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Changes of cell counts after treatment
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Development of a Device for Selective Removal of CD4+
T Cells

*Hirokazu Onodera, *Kasumi Ninomiya, *Makoto Yoshida, tHidenori Matsuo, and
tNoritoshi Shibuya

*Research and Development Laboratory 2, Asahi Medical Co., Oita, tDepartment of Neurology, Kawatana
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Abstract: To control antigen (Ag)-specific immune cells is
important in the treatment of autcimmune diseases. In
particular, controlling the immune response of autoim-
mune T cells is effective in the treatment of these diseases.
The development of a device that can remove CD4+ T cells
specifically by extracorporeal circulation is now in
progress, with the aim to deplete autoimmune T cells. We
developed a removal material made of polypropylene non-
woven fabrics with anti human CD4 monoclonal antibedy

immobilized on the surface. Using a column packed with
the removal material, we succeeded in removing CD4 + T
cells specifically from peripheral whole blood by direct
perfusion. Moreover, CD4+ T cells can be specifically
removed even from blood with lower surface antigen
density by in vitro activation. Key words: Autoimmune
disease—CD4+—Monoclonal  antibodies—Non-woven
fabrics—Polypropylene—Selective cell removal.

CD4+ T cells are deemed to play a major role in
the development of autoimmune diseases. It is known
that CD4+ T cells function to manage the immune
response system. It has already been proved that
autoimmune diseases appear as a result of the entry
of CD4 membrane antigen-positive T lymphocytes
(helper T cells) into the tissue in response to autoan-
tigens, where they destroy the body’s own tissue. With
such autoimmune diseases, abnormality in cellular
immunocompetence appears as deteriorated sup-
pressor functions, an increase in the ratio of CD4+
and CDS8+, an increase in activated T cell counts, and
a reduction in the counts of natural killer cells.

With this in mind, immunomodulation of CD4+ T
cells is considered an effective means of therapy for
autoimmune disease. In particular, immunomodula-
tion ex vivo by means of extracorpereal circulation
acts directly on CD4+ T cells and removes the cells
with less therapeutic strain on patients. Thus, this
immunomodulation has attracted significant atten-
tion as a prospective therapy. The development of a
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device that can remove CD4+ T cells specifically by
extracorporcal circulation, is now in progress with a
view towards depleting autoimmune T cells (1). We
have developed a removal material made of polypro-
pylene non-woven fabrics with anti human CD4
monoclonal antibody immobilized on the surface (2).
We report here on the development of a new device
for selective removal of CD4+ T cells.

MATERIALS AND METHODS

Induction of active group into polypropylene non-
woven fabrics

For the preparation of activated solution, sulfuric
acid (15 mL), nitrobenzene (20 mL), paraformalde-
hyde (0.098 g), and 2-hydroxymethyliodoacetamide
(HMIAA) (1.59 g) were added to a glass beaker and
magnetically stirred for 20 min. Polypropylene non-
woven fabric (0.8 g} was immersed with the activated
solution at room temperature for 24 h. (Fig. 1) After
the reaction, the activated non-woven fabrics were
washed with ethanol and water.

Preparation of immobilized monoclonal antibody
removal material

For the preparation of removal material, the acti-
vated non-woven fabrics were immersed with antihu-
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FIG. 1. MoAb activation.

man CD4 monoclonal antibodies (mouse IgGl,
clone: NU-T; Nichirei Corporation, Japan) in phos-
phate-buffered saline (PBS) solution at room tem-
perature and allowed to react to the antibodies by
covalent bonding. The remaining activated group was
blocked with Tween 20 (Tokyo Kasei Co., Tokyo,
Japan) (Fig. 1). After the reaction, the removal mate-
rial was washed with PBS.

Preparation of the mini-scale column

The immobilized monoclonal antibody removal
material (18 mg) was packed in layers in a 6.8 mm
diameter column (priming volume, 1 mL). The ster-
ilization-protecting agent, 1% chitosan/PBS solution,
was added into the mini-scale column and it was
irradiated with 25 kGy by the use of cobalt 60 y-ray
irradiation equipment,

In vitro whole blood evaluation of the mini-scale
column

Phosphate-buffered saline solution {10 mL) was
passed through the mini-scale column at the flow
rate of 1 mL/min for the priming. The priming solu-
tion was expelled with air. A 5 mL sample of blood
from a healthy donor and acid citrate dextrosc
(ACD)-A (blood:ACD-A=9:1), was passed
through the mini-scale column at the flow rate of
1 mL/min using a syringe pump. The blood was then
counted before and after the column treatment.
White blood cells were stained with Turcq liquid and
counted using a microscope to obtain the white
blood cells recovery ratio. The thrombocyte count
was counted using the automatic blood cell counter
(Sysmex Inc., Tokyo, Japan) to obtain the thromb-
ocyte recovery ratio. In addition, analysis of flow
cytometry using fluorescent antibodies was c¢on-
ducted, and lymphocyte subsets were analyzed by
two-color analysis of CD4 and CD8 (EPICS ELITE;
Beckmann Coulter, Tokyo, Japan) to obtain the
CD4+ T cell removal ratio and CD4- cells recovery
ratio.
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Activated blood evaluation of mini-scale column

The activated solution was prepared using 10%
fetal calf serum, phorbol myristate acetate
(PMA), and ionomycin with RPMI1640. The acti-
vated solution above was added to fresh blood
with heparin (1000 [U/L) from healthy donors and
was incubated in a CO, incubator at 37°C for 4 h.
After the incubation, cold PBS sclution was
added as a suspended solution to obtain an acti-
vated treatment sample. Similar procedures with
the in vitro mini-scale column blood evaluation
were performed to obtain the CD4+ T cells
removal ratio and the CDS8+ T cells recovery
ratio.

Preparation of the clinical investigation
scale column

We cut the immobilized monoclonal antibody
removal material into 96.5 mm squares, and the
material (9 g) was layered in a 60 mL column to
make a clinical investigation scale column. The col-
umn was filled with a 1% chitosan/PBS solution, the
sterilization-protecting agent, and it was irradiated
with 25kGy using cobalt 60 fy-ray irradiation
equipment.

In vitro clinical investigation scale column evaluation

Blood was taken from a number of healthy
donors, and ACD-A (blood:ACD-A=8:1) was
added as an anticoagulant. Physiologic saline
(2000 mL) was passed through the clinical investiga-
tion scale column at a flow rate of 50 mL/min for the
priming. Using a blood pump, 1500 mL of blood was
circulated at the flow rate of 30 mL/min, and
1200 mL of blood was circulated at a flow rate of
50 mL/min. A sample of blood was taken before and
after the column treatment. This was analyzed using
the same method as with the mini scale: the CD4+ T
cell recovery ratio and the CD8+ T cell recovery
ratio were calculated.

RESULTS

Mini-scale blood evaluation

We performed a removal test of CD4+ T cells using
5 mL of blood in a mini-scale column (N = 50), which
was made from a removal material using polypropy-
lene non-woven fabric as a carrier. The CD4+ T cell
removal ratio was 90.5% £ 13.3% (mean+SD, N =
50), and the CD4- T cell recovery ratio was
88.1% * 13.5% (mean * SD, N = 50). This result indi-
cated that CD4+ T cells can be removed selectively.

(Fig.2)
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FIG. 2. In vitro cell removal test (N =50). Flow rate, 1 mL/min,
human blood (ACD-A), 5 mL; W, average.

Discussion about the effect of CD4+ T cell removal
in activated cells

When we activated leukocytes from the fresh
blood of healthy donors using PMA/ionemycin, the
down-regulation of CD4 antigens was confirmed.
(Fig.3). After the treatment, the CD4+ T cell
removal ratio was 91.9% +2.7% (N =4, mean £ §D)
and the CD8+ T cell recovery ratio was
99.7% £ 31.1%. These percentages were almost
equivalent to the percentages calculated concur-
rently from non-activated blood; the CD4+ T cell

(1} Pre Activation

(2} Activated blood

removal ratio was  95.9% *43% (N=4,
mean * SD.), and the CD8+ T cell recovery ratio was
67.9% £ 14.8%. Thus, it indicated that CD4+ T cells
could be removed selectively. (Fig. 4)

The recovery ratio of activated blood constituents
were as follows: leukocytes, 48.1% £ 9.6% (N=4,
mean + SD); erythrocytes, 98.3 £ 1.7%; and thromb-
ocytes, 91.8% + 30.74% (N =4, mean x SD). The leu-
kocyte recovery ratios were as follows: lymphocytes,
512% £12.9% (N=4, mean = SD); granulocytes,
21.9% £63.2%; and monocytes, 53.6% £45.2%
(N =4, mean + SD). The lymphocyte subsets were as
follows: CD4+ T cell removal ratio, 95.313.3%
{N =4, mean = SD); and CD8+ T cell recovery ratio,
83.81£11.55% (N=4, mean £ SD), resulting in the
selective removal of CD4+ T cells.

Activated Cells(n=4)

Pre Activated Cells(n=4)

[0 CD4+Tceils removalratio (%) [ CDB+Tcells recovery ratio (%)

FIG. 4. Effect of CD4+ T cells removal in activated cells. Blood:
Healthy donor blood, Heparin (1000 IU/LY; Treated blood vol-
ume: 5mL. Cell activation reagents: phorbol myristate acetate
(PMA}Tonomycin. Flow rate, Qb =1mL/min.

(3) After Treatment
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Evaluation of removal of CD4+ T cells using a
clinical investigation scale column

As we treated the blood taken from healthy
donors using the clinical investigation scale column
at a flow rate of 30~-50 mL/min, the CD4+ T cell
removal ratio for the treatment of 1200 mL of
blood was 99.4% +2.7% (N =2, mean *+ SD), and
the CD8+ T cell recovery ratio was 82.2% * 14.6%,
indicating that selective removal was possible. The
average recovery ratio for 1200 mL of blood was as
follows: leukocytes recovery ratio, 58.0%; erythro-
cytes, 99.9%; and thrombocytes, 87.7%. In addition,
treatment at the flow rate of 30 mL/min treated up
to 1500 mL of blood. The CD4+ T cell removal
ratio was 99.3%, and the CD8+ T cell recovery
ratio was 99.9% after the treatment of 1500 mL

(Fig. 5).

DISCUSSION

We performed the study to immobilize the anti-
bodies on the material surface through covalent
bonding using polypropylene non-woven fabrics as a
carrier for the immobilized monoclonal antibody
removal material. The fact that CD4+ T cells can be
selectively and effectively removed was confirmed on
the basis of in vitro blood evaluation using the blood
taken from healthy donors. Through this study, we
concluded that it is possible to use polypropylene as
a carrier material. Polypropylene is considered to
demonstrate selectivity for CD4+ T cells approxi-
mately equivalent to that of polystyrene (3). Because
polypropylene has a high formability for non-woven
fabrics, polypropylene non-woven fabrics with vari-
ous qualities are now being developed. As physical
properties of non-woven fabrics are important in
performing specific cell adsorption and non-specific
adsorption control, we concluded that it is useful to

Ther Apher & Dial, Vol. 7, No. 3, 2003
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adopt polypropylene non-woven fabrics as a carrier
for the development of medical device.

In addition, when we activated leukocytes in vitro
by PMA/fionomycin, the depletion of down-regulated
CD4+ T cells was confirmed by surface observation
using flow cytometry analysis. At first, we were con-
cerned that the representation of the reduction of
CD4 antigen could be associated with a decrease in
the capacity of the removal device to eliminate the
CD4 antigen. However, il was later confirmed that
the CD4+ T cell removal ratio could be maintained
at a high level, just as in the removal of blood from
healthy donors. Therefore, CD4+ T cells can be selec-
tively removed even if the CD4 antigen representa-
tion density is decreased due to activation of the cells
in autoimmune diseases. It also indicates the possi-
bility that the propertion of CD4 and CDS§ can be
effectively controiled.

We made a clinical investigation scale column that
is 500 times the volume of the mini-scale column
to perform the study of in vitro perfusion using
1200 mL of blood taken from healthy donors. The
selective removal of CD4+ T cells from up to
1500 mL of blood was possible without decreasing its
removal competence. As for CD8+ T cells recovery
ratio, non-specific adsorption was recognized in the
beginning, but the percentage increased to more
than 80% during the latter half of the treatment and
an upward trend was confirmed. Regarding the clin-
ical investigation scale column, a high recovery ratio
of both erythrocytes and thrombocytes was
obtained, with ratios similar to those obtained when
using the mini-scale. Moreover, the result of this
study indicates the possibility of effective treatment
of a large amount of blood by perfusing the blood at
the practicable flow rate of 30-50 mL/min through
extracorporeal circulation. From this examination,
we found that the amount of blood treated can be
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increased by increasing the removal material. Thus,
the possibility of using the column as a medical
device was confirmed.

CONCLUSION

We made selective removal material for CD4+ T
cells using polypropylene as a carrier. This removal
material can selectively remove CD4+ T cells in vitro.
In addition, CD4+ T cells were selectively removed
even from blood with a lower CDD4 antigen density,
which was activated in vitro. We made a clinical

27

investigation scale column to treat 1500 mL of blood
and found that the column could remove CD4+ T
cells selectively.
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Cytapheresis with a filter for selective removal of CD4™ T cells in
experimental autoimmune encephalomyelitis

Sfmnya Nakane®, Hidenori Matsuo*"?, Hirofumi Goto®*, Megumi Yoshinaga-Matsumoto®,
Izumi Ohtsuru?®, Katsuhiro Ichinose®, Hirokazu Onodera®, Makoto Yoshida® and Noritoshi
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Experimental autoimmune encephalomyelitis (EAE) is a major animal model of human multiple sclerosis (MS). CD4™ T cells are thought
to play a pivotal role in the pathogenesis of EAE and MS. In order to investigate the depletion of CD4™ T cells from the systemic
circulation as an effective strategy for the treatment of MS, we performed extracorporeal CD4™ T cell adserption, using a filter to which
anti-CD4™ antibody is immobilized as a ligand, in adoptively transferred EAE. Rats treated with CD4™ T cell removal filter (CD4RF)
exhibited milder clinical signs of EAE and earlier recovery than those receiving sham treatment. Moreover, the thymic cells from EAE rats
treated with CD4RF exhibited a suppressed proliferative response and IFN-y production to myelin basic protein. These results suggest
that depletion of CD4™ T cells from the systemic circulation by extracorporeal treatment is a potentially useful strategy for treatment of

acute phase and relapsing MS,
Multiple Sclerosis (2003} 9, 579-584

Key words: autoimmunity; CD4; cytapheresis; experimental autoimmune encephalomyelitis (EAE); immunotherapy; T cells

Introduction

T cells specific for self-antigens (Ags) normally exist in the
peripheral blood, and, upon activation, may become
involved in autoimmune pathogenesis by targeting tissue
Ags. Multiple sclerosis (MS) is a chronic relapsing
inflammatory demyelinating disease of the central ner-
vous system [CNS), generally considered to result from
Ag-sensitized T cells reactivity to myelin Ags in the
CNS.'~? In experimental autoimmune encephalomyelitis
(EAE), an animal model of MS, CNS demyelination and
inflammation are induced by immunization with myelin
proteins.” EAE can be induced in many susceptible strains
of rodents and primates by immunizing with whole brain
homogenate or purified neural Ags, such as myelin basic
protein (MBP), proteolipid protein and myelin oligoden-
drocyte protein.**® Adoptive transfer of T cells reactive to
these neural Ags is sufficient to induce the disease.®"®
Attention has focused on CD4* T cells because suscept-
ibility to MS is associated with the MHC class II gene.®~ "
Studies have indicated that MS and EAE are mediated by
Thl type CD4™ T cells specific for various myelin
proteins, which migrate from the peripheral blood into
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Nagasaki 859-3615, Japan.
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the CNS. Therefore, CD4* T cells play a key role in
initiating and accelerating CNS inflammation and demye-
lination in both MS and EAE. Elimination or inhibition of
CD4* T cells prevents the adoptive transfer of EAE in
mice, and this subset predominates in the early lesions of
EAE/MS.77"® Inactivation or blocking of CD4* T cells
before or shortly after disease induction was also shown to
prevent disease onset and/or disease progression in
EAE."7'® In fact, anti-CD4* monoclonal antibodies inhibit
the development of EAE in rodents,” and uncontrolled
human clinical trials indicate that anti-CD4* antibody
therapy may have beneficial effects on several autoim-
mune diseases.”*"** In patients with MS, extensive
depletion of CD4* T cells also made minor but significant
improvements in relapse rates and reduvced levels of
magnetic resonance iraging (MRI) activity. 22

On the other hand, previous studies of murine mono-
clonal antibodies against various cell surface Ags in
humans have revealed several major limitations to this
strategy. These antibodies often do not significantly
deplete the function of the target cells,”®**** and predict-
ing the extent of the defect in the immune defence
resulting from antibody administration is difficult. Murine
antibodies also provoke a host anti-mouse response that
may limit the effectiveness of therapy, especially with
repeated treatment.?%** Tp minimize these problems, we
designed a filter to adsorb CD4% T cells ex vivo. Anti-
CD4* monoclonal antibody was immobilized on an
activated substance. This filter removes CD4* T cells
selectively from the circulation by direct perfusion of
whole blood.

10.1191/1352458503ms9680a
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Treatment of EAE by cytapheresis

$ Nakane et al.

Previous studies on lymphocytapheresis in chronic
progressive MS demonstrated that the total number of
lymphocytes collected ranged from 3.7 x 10" to 8.8 x
10%,2® or the mean number of lymphocytes removed per
pheresis ranged from 3.0 x 10% to 3.7 x 10%.%” At most,
these numbers represent 0.5% of total lymphocytes in the
human body. This raised the question of whether or not
such a small, unselective and transient depletion of
lymphocytes can be effective for the treatment of auto-
immune diseases. Our strategy of selective removal of
CD4™* T cells from the circulation, including pathogenic
autoreactive T cells, must also address this question. We
previously reported that a preliminary trial of ex vivo
treatment with the filter in active EAE rats resulted in a
modest fall in the percentages of circulating CD4*
lymphocytes, but failed to alter the course of EAE.?® Since
the adsorption rate of the filter was nearly 90%, CD4* T
cells in the circulation, once depleted, must be supplied
rapidly from the lymphoid organ. This causes the diffi-
culty in estimating the degree of CD4% T cell depletion
after cytapheresis. Furthermore, there was no specific
surface marker for the pathogenic CD4™* T cells to evaluate
the changes after treatment.

In order to address these questions, we investigated the
alterations in the clinical course of adoptive transfer EAE
following an attempt to remove CD4™ T cells from the
systemic circulation. In adoptive transfer EAE, activated
CNS Ag-specific CD4* T cells are increased in the
circulation for a few days after cell transfer, resembling
the clenal expansion of specific T cells in the peripheral
blood of patients with MS. Therefore, we chose to assess
anti-MBP responses of T cells that migrated into the organ
instead of measuring CD4™" T cells in the circulation.

Materials and methods

Fifters

The CD4* T cell removal filter (CD4RF) consists of
polystyrene nonwoven fabric on which purified mouse
anti-rat CD4™ 1gG was immobilized using hydroxymethyl-
iodeacetoamide, and blocked with bovine serum albu-
min.2? A control filter (CF) without anti-CD4* monoclo-
nal antibody was used for sham experiments.

Animals

Lewis rats were purchased from The Charles River Co.
(Tokyo, Japan). All rats were housed under barrier condi-
tions at Kawatana National Hospital. Animal experiments
were conducted under the guidelines of the Animal Care
and Use Committee of Nagasaki University, and the
Institutional Review Board had approved all procedures.

Production of Ag-specific CD4 T cell lines and induction of adoptive
transfer EAL

MBP-specific T cell lines were isolated from the draining
lymph nodes of Lewis rats immunized in the hind
footpads {0.2 mL total) with 50 pg whole guinea pig
MBP (Sigma Chemical Co., St Louis, MO, USA} in
complete Freund’s adjuvant (CFA) containing 100 pg /rat
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Mycobacterium tuberculosis. To establish a T cell line that
induces severe adoptive EAE, some rats received subcu-
taneous injections of Bordetella pertussis organisms (PTX,
1 x 10'%/0.5 mL) at the time of immunization.’® The
lymph node cells were cultured with MBP (10 pg/mL) in
stimulation medium containing antibiotics, 1 mM L-
glutamine, 5 x 10~° M 2-mercaptoethano] (ME) and 1%
fresh syngeneic serum for four days. The responding
lymphoblasts were isolated on a Ficoll density gradient
and expanded further in growth medium containing 10%
foetal bovine serum, antibiotics, L-glutamine and 2-ME as
above, and 5% supernatant of 24-hour rat splenccyte
cultures with concanavalin A (ConA) (rat growth factor).
The line cells were propagated with syngeneic mitomycin
C (MMC)-treated thymocyte, and MBP, and subsequent rat
growth factor.”

Adoptive transfer EAE was induced in naive Lewis
recipients (fernale, age 12 weeks) by injection of 2 x 10°-
3 x 10% MBP-specific, CD4™ activated T cells. In brief, T
cells (3 x 10°/mL, after at least five cycles of restimula-
tion) were restimulated with MBP (10 pg/mL) and MMC-
treated thymocytes (2 x 107/mL as APC). Seventy-two
hours later, activated T cell blasts were separated by Ficoll
density gradients, and 2 x 10°-3 x 10° blasts were in-
jected intravenously into each rat.

Clinical evaluation of EAE

All rats were weighed and examined daily for neurologic
signs as previously described according to the following
criteria: Grade 0, no disease; Grade 1, decreased tail tone
or slightly clumsy gait; Grade 2, tail atony and/or
moderately clumsy gait; Grade 3, paraplegia; Grade 4,
paraplegia with forearm weakness; Grade 5, moribund
state or death. Data are plotted as the mean clinical score.

Treatment with the filter

Treatment with CD4RF or CF was performed only once
within one hour after the adoptive transfer. Under ether
anaesthesia, using a pump, a total 30 mL of blood (1 mL/
min) was drawn from the tail artery, passed through the
filter, and then returned into the tail vein using 27 G
needles. Low molecular weight heparin {125 IU/rat) was
given intravenously as an anticoagulant.

Flow cytometry

Flow cytometry determination of lymphocyte subsets was
performed using EPICS Elite (Coulter). Red blood cells
were lysed with ammonium chloride (NH,Cl), and lym-
phocytes were stained with anti-rat CD4* (W3/25; Cedar-
lane Laboratoroies Ltd., Ontario, Canada) and anti-rat
CD8* {MRC 0X-8; Cedarlane Laboratoroies Ltd., Ontario,
Canada) antibodies conjugated to fluorescein isothiocya-
nate or phycoerythrin, respectively.

In vitro proliferation assay of the thymic cell suspension

To estimate the number of MBP-specific T cells that
migrated into tissue from the circulation, on day 6 post-
transfer, thymic glands were removed from three rats in
each group treated with either CD4RF or CF. The thymuses
were placed in Hanks’ solution and forced through mesh



screens to yield the thymic cell suspension. This cell
suspension was tested for proliferative responses to MBF
and mitogen {(Con A). In. order to measure the MBP-
specific T cell proliferation, the thymic cells were washed
and plated into flat-bottomed microwells at 1 x 10° cells/
well, and then incubated with MBP (10 pg/mL) or Con A
(2 pg/mL}. Quadruplicate cultures with 200 pL stimulation
medium were set up, with and without Ag. After 72 hours
of culture at 37°C in 5% COg, cultures were pulsed with
the thymidine analogue, 5-bromo-2‘-deoxyuridine (BrdU)
for two hours and proliferative responses were quantified
with the Cell Proliferation ELISA kit {Boehringer Man-
nheim, Germany). The resultant colour development is
proportional to the concentration BrdU in the DNA
synthesizing cells in each microwell. Absorbances were
measured with an optical densitometer.

Measurement of cytokine by ELISA

One hundred microlitres of supernatant were removed
from each well for cytokine ELISA after 24 hours of above
thymic cell cultures. Production of IFN-y was evaluated
with an ELISA kits (TFB, Tokyo, Japan), following the
manufacturer’s protocol. Cytokine production was calcu-
lated from a standard curve of the corresponding concen-
tration of recombinant rat IFN-y. The amount of cytokine
secreted was expressed in pg/mL.

Statistical analysis

The two-way repeated measures ANCOVA (Student-
Newman-Keuls method; P < 0.05) was applied to evalu-
ate differences in the clinical status of each of the groups
of the adoptive EAE rats. For data that were not normally
distributed, the Mann-Whitney -test was employed.
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Results

We established two MBP-specific T cell lines. Preliminary
experiments revealed that Line 1 was able to induce EAE
by adoptive transfer of 3 x 10° cells in 10 of 10 naive
Lewis rats with the maximum clinical score of 2.0 (mean
1.3+0.35) on day 6 post-transfer. Line 2 was established
from Lewis rats that received Bordetella pertussis toxin
injection at the time of immunization, induced more
severe EAE than Line 1. Adoptive transfer of 2 x 10°
lead to 100% occurrence of EAE with a maximum clinical
score 4.0 {mean 2.6 +0.70, n=10) on day 6. Both MBP-
specific T cell lines consisted of more than 95% of CD4™ T
cells. The first clinical signs, caudally to cranially pro-
gressing paralysis, became apparent on day 4 or 5 post-
transfer in all animals. Maximal symptoms developed by
day 7 and resolved fully by day 13. The neurclogical
deficit was accompanied by weight loss.

Effects of CD4 T cell removal column on adoptive transfer FAE
We followed the chronological changes of clinical scores
of the mild and severe adoptive transfer EAE rats after
treatment of extracorporeal circulation with experimental
and control filters {Figures 1 and 2, respectively).

In the mild model (eight rats in total), all four rats
treated with CF showed the mild disease course of EAE.
The: first clinical signs were apparent on day five, and by
day eight, symptoms reached their maximum (grade 2).
Full recovery was achieved by day nine. Rats treated with
CD4RF were less affected than the control; only three of
four rats developed the illness and the first clinical sign
appeared on day five in one rat and on day six in two
others. The maximum severity of the disease was grade 1
in all rats affected. Full recovery occurred by day nine.

4
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Figure 1 Effect of cytapheresis with CD4RF on adoptive transfer EAE. Cytapheresis on the day of transfer of Line 1 marginally
suppresses clinical signs of EAE. Mean + 8D of four rats per group are plotted. Rats are scored for clinical disease according to the scale
specified in Materials and methods. * There are statistical differences between clinical scores at days five, seven and eight (P < 0.05).
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Figure 2 Treatment of the severe model of adeptive transfer EAE by cytapheresis with CD4RF. On days six, seven and eight, the clinical
signs in the group treated with CD4 removal filter are significantly milder than those treated with the control filter (* The two-way
repeated measures ANOVA; P < 0.05). Mean & SD of five rats per group are given.

There were statistical differences between clinical scores
in CD4RF- versus CF-treated rats at day five, seven and
eight (P < 0.05, respectively) (Figure 1).

In the severe model (10 rats total), EAE was induced in
all 10 rats treated with either CF or CD4RF. Rats treated
with CF exhibited the typical disease course of adoptive
transfer EAE. The first clinical signs became apparent on
day four in all five rats, and by day six all animals
developed paraplegia but recovered fully by day 13. The
rats treated with CD4RF were less affected than the control
group. Only two rats developed paraplegia by day six. On
days six—eight, the mean clinical scores of rats treated
with CD4RF were significantly milder than those of
controls (P < 0.03, respectively). These results indicated
that treatment of the CD4RF promoted recovery from the
illness (Figure 2).

The MEP-specific T-cell respense in the thymus

Naparstek et al. reported that activated anti-MBP T cells
accumulated in the thymus as well as the brain after
adoptive transfer.**? On day four post-transfer, there was
a highly significant accumulation of anti-MBP T cells in
the brain and thymus, which lasted for nearly a week.
Therefore, we decided to investigate anti-MBP responses
of T cells that migrated into the thymus instead of the
brain. Thymic cells from the rats treated with the CD4RF
exhibited a markedly reduced proliferation to MBP in
contrast to those treated with CF. Whereas the proliferative
responses of thymic cells to Con A were almost the same
in both groups (Figure 3).

We also measured IFN-y production of thymic cells
when cultured with MBP. As shown in Figure 4, MBP-
stimulated IFN-y production was suppressed to a greater
extent in the group treated with CD4RF than in the group
treated with CF. '

Multiple Sclerosis

31

Discussion

We demonstrated that transient depletion of CD4* T cell
from the systemic circulation by cytapheresis with the
CD4RF was able to alter the course of adoptive transfer
EAE. Furthermore, this may be associated with a decrease
in the number of CD4" T cells migrating from the
circulation into the target organ. Although we could not

O medium
BMBPS
EMBPILO
ENMBP2O
W ConA
0.18
8 016 [
c 014 7
3]
£ 2
%
o wr
< 008 T
006 -
0.04
002
0

CD4 removal filter Control filter

Figure 3 Proliferative response of thymic cells taken on day six
post-transfer. The results shown are from pooled thymic cells of
three rats per group. The two groups are represented on the x axis
for the animals receiving cytapheresis with CD4BF and CF. MBP
was used at a concentration 5, 10 or 20 ug/mL. ConA was used as
a positive control at a corcentration 2.0 ug/mL. All results are in
quadruplicate with SDs of < 10%. Data are representative of at
least two experiments.
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Figure 4 IFN-y production of thymic cells taken on day six post-
transfer. The results shown are from culture supernatant of the
pooled thymic cells used in the experiments described in Figure 3.
All results are in triplicate with SDs of <5%. Data are
representative of at least two experiments.

measure the MBP-specific T-cell response from the CNS,
we demonstrated that ex vive adsorption of CD4* T cells,
including MBP-specific CD4 * T cells, caused depletion of
the MBP-specific T cell response in the thymus.

Our data suggest that cytapheresis of particular T cells
may play a role in the treatment of T cell dependent
autoimmune disorders. Previous studies failed to confirm
the clinical effect of lymphocytapheresis in chronic
progressive MS,***” in which lymphocytapheresis was
done to achieve an immunosuppressive state. Major
differences between our strategy and previous lymphocy-
tapheresis are not only to remove CD4 " T cells selectively,
but also to apply this treatment during the acute phase of
the disease, when pathogenic CD4" T cells clonally
expand in the peripheral blood. More specifically, our
strategy is to reduce pathogenic T cells in the circulation
rather than to achieve an immunosuppressed state. In
adoptive transfer EAE, clinical severity depends on the
dose of MBP-specific T cells.” In the present study,
treatment with CD4RF just after cell transfer should
reduce the circulating CD4 ™ T cells, including pathogenic
MBP-specific CD4* T cells that transiently increased in
the circulation. Nevertheless, most rats developed EAE.
This may be because a portion of pathogenic MBP-specific
CD4* T cells adhered to the endothelium in the CNS
immediately after the cell transfer. Perhaps the cytapher-
esis removed remaining MBP-specific CD4* T cells with
other nonpathogenic CD4* T cells, which led to a milder
clinical course of EAE.

In human MS, clonal expansion of autoimmune T cells
has been reported.*®** If we can remove these pathogenic
T cells from the circulation, further disease progression
may be prevented. Along with corticosteroids for suppres-
sion of the autoimmune response and inflammation,
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cytapheresis with CD4RF may henefit patients with acute
phase of MS.

Cytokines also play an important role in the initiation
and maintenance of the inflammatory reaction in MS/
EAE.*** MHC class II-testricted CD4™* T cells, producing
IFN-y, IL-2, lymphotoxin and TNF-u, have been defined as
Th1 cells and have been clearly shown to be pathogenic
EAE. In the present study, we focused on IFN-y because it
has been related in the pathogenesis of the disease. Our
data indicating reduced IFN-y production in thymic cells
culture from CD4RF treated rats compared with those of
the CF-treated group is consistent with disability scores on
day six post-cell transfer,

In conclusion, these current results indicate that, by
selective removal CD4" T cells, it may be possible to
attenuate the CD4* T cell immune responses in EAE/MS.
The technology used in the CD4RF may be applicable to
adsorb other target cells, such as lymphocytes with other
surface markers or other immune cells, by selecting the
appropriate antibody as a ligand. Recently, several reports
suggested that myelin-specific CD8* T cells could func-
tion as effector cells in the pathogenesis of EAE/MS.37-39
Such CD8™ T cells might be another target of this strategy.
Apparently, the CD4™* cells populations that the filter
adsorbed should include nonpathogenic or even disease-
protective T cells, By targeting other surface molecules,
such as markers for activated T cells, adhesion molecules
or particular T cell receptors, we may remove the patho-
genic cells more efficiently. The paradigm set in this study
for autoimmune demyelination may also apply in a broad
range of chronic inflammatory autoimmune disease, and
may prove useful and petential in the future design of
rational treatments.
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Selective Adsorption of Human CD4* T Cells
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Abstract: The pathogenesis of most autoimmune diseases
directly involves CD4* helper T cells. To remove CD4* T
cells selectively from the circulation, we designed a new
column in which an anti-CD4 monoclonal antibody was
immobilized on the activated substance. Nearly 90% of
CD4' T cells were selectively adsorbed from whole blood

with a single passage through the columa in vitro, resulting
in depletion of the antigen-specific T cell responses. We
conclude that this new column would be potentially useful
for treatment of T cell-mediated autoimmune diseases.
Key Words: Cytapheresis, CD4 helper T cell,
Immunotherapy.

Antigen (Ag)-specific CD4* T cells play a central
role in the pathogenesis of most of autoimmune dis-
eases (1,2). Monoclonal antibodies to the CD4 Ag
have proven effective in the control of experimental
autoimmune diseases (3), and uncontrolled clinical
trials indicate that anti-CID>4 antibody therapy is ben-
eficial in various human autoimmune diseases (4-12).
However, previous studies of murine monoclonal
antibodies against various cell surface Ags in humans
have revealed several major limitations of this strat-
egy. Murine monoclonal antibodies often do not sig-
nificantly deplete the function of the target cells
(4,6,7,12), and it is often difficult to know how many
cells can be affected after administration the antibod-
ies. Murine antibodies also provoke a host antimouse
response which may limit the effectiveness of ther-
apy, especially with repeated treatment (5,6,12). To
minimize these problems we designed a column to
adsorb CD4* T cells ex vivo, using anti-CD4 mono-
clonal antibody. Reported here are the property of
the column and the effects on the human peripheral
lymphocytes.
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MATERIALS AND METHODS

The column to adsorb CD4* T cells consists of
polystyrene non-woven-fabric on which an anti-CD4
monaoclonal antibody was fixed (CD4 removal col-
umn). The monoclonal antibody, purified antihuman
CD4 mouse IgG ak 2 (clone BL 4), was immobilized
on the carrier using hydroxymethyliodeacetoamide,
and blocked with bovine serum albumin. By not
detecting particular fluorescent intensity in the fil-
trate when fixing antibodies conjugated with fluores-
cein isothiocyanate on the carrier, we confirmed that
the antibodies were not released from the column
after extensive washing. The ¢olumn, 1 mL in vol-
ume, can treat 10-15 mL whole blood at the flow rate
of I mL/min. A column without anti-CD4 mono-
clonal antibody was used for sham experiments.

We performed a flow cytometric determination of
lymphocyte subsets in whole blood before and after
the above treatment, using EPICS Elite (Coulter).
Red blood cells were lysed with ammonium chloride
(NH,CI), and lymphocytes were stained with anti-
CD4, CD8, CD3, and CD20 antibodies conjugated to
fluorescein isothiocyanate or phycoerythrin.

To assess functional activity of the lymphocytes
from untreated or treated blood with the CD4- col-
umn, we measured the proliferation to mitogens and
purified protein derivatives of tuberculin (PPD).
First, PPD-specific CD4* T cell lines were raised from
the peripheral blood mononuclear cells (PBMCs),
which maintained by restimulation with PPD and
autologous mitomycin (MMC)-treated PBMCs and
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TABLE 1. Adsorption rate (%)" of each cell population when whole blood was treated with the control column or the CD4-

column
Cell populations Control column mean percentage + SD (N =4) CD4-column mean % + 5D (N =5) P-value*
RBC 31+14 21+22 0.45
Platelets 1951141 253+158 0.58
WBC 23076 18.0+4.7 0.26
Granulocytes 226+8.1 7.013.0 0.02
Monocytes 3941100 47.0+9.1 0.27
Lymphocytes 31.9+100 36598 0.51
CD3+ CD20- 29.9+1038 53.4+6.1 <0.01
CD3-CD20+ 410+95 38+6.1 <0.01
CD4+ CD8- 28.5+10.3 882+49 <0.01
CD4-CDS8+ 304+115 100 6.0 0.01

!, Absorption rate (%) = 100 x (cell number of pretreatment - cell number of post-treatment)/(cell number of pretreatment); *, Student’s

t-test or Welch's -test was used where appropriate.

expansion with recombinant human IL-2. The autol-
ogous whole blood(10 mL) supplemented with the
PPD-specific CD4' T cells(1 x 10°) were treated with
the column, then PBMCs were separated on a Ficoll
density gradient. from both untreated and treated
blood, and 2 x 10° cells/well were cultured in 200 pL
medium. 1x 10° autologous MMC-treated PBMCs
were added as additional Ag presenting cells because
non-woven fabric filters mechanically adsorb a por-
tion of monocytes. After 72 h of culture at 37°C in
5% CO,, *H-thymidine was added to each well for
the following 18 h, and cells were harvested on filters
for scintillation counting,

RESULTS

A single pass of human whole blood through the
column reduced a great number of CD4* T cells.
CD4" CD8 cells decreased from 27.4 to 1.3% (mean,
N=17), whereas CD8* CD4" cells did not. The CD4-
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FIG. 1. Proliferative responses of peripheral blood mononuclear
cells from the blood treated with the CD4-column or control col-
umn. PPD, purified protein derivatives of tuberculin; PHA, phy-
tohemaggulutin; ConA, concanavalin A. The blood {10mL)
contains the autologous PPD-specific CD4* T cell clones(1 x 10}
before treatment.

medium only
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column selectively adsorbed significantly many more
CD4* T cells than the control. Granulocytes and B
cells were less adsorbed by the CD4-column. Red
blood cell counts remained unchanged (Table 1).
PBMCs from the untreated blood responded well
to PPD {(stimulation index; SI=42.6), which was
markedly suppressed after treatment with the CD4-
column (SI=7.1) but not with the control column
(51=230.2). Lymphoproliferation to phytohemagglu-
tinin or concanavalin A was well conserved. PBMCs
which passed through the celumn did not proliferate
spontaneously without PPD or mitogens (Fig. 1).

DISCUSSION

Although lymphocytapheresis has been used to
treat autoimmune diseases with some benefit, unse-
lective removal of lymphocytes from the peripheral
blood does not appear to be a reasonable therapeutic
modality (13). We demonstrated that the CD4-
column efficiently adsorbed CD4* T cells directly
from whole blood. In vitro, Ag-specific CD4* T cells
were also adsorbed with the column, resulting in
abrogation of the Ag- specific T cell responses. These
results suggest that the column is potentially useful
in treatment of T cell-mediated autoimmune dis-
eases. However, like lymphocytapheresis (13), a sin-
gle treatment with the column can remove target
cells only from the circulation and may not be suffi-
cient to suppress disease activity. Repeated treat-
ment would overcome this problem. In human
autoimmune diseases, clonal expansion of autoim-
mune T cells has been reported (14,15). If we can
remove these pathogenic T cells from the circulation,
further disease progression may be prevented. Along
with corticosteroids for suppression of the autoim-
mune response and inflammation, cytapheresis with
the CD4-column may benefit patients with acute
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