating levels of study drug. An advantage of
this approach is that the bound drug and available
receptors are detected with the same reagents, thus
affinity differences and reagent competition do not con-
found the signal. In addition, a second measurement of
total receptor is generated by using a proprietary, non-
competing anti-SEMA4D mAb (clone 2282). The cSE-
MA4D saturation assay uses fewer fluorochromes and
more assay tubes to further minimize the effects of unin-
tended antibody and fluorochrome interactions. Assay
specificity is increased by subtracting the geometric
mean fluorescence intensity (GMFI) signal from control
tubes with secondary reagents alone (tube 1) from tubes
containing both primary and secondary reagents (tubes
2 and 3). T cells were selected as the cell of interest as
they express the highest levels of cSEMA4D in human
blood (unpublished results, Vaccinex).

The three reportable results generated are: (1) the
percent saturation of SEMA4D on peripheral T cells; (2)
the fold over isotype (FOI) for VX15/2503; and (3) FOI
for mAb 2282-biotin. The geometric mean fluorescence
intensity (GMFI) derived from the SA-APC FL4 for each
tube was used to calculate percent saturation and FOI
using the following equations:

Percent Saturation 5
B-Að Þ
C-Að Þ 3 100

����
����

VX15=2503 FOI 5
C

A

mAb 2282-biotin FOI 5
E

D

where:
A 5 FL4 GMFI generated from assay panel Tube 1

which represents the background signal.
B 5 FL4 GMFI generated from assay panel Tube 2

which represents the unknown sample signal.
C 5 FL4 GMFI generated from assay panel Tube 3

which represents the VX15/2503 mAb saturated (maxi-
mum) signal.

D 5 FL4 GMFI generated from assay panel Tube 4
which represents the mAb 2269 isotype.

E 5 FL4 GMFI generated from assay panel Tube 5
which represents the mAb 2282 saturated (maximum)
signal.

The assay was capable of detecting differences in
receptor saturation in whole blood “dosed” ex vivo

with varying levels of VX15/2503. Assay performance
was comparable when the whole blood was collected in
a variety of anticoagulants. (Fig. 1C).

Analytical Method Validation. Samples spiked ex

vivo with VX15/2503 were stable for up to 3 days in
either EDTA held under refrigerated conditions or in
ACD or CytoChex BCT held at ambient temperature
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(Fig. 2). CytoChex BCT was selected for further valida-
tion and clinical specimens, given that the variability up
to day three was slightly less in CytoChex BCT
(4.24%CV) compared to ACD (5.98%CV). The use of

refrigerated samples in EDTA was not implemented due
to logistical considerations and the expense of shipping
refrigerated specimens. The mean intra-assay impreci-
sion for the samples spiked with low, mid, and high

FIG. 1. cSEMA4D Saturation Assay. The cSEMA4D Saturation Assay is a three-color, five-tube, wash/lyse/wash flow cytometric assay designed to
evaluate the level of SEMA4D and SEMA4D saturation by VX15/2503 on peripheral T cells. A: Panel Configuration. B: Schematic Depiction. C: Per-
cent Saturation in Different Anticoagulants. Peripheral whole blood was collected in EDTA, ACD, and CytoChex BCT blood collection tubes. Samples
were spiked with samples spiked ex vivo with 10 mg/mL and 100 ng/mL of VX15/2503.
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levels of VX15/2503 was 5.44%CV (range of 3.84 to
7.24%CV) (Table 1). The mean intra-assay imprecision
values for VX15/2503 FOI and for mAb 2282-biotin FOI
were 7.35%CV (range of 2.27 to 10.1%CV) and 4.85%CV
(range of 2.71 to 7.30%CV), respectively. This % CV is
acceptable, and please note that differences in absolute
values of FOI may differ among donors due to different
levels of surface expression of SEMA4D.

Inter-assay imprecision was assessed using commercially
available preserved whole blood material, Immuno-Trol
Cells and Immuno-Trol Low Cells (Table 2). Given that con-
trol material was not pre-spiked with VX15/2503, it was
not possible to evaluate the percent saturation of SEMA4D
on peripheral T cells; however, the FOI for mAb 2282-
biotin was evaluated. In addition, the APC GMFI from
Tubes 2–4 was evaluated; the mean inter-assay imprecision
values were 18.0%CV (range of 13.6 to 22.3%CV) for mAb
2282-biotin FOI, 10%CV (range of 9.84 to 10.2%CV) for the
APC GMFI of Tube 2, 15.1%CV (range of 14.4 to 15.9%CV)
for the APC GMFI of Tube 3, and 9.43%CV (range of 9.38
to 9.47% CV) for the APC GMFI of Tube 4. For the APC
GMFI of Tube 5, the grand mean inter-assay imprecision
was 11.8%CV (range of 8.50 to 15.2%CV).

Inter-Instrument variability was evaluated using the
inter-assay imprecision experiment (Table 3). For the
APC GMFI of Tube 2, the inter-instrument imprecision
was 5.93%CV for QCL and 10.5%CV for QCN. Similarly,
the inter-instrument precision for the APC GMFI of Tube
3 was 0.388%CV for QCL and 3.67%CV for QCN. For
the APC GMFI of Tube 4, the inter-instrument precision
was 4.04%CV for QCL and 11.1%CV for QCN. For the
APC GMFI of Tube 5, the grand mean inter-assay impre-
cision was 4.99%CV for QCL and 4.03%CV for QCN.
These results indicated comparable assay performance
between two instruments.

Performance Monitoring

In order to assess longitudinal assay performance, two
levels of quality control samples (Immuno-Trol &
Immuno-Trol Low) were included in each analytical run.
Mean values, SD and %CV ranges were initially estab-
lished during method validation from the inter-assay
imprecision data (repeat testing over a course of multi-
ple days, instruments, and technicians). Mean values for
each additional new lot of QC were determined and a
fixed %CV applied. QC results were evaluated for

Table 1
SEMA4D Saturation Assay—Intra-assay Imprecision.

Reportable
Lowa Midb Highc

Mean
Result Mean SD %CV Mean SD %CV Mean SD %CV %CV

Percent Saturation 11.0 0.578 5.24 36.3 1.40 3.84 98.2 7.11 7.24 5.44
VX15/2503 FOI 203 19.7 9.68 246 5.60 2.27 34.2 3.45 10.1 7.35
mAb 2282-biotin FOI 96.7 4.40 4.55 112 3.04 2.71 22.6 1.65 7.30 4.85

Whole blood collected from three apparently healthy volunteers was dosed ex vivo with varying concentrations of VX15/2503.
Samples were then assayed in triplicate in a single analytical run.

aDonor 3 spiked with approximately 10 ng/mL VX15/2503.
bDonor 2 spiked with approximately 50 ng/mL VX15/2503.
cDonor 1 spiked with approximately 10 lg/mL VX15/2503.

FIG. 2. Stability evaluation.Whole blood was collected in EDTA, ACD, and CytoChex BCT blood collection tubes and spiked ex vivo with 100 ng/mL
of VX15/2503. Samples were assayed on the day of collection and spiking (baseline) and at 24 h, 48 h, 72 h, and 96 h. Samples were maintained
under two conditions: ambient temperature (18–228C) or refrigerated (48C). The percent change from baseline at each time point and condition was

calculated with the following formula:% Change 5
Time pointð Þ - Baselineð Þ

Baseline

h i
3 100. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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acceptability and monitored for trending using BioRad
UnityTM Real Time

VR

2.0 Statistical Package, Westgard Sta-
tistical Process Control (SPC) Rules, and Westgard Advi-
sorTM (22).

As described in the discussion of the inter-assay
imprecision evaluation, the QC material was not pre-
spiked with VX15/2503, thus it was not possible to eval-
uate the percent saturation of SEMA4D on peripheral T
cells during validation in monitoring assay performance
in study. However, all other appropriate primary stains
were added to the QC tubes and the APC GMFI for
tubes 2, 3, 4, and 5 were monitored. The assay perform-
ance was within 1SD of the established mean through-
out the life of the lot number of the QC (February –
April 2014) (Fig. 3).

Clinical Utility

The cSEMA4D saturation assay provided saturation
and ligand expression data which aided in evaluation of

patients enrolled in the oncology study. Patients in the
first two dose cohorts were initially treated on day 214,
followed for two weeks, and then dosed again on Day 0
and weekly thereafter. Cellular SEMA4D expression lev-
els and cSEMA4D saturation were evaluated (Fig. 4).
Even at the lowest dose level (0.3 mg/kg) all patients
showed complete saturation following the initial dose at
day 214, and the cSEMA4D saturation level declined
during the two week safety evaluation period prior to
the second dose (Fig. 4A). This was expected based on
the dose delivered and level of drug achieved in the
serum. When the level of drug in the serum fell below
approximately 0.1 to 0.3 mg/mL, complete T cell satura-
tion was lost (Patnaik, A, et al. manuscript submitted,
Clinical Cancer Research). Patients were dosed weekly
thereafter and saturation results demonstrated that the
assay was capable of detecting intermediate levels of T

Table 2
SEMA4D Saturation Assay — Inter-assay Imprecision

Population

%CV

Immuno-Trol
Immuno-Trol

Low
Grand Mean

%CV

mAb 2282-
biotin FOI

22.3 13.6 18.0

GMFI Tube 2 9.84 10.2 10.0
GMFI Tube 3 14.4 15.9 15.1
GMFI Tube 4 9.47 9.38 9.43
GMFI Tube 5 15.2 8.50 11.8

Table 3
SEMA4D Saturation Assay — Inter-instrument Imprecision

Inst.
448

Inst.
544 Mean SD %CV

Immuno-Trol Low
GMFI Tube 2 74.8 68.8 71.8 4.26 5.93
GMFI Tube 3 4,092 4,115 4,103 15.9 0.388
GMFI Tube 4 66.9 63.2 65.1 2.63 4.04
GMFI Tube 5 4,913 5,273 5,093 254 4.99

Immuno-Trol
GMFI Tube 2 74.5 64.2 69.4 7.32 10.5
GMFI Tube 3 4,108 4,327 4,218 155 3.67
GMFI Tube 4 68.6 58.6 63.6 7.06 11.1
GMFI Tube 5 5,261 4,970 5,116 206 4.03

FIG. 3. cSEMA4D saturation assay longitudinal performance.QC performance (Level 1 Immunol Trol Low, Level 2 Immunol Trol Normal) of the
APC GMFI of Tube 2 on each date of testing. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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cell SEMA4D saturation as well as complete ligand desa-
turation. To note, in Figure 4A, patients #1 and 3
received their last dose on Day 29 and patient #2 also
received doses on days 36 and 43. Analysis of the level
of cSEMA4D on the surface of the T cells (Fig. 4B) dem-
onstrated that the level of SEMA4D expressed on the
cell surface decreased upon cellular saturation. Levels
returned to near-normal after cells became completely
unsaturated, as can be seen by the rise in cSEMA4D
expression prior to the second dose on Day 1. Clinical
data was also obtained using serum samples collected
from subjects enrolled in the placebo controlled, single-
ascending dose MS study (Fig. 5). Saturation (Fig. 5A
and 5C) and cellular expression (Fig. 5B and 5D) data
from the 1 mg/kg dose cohort is shown. As shown, satu-
ration levels drop off sooner in patient #8 who is also
the patient who had the highest level of anti-drug anti-
bodies. Overall, the clinical data demonstrate the fidelity,
sensitivity, and significance of the clinical saturation
assay.

DISCUSSION

SEMA4D is a multifunctional molecule with at least
three known receptors, high affinity plexin-B1, interme-
diate affinity plexin-B2 and low affinity CD72 (3). The

blocking human IgG4 monoclonal antibody VX15/2503
is being developed in a number of different indications.
A Phase 1 trial has been successfully completed in solid
tumor patients (Patnaik A, et al. submitted Clin Can Res;
Clintrials.gov identifier NCT01313065), and a second
single-ascending dose Phase 1 trial was completed in MS
patients (Clintrials.gov identifier NCT01764737). A
Phase 2 study in Huntington’s Disease has been initiated
based on preclinical data obtained using the YAC-128
mouse model (17). Much is known about different
potential mechanisms of action in these indications, but,
in all cases, SEMA4D is blocked from binding to any of
its receptors, inhibiting downstream physiological
effects. The SEMA4D Saturation Assay described herein
is a real-time flow cytometric method to measure the
extent of this important initial blocking step.

Like many biomarker assays, the cSEMA4D Saturation
Assay was developed in parallel with VX15/2503
throughout the lifecycle of the compound from the
drug discovery phase to the pre-clinical toxicology
phase to clinical testing (23). (Fig. 6) The fit-for-purpose,
iterative approach was applied to the validation strategy
in that, as the intended use of the data and the associ-
ated regulatory requirements changed, the assay was re-
optimized and re-validated appropriately (24–26). The
prototype assay was developed during the drug discov-
ery phase and initially used to detect binding of anti-
SEMA4D candidates to cellular SEMA4D. During the eval-
uation of in-vivo murine models for both oncology and
neurology applications, the cSEMA4D Saturation Assay
provided proof-of-concept data confirming that the com-
pound was binding as expected to murine splenocytes.
For the murine models a mouse anti-mouse SEMA4D
antibody (MAb 67–2) variant of the drug was used.
VX15/2503 is a humanized version of 67–2 and both
antibodies have very similar binding and functional char-
acteristics (Fisher et al. manuscript accepted, mAbs).
The assay was then further optimized and appropriately
validated to support formal GLP toxicology studies in
rats and cynomolgus monkeys (using VX15/2503). Given
that the toxicology studies required serial sampling, the
assay was adapted to a whole blood matrix rather than
splenocytes. For the primate studies, assay tubes 4 and
5, which contain an additional isotype and mAb 2282,
respectively, were incorporated in the panel. MAb 2282
is another human anti SEMA4D antibody that recognizes
primate SEMA4D even in the presence of bound VX15/
2503 and thus provides the measurement for total cell-
associated receptor. This reagent has the advantage of
not being affected by anti-SEMA4D drug levels and can
serve as an independent measure of antigen levels. Next
a clinical assay based on the primate assay was devel-
oped to support the first-in-man trials. This assay incor-
porated process improvements and more sensitive sec-
ondary reagents. Finally, the initial clinical assay was
optimized and validated once more to make additional
improvements to the process, and this final process is
the one described here in the M&M. Changes were
made which allowed for improved assay performance

FIG. 4. SEMA4D saturation in oncology clinical specimens. Patients
from a select cohort in the Phase 1 Oncology trial were scheduled to
be dosed with VX15/2503 at 0.3 mg/kg on Day 214, Day 0, and
weekly thereafter (dotted lines). To note, patients #1 and 3 received
their last dose on Day 29 and patient #2 also received doses on days
36 and 43. Blood was collected for cellular saturation analysis at sev-
eral time points following the first dose and also PRE and EOI follow-
ing each of the weekly doses. (A) Percent saturation values for three
patients in the cohort (� 20% represent cells that are unsaturated
and values �80% represent cells that are fully saturated). (B) Cellular
levels of SEMA4D expressed as fold expression of MAb 2282 binding
over isotype.
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yet allowed for a comparison of data generated with
each method. These improvements included changing
to a GMP-grade SA-APC as lot-to-lot variability was

observed in the non-GMP -grade reagent from another
vendor. In the first iteration of the clinical assay, whole
blood was pre-lysed in an ammonium chloride solution;

FIG. 5. SEMA4D saturation in MS clinical specimens. Patients from a select cohort in the Phase 1 MS trial were dosed with VX15/2503 at 1 mg/
kg (n 5 8) or placebo (n 5 2) on Day 0, and blood was collected for cellular saturation analysis at several time points through Day 45. Percent satu-
ration values are shown for individual patients (A) and the mean of the VX15/2503 or placebo groups (B). Cellular levels of SEMA4D, expressed as
fold expression of MAb 2282 binding over isotype, is also shown for individuals (C) and the mean of the VX15/2503 or placebo groups (D). Error
bars in the mean graphs represent 1/- SEM.

FIG. 6. Progression of the cSEMA4D saturation assay from discovery through clinical. Highlighted list of assay modifications and improvements as
the assay transitioned from preclinical to clinical development.
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there were concerns that this step was too operator
dependent and thus might introduce variability in the
final data set. In the next generation of the assay, whole
blood was first washed to remove free drug and serum
Ig prior to staining and finally a more robust lyse-
fixation step was introduced. QC tubes (Immuno-trol)
were added and CD45 staining was added to the final
assay to further increase specificity as well as the time
and debris gating strategy. The over-all assay configura-
tion and calculations were not modified so that data gen-
erated in both versions of the assay could be compared.

Flow cytometry, the premier technology for single
cell analysis, is ideal for receptor occupancy measure-
ments as it allows for multiparametric analysis. Flow
cytometry based saturation assays using whole blood
provide a quick turn-around time for data (a few days),
compared to traditional PK batch testing in frozen sam-
ples (up to a few months). Thus insights into PK trends
can be gleaned prior to availability of the drug plasma
PK data. Another advantage in using whole blood is the
lack of manipulation as compared to frozen serum or
plasma. In this case, SEMA4D is expressed in both cellu-
lar and soluble forms (8,9) and in assessing the level of
target saturation, it is possible we could have chosen
either form to analyze. The use of fresh whole blood
and flow cytometry avoids ELISA-based issues with fro-
zen samples, including dilutional or serum-mediated dis-
ruption of MAb-ligand equilibrium kinetics, which can
result in false positives and negatives (27). Flow cytome-
try also allows one to gate on specific populations when
analyzing saturation, and allowed this assay to focus on
T cells, which is the immune cell type in peripheral
blood that expresses the highest level of SEMA4D.

The assay has performed well in two clinical trials.
The information provided by the saturation assay has
contributed to the VX15/2503: SEMA4D data package
including target biology, PD, and PK data that helped
select dosing schedules for future trials. For example, it
was determined employing this assay that cellular
SEMA4D expression levels decrease after dosing. This
pattern of expression confirmed preclinical data show-
ing that VX15/2503 binding to cellular SEMA4D induced
internalization of the complex (Fisher et al. manuscript
manuscript accepted, mAbs). Also, the saturation data
was critical to correlate clinical PK and PD results, dem-
onstrating that approximately 0.1 to 0.3 mg/mL VX15/
2503 was the concentration of drug in serum below
which complete T cell saturation was lost (Patnaik A,
et al. manuscript accepted, Clinical Cancer Research). In
pre-clinical toxicology studies, the approximate concen-
tration of drug in serum at which complete saturation
was lost was 1 to 5 mg/mL (28). It is possible this differ-
ence from the clinical saturation threshold could be due
to slightly different binding kinetics in humans vs. rats/
monkeys, allometric scaling factors, the unavailability of
appropriate samples needed at frequent time points to
determine an accurate threshold, or slight differences in
the clinical vs. non-clinical PK assays. This assay has also
helped to provide real-time data regarding drug expo-

sure; for example patient #3 in Figure 4 and patient #8
in Figure 5 demonstrated decreases in saturation earlier
than other patients in their respective cohorts, and
these were the same two patients that demonstrated the
higher titer anti-drug antibody responses (data not
shown), indicating that the saturation assay is sensitive
to immunogenic responses. In addition, the data from
this assay has also supplied critical safety information. In
the Phase 1 oncology trial, a patient in the 1 mg/kg
cohort had an infusion reaction following their second
thru fourth injections of VX15/2503. The patient was
treated after each infusion to control the reaction but it
was unknown whether the patient was indeed clearing
the drug due to an anti-drug response, in which case it
would be logical to remove the patient from the study
due to lack of exposure to drug. The saturation assay
showed in real-time that the patient was becoming
unsaturated between doses, and following the last infu-
sion, even immediately after the dose was administered.
The patient was appropriately removed, in part because
the saturation data indicated that the patient was not
being effectively exposed to test article due to a likely
immunogenic response. This was confirmed later with
the batched PK and immunogenicity data.

This receptor occupancy assay has served to provide
valuable information throughout the development of
VX15/2503. It has demonstrated that flow- based assays
can be validated and controlled in a manner suitable for
clinical data collection and in some cases provide advan-
tages over more traditional assay platforms. As immune-
based targets and monoclonal antibody therapeutics con-
tinue to expand, successful validation and control of
these flow-based assays will become increasingly
important.
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