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FIGURE 5. Colonic immunoglobulin-producing cells in mice
reconstituted with CD4*CD45RBM" T cells 7 wk after transfer.
The colonic sections from mice with no transfer, or recon-
stituted with CD4*CD45RB™" cells, CD4*CD45RB"" cells +
CD4*CD45RB" cells, or CD4*CD25™ cells 7 wk after transfer
were stained IgG (red), IgM (green), and IgA (blue) by
fluorescent immunohistochemistry. Original magnification
X200. These data were representative in 3 experiments.
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answer lies in the fact that we isolated only the brightest 20%
of CD4*CD45RB™e" T cells from MACS-isolated CD4™ T
cells to avoid some contamination of CD4*CD45RBmermidiate
T cells, whereas Laroux and associates isolated the brightest
40% of CD4"CD45RB"s" T cells. Although SCID mice that
transfer with the brightest 40% of CD4*CD45RB™" T cells
develop wasting disease and colitis,® it is possible that the
brightest 20% to 40% of CD4*CD45RB™ ™% T cells may
suppress the development of colitis induced by the brightest
20% of CD4"CD45RBM" T cells.

It should also be noted that differences may be
attributable to the use of immunodeficient recipients obtained
from different animal facilities or to the environmental factors
that drive the inflammatory response, because the nature of the
endogenous microbiota in immunodeficient recipients may be
an important and variable factor when comparing results
between different laboratories. Indeed, Helicobacter hepaticus
infection in an animal facility should be a critical point,*
especially in the case of establishing a new animal colitis
model. Although we performed the specific polymerase chain
reaction for Helicobacter sp (including H. hepaticus) using
stool samples from recipient mice in our facility, all of the data
was negative for all Helicobacter species including H.
hepaticus (data not shown). In light of this issue, we finally
confirmed that nude mice transferred CD4"CD45RB"" T
cells and bred in another independent animal facility at Tokyo
Medical and Dental University also developed severe colitis
(data not shown).

A second and related question that requires explanation is
why lamina propria CD4" T cells from colitic nude mice
induced by the adoptive transfer of CD4*CD45RB"" T cells
produced a large amount of Ty2 cytokines, [L-4 and IL-3, as
well as Tyl cytokines, although the classic colitis model
induced by the adoptive transfer of CD4"CD45RB™" T cells
into SCID/Rag-1,2 mice contains a feature of Tyl- but not
Ty2-type immune responses. One possibility relates to the
markedly infiltrating lamina propria B cells in colitic nude
mice. Because we previously demonstrated that infiltrating
lamina propria CD4" T cells from SCID mice transferred with
CD4"CD45RB"" T cells expressed ICOS, which preferentially
induces Ty2 responses,®® it may be possible that inducible co-
stimulator ligand (B7-H1, B7h)-expressing B cells,>”*® as with
antigen-presenting cells, stimulate infiltrating CD4™ T cells to
produce Ty2 cytokines in the inflamed lamina propria in this
nude colitis model but not in the SCID colitis model because of
the lack of B cells. 2,4,6-Trinitrobenzene sulfonic acid (TNBS)
colitis in mice, which is believed to be a model of Crohn’s
disease, was initially characterized by a Ty1-type inflammation
that was mediated by IFN-y driven by IL-12-producing antigen-
presenting cells using SJL/J mice,*® but studies of TNBS colitis
in BALB/c mice or IFN-y ™" mice showed that Ty2-type CD4"
T cells also played a major role in IBD, accompanied by
hypertrophy of colonic patches with distinct B and T cell zones
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FIGURE 6. Cytokine production by
tamina propria CD4* T cells. Lamina

o —1 propria CD4™ T cells were isolated
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from mice with no transfer, or

e reconstituted with CD4"CD45RB"9"
1520 cells, CD4*CD45RBMe" cells +
CD4*CD45RB" cells, or

=’

CD4+7CD25~ cells 7 wk after transfer,
and stimulated with anti-CD3 and
anti-CD28 mAbs for 48 hours. [FN-y,
IL-2, IL-4, and iL.-5 concentrations in
culture supernatants were measured
by CBA. IL-10 concentration was
measured by a specific ELISA. Data
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resernbling Peyers patches.*® Furthermore, this dichotomy
between Ty1- and Ty2-type mucosal inflammation is seen in
human IBD. The histopathological features of Crohn’s disease
resemble those of experimental Tyl cell-mediated colitis,
whereas those of ulcerative colitis most resemble experimental
Tu2-type mediated colitis®'; however, it does not seem too
simple to understand IBD by separating Tyl- and Ty2-type
diseases because it is also well known the cytokine patterns for
IBD patients are more complicated, and both Ty 1- and Ty2-type
immune responses should appear in individuals with IBD. To
underscore true IBD pathogenesis, both Tyl- and Ty2-type
immune responses in the present model may be valuable for
future studies of intestinal inflammation.

Finally, there is an implication for the evidence that
the co-transfer of CD4"CD45RB™™ T cells with
CD4*CD45RB"®" T cells ameliorated the infiltration of B
cells as well as CD4" T cells in intestinal lamina propria in
recipient mice, which is commonly observed in recipient mice
transferred with only CD4*CD45RB™" T cells. The present
report is the first to show that CD4"CD45RB'™ Ty, cells, which
contain CD4"CD257 Ty cells and other CD4"CD25™ Ty cells,
mediate the suppression of B cell expansion in vivo. Indeed,
it seems likely that the expansion of lamina propria B cells
in colitic mice is induced by their interaction with activated
lamina propria CD4" T cells because of, for example, the
interaction between CD40-expressing B cells and CD40L-
expressing T cells. Therefore, CD4"CD45RB™™ Ty cells di-
rectly suppress the expansion of activated CD4™ T cells;
thereafter, the expansion of B cells is indirectly suppressed
followed by the suppression of these CD4™ T cells. Additional
studies are needed to address this issue.

In conclusion, the present report establishes a new
model of murine chronic colitis. The advantage of the present
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colitis model induced by the adoptive transfer of
CD47CD45RB"" T cells into nude mice is that one can
investigate the roles of Ty2-type cells and B cells in a T cell-
depleted condition. The disadvantage of a classic SCID-
transfer model is the absence of normal B lymphocytes, which
themselves should have pathological activity.
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Ulcerative colitis (UC) and Crohn’s disease (CD) are debilitating idiopathic
inflammatory bowel diseases (IBDs) with symptoms that impair ability to
function and quality of life. The aetiology of IBD is inadequately understood
and, therefore, drug therapy has been empirical instead of based on sound
understanding of the disease mechanisms. This has been a major factor for
poor drug efficacy and treatment-related side effects that often add to
disease complications. The development of biologicals, notably infliximab, to
block TNF-a reflects some progress, but there is major concern about their
side effects and lack of long-term safety and efficacy profiles. However, IBD by
its very nature is exacerbated and perpetuated by inflammatory cytokines,
including TNF-o, IL-6 and IL-12, for which activated peripheral blood
lymphocytes, monocytes/macrophages and granulocytes are major sources.
Hence, activated leukocytes should be appropriate targets of therapy. At
present, three strategies are available for removing excess and activated
teukocytes by leukocytapheresis: centrifugation, Adacolumn® and Cellsorba™.
Centrifugation can deplete lymphocytes or fotal leukocytes, whereas
Adacolumn selectively adsorbs granulocytes and monocytes together with a
smaller fraction of lymphocytes (FcyR- and complement receptor-bearing
leukocytes), and Cellsorba non-selectively removes all three major leukocyte
populations. Efficacy has ranged from ‘none’ to an impressive 93% together
with excellent safety profiles and downmodulation of inflammation factors.
Furthermore, leukocytapheresis has shown strong drug-sparing effects and
reduced the number of patients requiring colectomy or exposure to unsafe
immunosuppressants, such as cyclosporin A. Leukocytapheresis removes from
the body celis that contribute to IBD and, therefore, unlike drugs, it is not
expected to induce dependency or refractoriness.

Keywords: biological therapy, granulocytes, inflammatory bowel disease, leukocytapheresis,
lymphocytes, monocytes, ulcerative colitis

Expert Opin. Biol. Ther. (2006) 6(5):453-466

1. Introduction

Ulcerative colitis (UC) and Crohn’s disease (CD) together represent the idiopathic
inflammatory bowel diseases (IBDs) of the gut. IBD is characterised by inflamma-
tion in the intestinal mucosa followed by ulceration and extensive loss of the
mucosal tissue if untreated. Both UC and CD are debilitating chronic disorders that
afflict millions of individuals throughout the world and produce symptoms that
impair ability to function and quality of life. Whereas UC is usually confined to the
colon and the rectum, CD can affect any part of the gut, from the mouth to the
perianal region (14]. The loss of the mucosal tissue as a consequence of inflammation
and ulceration is associated with a multitude of clinical manifestations representing

10.1517/14712598.6.5.453 © 2006 Informa UK Ltd ISSN 1471-2598 453

—217—



The logics of leukocytapheresis as a natural biological therapy for inflammatory bowel disease

the expressions of IBD, including diarrhoea, rectal bleeding,
abdominal discomfort, fever, anaemia and weight loss [1-3].
Both UC and CD tend to run a remitting—relapsing course
affected by diverse environmental and genetic factors (1,5-5].

Despite the recognition of a strong genetic background
together with environmental factors that at present are
thought to translate into an inappropriate inflammatory
response in patients with IBD (3.4,), factors that cause IBD
are not completely understood. Accordingly, until now, drug
therapy of IBD has been empirical rather than based on
sound understanding of disease aetiology. Thus, although the
success of treatment is evident in most patients, it comes at
the cost of significant side effects [78). Hence, first-line
medications for exacerbation of IBD include 5-aminosalicylic
acid (5-ASA) or sulfasalazine in combination with a
corticosteroid, with consideration of azathioprine and
nutritional support for some patients (1,9-14]. Treatment failure
in patients with severe disease has often been an indication for
colectomy in up to 40% of steroid-refractory patients [10,15],
although in recent years, cyclosporin A (CyA) has been
introduced for corticosteroid-refractory UC (15,16]. Despite
being moderately effective in this clinical setting in reducing
colectomy rates, there remain concerns over long-term
efficacy and toxicity of CyA (7).

2. Novel biologicals for the treatment of
inflammatory bowel disease

IBD by its very nature is exacerbated and perpetuated by
inflammatory cytokines such as tumour necrosis factor
(TNF)-a, interleukin (IL)-1B, IL-6, IL-12, and so on [18,19].
For unknown reasons, patients with IBD cannot maintain
normal gut homeostasis. An understanding of the cytokine
network and its role in promoting IBD pathogenesis is a
crucial step towards finding a cure for this devastating
disease [2,3). Based on this understanding, in recent years,
anticytokine antibodies, notably the TNF antibodies
(infliximab, adalimumab), have been developed for the
treatment of IBD (13). The apparent success of infliximab in
CD (2021 has also been seen in patients with UC 2.
Following the introduction of infliximab, a plethora of other
biologicals are being introduced as candidates for the
treatment of IBD (3.23]. These include CDP571 24], an
immunoglobulin G4 monoclonal antibody that has been
investigated in a pilot study of 15 patients with
mild-to-moderate UC. However, the efficacy in UC was
unsustainable. Another candidate is RDP58 (251, a novel
p38/INK inhibitor known to block TNF production and also
inhibit the production of IL-2 and IL-12. RDP58 has been
evaluated in a Phase II study of 127 patients with
mild-to-moderate active UC {2¢}. Remission efficacy has been
up to 72%. Antileukocyte adhesion agents also represent
novel approaches to block infiltration of inflammatory
leukocytes to the intestinal mucosal. Two recently developed
candidates for UC are natalizumab, a monoclonal antibody to

the o integrin (27}, and MLN-02, an o, integrin [28. A
large-scale study on natalizumab in patients with CD
produced insignificant efficacy and had fatal adverse events
(progressive multifocal leukoencephalopathy); the preparation
has been halted [29}.

The efficacy of CyA in severe UC is thought to be via
inhibition of IL-2 production by T cells n13). This has led to
the development of anti-IL-2 receptor alpha monoclonal
antibodies. Daclizumab and basiliximab are two such
candidates (1330). One pilot study of daclizumab in
10 patients with refractory UC showed significant decreases
in clinical activity scores after week 2 with a parallel decrease
in C-reactive protein (CRP) and significantly reduced CD25*
cells in mucosal biopsy samples {30]. Likewise, certain
interferons (IFNs) are expected to show efficacy in IBD.
Based on this background, a pegylated IFN-0.-2b was recently
evaluated in 60 patients with UC (31]. Remission efficacy in one
study was 58% compared with 40% for the placebo [31). This
study had a significant number of drop-outs (8 of 21 patients)
due to side effects [13).

Growth factors such as epidermal growth factor (EGF)
and keratinocyte growth factor (KGF) are known to regulate
the integrity of the mucosa and maintain its barrier
function. The potential use of these growth factors to heal
and restore mucosal integrity has stimulated studies with
EGF and KGF for the treatment of UC (13,32,33]. Despite this
background, a placebo-controlled trial that enrolled
88 patients with active UC showed no significant benefit
from KGF [33). In contrast, when EGF was given to
12 patients as enemas (5 pg EGF in 100 ml of an inert
vehicle), 10 experienced remission (13,33). Clearly, additional
studies together with long-term follow-up are necessary to
fully assess the position of growth factors in the treatment of
IBD. Further, potential benefits need to be balanced against
the potential for upregulation of proto-oncogene expression
and the risk of malignant transformation with EGF therapy
in UC or adenomatous polyps [13].

The enthusiasm towards biologicals is dampened at present
by concerns about their long-term efficacy and safety
profiles (34-39]. Taking infliximab as one example that has been
through extensive clinical evaluations, following the initial
and subsequent administrations, antibodies to infliximab
emerge that potentially can reduce its efficacy 39). Concerning
their side effects, the literature on biological therapy in
general carries headlines such as Tumour necrosis facror
antagonist therapy and lymphoma development’ [38); Serious
bacterial infections in patients with rheumatoid arthritis under
anti-TNF-a therapy 1371 Trearment of rheumatoid arthritis
with tumour necrosis factor inhibitors may predispose to
significant increase in tuberculosis risk’ (36); Adverse skin reactions
to anti-TINF-¢ (34); and so on. There is no shortage of many
more warning statements.

Leukocytes have the potential to initiate and amplify
inflammation by releasing a cascade of pro-inflammatory
cytokines, proteases and oxygen derivatives, leading to

454 Expert Opin. Biol. Ther. (2006) 6(5)
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extensive tissue injury 2. In the face of the overwhelming
evidence for the involvement of various cytokines in the
immunopathogenesis of IBD and the fact that peripheral
blood leukocytes are major sources of these cytokines, the
leukocytes seem logical targets in the treatment of IBD.
Indeed, histological examination of the mucosal tissue in
biopsy specimens from patients with active IBD reveals a
spectrum of pathological manifestations, among which
presence of an abundance of neutrophils, lymphocytes and
macrophages relates specifically to clinical disease activity and
severity of the disease [1-3,40-42). The circulating activated
granulocytes and monocytes, which are major sources of
inflammarory cytokines [43.44], are elevated with increased
survival time in active IBD 45-521. Paradoxically, corticoster-
oids that are given to most patients with active IBD increase
neutrophil time [53. In addition to their
inflammarory cytokines that can exacerbate and perpetuate
neutrophils and

survival

the inflammation in the
monocytes/macrophages can cause mucosal tissue injury via
their proteases and reactive oxygen products [54].

This article reviews the therapeutic application of
leukocytapheresis in IBD with a major focus on UC. The
underlying rationale is that the removal of these cells that
are otherwise destined for migration to the intestine reduces
the inflammatory intensity, which in turn allows healing to

mucosa,

take place. Also presented are arguments for why
leukocytapheresis should be a safer and more effective
biologicalbtherapy in IBD. Untl now, three different
leukocytapheresis systems have been applied to the
treatment of IBD: centrifugation, an adsorptive
carrier-based leukocytapheresis system (the Adacolumn®)
and the Cellsorba™ filter column.

3. Leukocytapheresis in the treatment of
inflammatory bowel disease

3.1 Earlier observations

Leukocytapheresis was first introduced to treat patients with
chronic myelocytic leukaemia (55,56} and chronic lymphocyric
leukaemia (57). In 1975, thoracic duct drainage was associated
with clinical improvement in 12 patients with rheumaroid
archritis (58]. In 1979, Tenenbaum and colleagues [59] success-
fully performed leukocytapheresis for rheumatoid arthritis
using an IBM blood cell separator.

The logics of leukocytapheresis for autoimmune diseases
was based on the expectation that removal of lymphocytes
that are producing autoantibodies or stimulating antibody
production should reduce the cause of an autoimmune disease
such as rheumatoid arthritis. Recent evidence suggests that
the efficacy of the therapy might not simply be attributed to
cell removal per se, as contact activaton of cells with the
treatment surface or a change in the proportions of regulatory
(suppressor) T cells and pathogenic macrophages might
produce immunomodulatory effects. This notion has been
further discussed in the following sections.

Kanai, Hibi & Watanabe

3.2 Centrifugal leukocytapheresis
In 1985, Bick and colleagues [60] reported the first clinical trial
of centrifugal leukocytapheresis in IBD for patients with
active CD. This uncontrolled trial together with their
follow-up studies (61,62) suggested that leukocytapheresis had
efficacy in patients with CD, but their preliminary
observations were to be confirmed by subsequent studies in
large cohorts of patients. In line with this assertion, in 1994,
Lerebours and colleagues [63] assessed the efficacy of
centrifugal lymphapheresis to suppress early relapse in
patients with CD in clinical remission after steroid treatment
for an acute atrack. Twenty-eight patients were included in
this randomised, multi-centre, prospective study. Before
starting steroid tapering, patients were randomly assigned
either to lymphapheresis (9 sessions within 4 — 5 weeks) or to
a control group (no lymphapheresis). The primary judgment
criterion was the cumulated recurrence rate after steroid
discontinuation. All of the treated patients (12 of 12) were
successfully withdrawn from corticosteroids together with 10
of 15 in the control group. At the end of an 18-month
follow-up, the cumulated relapse rate was 83% in the
lymphapheresis group and 62% in the control group. This
study is so far the best controlled trial targeting peripheral
blood lymphocytes in IBD, and showed that lymphapheresis
alone is not an effective treatment for patients with CD. The
authors’ conclusion was ‘although there was a trend towards a
diminished incidence of corticosteroid dependence, centrifugal
lymphapheresis did not prevent the occurrence of early relapses’.
In 1997, Ayabe and colleagues (64] reported an open pilot
study of centrifugal leukocytapheresis in patients with
corticosteroid-refractory active UC, with focus on efficacy and
safery. Fourteen patients with severe UC were treated by
centrifugal  leukocytapheresis.  Patients
leukocyrapheresis session per week for three consecutive weeks.
In each session, leukocyte-rich fractions of the buffy coat layers
were removed from 2000 — 2400 ml of peripheral blood taken
via an antecubital vein. Approximately 180 ml of ACD-A (acid
citrate dextrose; 3%w/v citrate) was used as an anticoagulant.
Thirteen patients (92.9%) achieved clinical remission within
4 weeks after leukocytapheresis and remained in remission for
8 months on average without any additional corticosteroid
therapy. Both colonoscopic and histological examinations
confirmed the efficacy of the treatment in terms of reduction
of severe inflammation of the affected colon. No significant
side effects were observed throughout the therapy. In addition,
the expression of L-selectin and very late antigen-4at, which are
target molecules on leukocytes for interactions with
endothelial cells, were downmodulated. The same group
conducted a second pilot study in which 23 patients with
severe corticosteroid-refractory UC received centrifugal leuko-
cytapheresis [65]. Of 23 patients, 18 (78.3%) achieved clinical
remission. The third study by this group (66 was a
multi-centre, open-label trial involving 50 patients with active

received  one

corticosteroid-refractory UC conducted in 14 medical institu-
rions. Using the Haemonectics Component Collection
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Figure 1. The operation outline for the Adacolumn selective leukocytapheresis system. The Adacolumn is filled with cellulose
acetate beads as leukocytapheresis carriers that selectively adsorb granulocytes, monocytes/macrophages together with a small fraction
of lymphocytes. These are the leukocytes that bear the FcyR and complement receptors. Arrows indicate the direction of blood flow
during leukocytapheresis. On the right-hand side, scanning electron photomicrographs show adhesion of leukocytes to a carrier (A); the
adsorbed leukocytes are primarily monocytes (B) and granulocytes (C). See text for comments on therapeutic effects and the mechanisms

of actions.

System  (Braintree, MA, USA), leukocytapheresis was
performed once a week for five consecutive weeks, processing
2000 — 2400 ml of patients’ blood per session as in their first
study [64]. At the end of the study, stool frequency was
decreased to < 4 times a day in 68.4% (26 of 38) of patients,
and CRP level was normalised in 56.7% (17 of 30) of the
patients. Colonoscopic remission was achieved in 57.7%
(26 of 45) patients and histological improvement was noted in
54.1% (20 of 37) of patients tested. Following 5 — 6 leuko-
cytapheresis sessions, improved disease activity was seen in
74% (37 of 50) of patients by general assessment criteria, but
only 11 patients (22.0%) achieved clinical remission. It is not
clear why this multi-centre study revealed lower rate of clinical
remission as compared with the two earlier studies.

3.3 The Adacolumn selective leukocytapheresis
system

The Adacolumn (Figure 1), which is featured in this section, is
an example of a medical device that can selectively remove
activated granulocytes and monocytes/macrophages together
with small populations of lymphocytes [48,49,67,68]. The leuko-
cytapheresis procedure is simple. Two large canulae are placed
in the antecubital veins of the two arms (or other suitable
sites) for direct blood access to the column, and return back to

the patient. The blood flows into the column usually at
30 ml/minute and returns to the patient from the column
outflow. The blood flow can be increased or decreased if
necessary. Each session takes on average 60 min (can be
prolonged or decreased if necessary). The column itself
(Adacolumn) is filled with specially designed cellulose acetare
beads of 2 mm in diameter as leukocytapheresis carriers. Pre-
and postcolumn blood cell counts revealed that the carriers
adsorb from the blood that passes through the column
~ 65% of granulocytes and 55% of monocytes/macrophages
together with a smaller fraction of lymphocytes (49.68]. These
are the leukocytes that bear the so-called FeyR and
complement receptors [67,68]. These numerical data have been
verified by scanning electron microscopy on the beads taken
from the column following a leukocytapheresis session
(Figure 1). The science and the therapeutic rationale behind
the development of the Adacolumn have been broadly
presented in two recent publications 49,68].

The first clinical trial of Adacolumn in patients with active
UC was an open, multi-centre, controlled study conducted at
14 hospitals throughout Japan (69). Of 105 eligible patients,
53 were in group I for Adacolumn and 52 in group II for
conventional drug therapy. According to the study design, in

group I, prednisolone (PSL) was increased to

456 Expert Opin. Biol. Ther. (2006) 6(5)

— 220 —



63.1 + 13.82 mg/day per patient at week 1 to promote remission
compared with 23.5 £ 3.42 mg/day per patient in group . In
both groups, the PSL dose could be reduced if remission or
improvements were observed. At week 7 (efficacy assessment
time point), the average dose of PSL in group [ was
14.2 + 2.25 mg/day per patient versus 22.9 = 2.07 mg/day in
group II. Overall, 31 of 53 group I patients (58.5%)
responded to  Adacolumn leukocytapheresis  therapy,
11 achieved remission, 20 had their symptoms improved and
22 did not respond. In group II, 23 of 52 patients (44.2%)
responded to conventional drug therapy, 7 had remission,
16 had their symptoms improved and 29 did not respond.
Likewise, in group I, a total of 8 adverse effects (flushing,
light-headedness and so on) in 5 patients were reported, but
no patient discontinued the apheresis treatment due to
adverse reactions. In contrast, in group II, 40 adverse events in
24 patients were observed; 21 of 24 patients received medical
treatment and 3 patients discontinued the treatment.

Subsequently, Hanai and colleagues (47,48 reported treating
41 patients with severe UC by using the Adacolumn to
deplete  their  peripheral blood  granulocytes and
monocytes/macrophages. No additional drug therapy was
initiated while their ongoing medications were tapered as
symptoms improved. Pretreatment circulating neutrophil
counts were very high, 9.3 = 0.5 x 10%/], ~ 3 times the level
seen in controls [48], and significant reductions were seen at
week 12 of treatment, 4.9 = 0.4 x 10%/1. Haemoglobin at
week 12 relative to baseline had increased by 25%, which
might relate to the cessation of rectal bleeding following
remission or improvements of clinical symptoms. Along with
a fall in the patients’ clinical activity index (CAI), disease
activity index (DAI) and peripheral blood neutrophil counts,
there was a comparable fall in CRP [4s].

In one of the aforementioned studies by Hanai and
colleagues (48], a total of 146 patients with active UC were
given salicylates as the first-line medication. Ninety-two did
not improve and were put on intensive corticosteroid (PSL)
therapy. Among these 92 cases, 31 patients did not improve
(steroid-refractory) and underwent Adacolumn leuko-
cytapheresis therapy. These patients had a CAl of > 12, a DAI
of > 10 and were treated twice-weekly for 2 — 3 consecutive
weeks and then at one session per week. At the conclusion of
five treatment sessions, ~ 50% of these steroid-refractory
patients achieved remission or were significantly improved. At
the conclusion of ten treatment sessions, the remission rate
was 80%. The corticosteroid-refractory patients in this study
represented a subgroup of patients with severe UC that are at
significant risk of serious complications. Indeed, treatment
failure after 5 — 10 days of intensive corticosteroids is often
considered to be an indication for colectomy or exposure to
CyA 115,06 However, only 4 of the 31 (13%) patients
underwent colectomy. At 12 months, 79% of patients had
maintained their remission, which compares with a relapse
rate of 60 — 80% for CyA 13, but, unlike GyA 07,
Adacolumn was without major side effects. These initial
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response rates achieved by Hanai ez 4/ have subsequently been
reproduced both in Japan and in Europe [71-75]. One of these
studies by Kanke et al. [71) reported that 90 min per Adacolumn
session was significantly better than 60 min per session.

3.3.1 Adacolumn leukocytapheresis as first-line
medication for steroid-naive patients

Of the 41 patients treated by Hanai eral s, 8 were
steroid-naive at entry. All 8 (100%) went into a clinical
remission with the Adacolumn treatment and remained
steroid-naive during the treatment and follow-up time.
Subsequently, Suzuki eral (76771 reported  treating
20 steroid-naive patients with active UC by Adacolumn
leukocytapheresis. These patients had moderate-to-severe
UC; mean CAI was 8.8, range 5 — 17. At entry, all patients
were on 5-ASA (1.5 - 2.25 g/day). Each patient was to receive
up to a maximum of 10 Adacolumn sessions, at a frequency
of 2 sessions per week. Efficacy was assessed 1 week after the
last session. CAI fell to clinical remission levels (CAI < 4) in
the majority of patients after 6 sessions; only 2 of the
20 patients required all 10 sessions. At post-treatment, the
mean CAI was 3 (range 0 — 12; p =0.0001), and 17 of
20 patients (85%) were in clinical remission. There were
significant changes in total peripheral white blood cell counts
(white blood cells x 10%/1) (9.8 = 1.0 [range 5.9 — 22.5] versus
7.0 = 0.6 [range 3.5 — 15.3] for pre- and post-treatment,
respectively; p = 0.003) together with decreases in CRP
(p =0.0003). During the Adacolumn leukocytapheresis
therapy, two incidences of transient mild headache were
reported. In both cases, the headache receded within 3 h
without medication.

3.3.2 Adacolumn leukocytapheresis suppressed relapse
in asymptomatic patients

Bjarnason and colleagues in London have evaluated the
efficacy of Adacolumn leukocytapheresis to suppress IBD
relapse in asymptomatic patients at high risk of experiencing a
clinical relapse. A preliminary analysis was presented at the
United European Gastroenterology Week, UEGW2005 (73).
This approach reflects a fundamental change in the
philosophy of treating IBD. Instead of treating active disease,
asympromatic patients are identified solely on the basis of a
very high faecal calprotectin concentration, a neutrophil
selective protein that provides a quantitative measure of
intestinal inflammatory activity (40-42). The high calprotectin
levels (> 250 pg/g) place them in a very high-risk group for
relapse of their disease [40). This multi-centre, prospective,
randomised, controlled study randomly assigned patients to
Adacolumn leukocytapheresis, undergoing five once-weekly
out-patient sessions, or to unchanged treatment. Follow-up
was monthly for 6 months for clinical relapse. Thirty patients
who met the inclusion criteria were recruited from
244 potential subjects who underwent screening. In the
Adacolumn group, 62% maintained their remission
compared with 24% in the control group (p < 0.04). Life
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table analysis demonstrated that mean survival in the
Adacolumn group was 181 days, whereas in the control group
it was 104 days (p = 0.01). It seems likely that the five weekly
sessions of Adacolumn in such patients will have a significant
effect and potentially avoid the morbidity associated with
severe clinical relapses and the subsequent drug therapy.

3.3.3 Adacolumn leukocytapheresis in the treatment
of Crohn’s disease

The vast majority of studies with Adacolumn have been in
patients with UC. However, there is evidence to suggest that
Adacolumn leukocytapheresis is effective in patients with CD
as well. The first study in CD was reported by Matsui and
colleagues (791. In that study, 7 patients with CD refractory to
conventional medication, including nutritional therapy, each
received five Adacolumn sessions. Five of seven patients
achieved remission. In the follow-up study by
Fukuda ez /. {s0], 21 patients with severe drug and nutritional
therapy-refractory CD received five Adacolumn sessions each.
Efficacy rate was 52.4% in these severe patients. More
recently, ~Domenech eral 5] reported  treating
12 steroid-dependent patients with CD. The remission rate in
this study was 70%, which is higher than in the study reported
by Fukuda ez /. [80). Finally, Lofberg and colleagues [81] have
reported treating 7 patients with CD who were refractory or
had relapsed despite medication. Six had received infliximab,
but without success. Adacolumn leukocytapheresis was
performed at one session per week for 5 weeks. Efficacy was
assessed at week 7 and 12 months. The median value of
Crohn’s disease activity index (CDAI) scores decreased from
290 at week 1 to 184 at week 7 (p = 0.031). At the 12-month
follow-up, CDAI had decreased further to 129 (p = 0.0016).

3.3.4 Immunomodulation associated with

Adacolumn leukocytapheresis

Although the aim of treatment with Adacolumn has been to
remove excess and activated granulocytes and monocytes from
the circulation, it has been difficult to explain why some
patients continue to improve long after the treatment is
concluded. In addition, the low relapse rate reported by
Hanai eral (48 cannot be fully explained by our current
understanding of neutrophil function per se. Alternative
mechanisms of actions have therefore been sought.
Adacolumn is filled with cellulose acetate beads to which
leukocytes that bear the FeyR and complement receptors
adhere (67,68). The adsorbed leukocytes release an array of
active substances both toxic and non-toxic, but some
anti-inflammatory as well. Most of these substances are of
short half-life and may not reach the patients’ circulation in
significant amounts. Several investigators have carried out
analyses on blood samples taken from the Adacolumn inflow
and outflow (blood return line to patients) during leuko-
cytapheresis. Both Hanai ez 2/ (82) and Suzuki ez al. [76] found
a significant increase in blood levels of soluble TNE-a
receptors 1 and II. Soluble TNF receptors are reported to

neutralise TNF without invoking TNF-like actions (s3]
Similarly, several studies report a marked decrease in the
capacity of peripheral blood leukocytes to release inflamma-
tory cytokines, including TNF-a, IL-1B, IL-6 and IL-8,
following Adacolumn leukocytapheresis (47,49,84,85). The
procedure appears to produce a similar effect on leukocyte
trafficking receptors. Thus, the expressions of both
L-selectin (47,49,84,851 and  the  chemokine receptor
CXCR3 [67,85] were dramatically reduced and were sustained
well beyond the last leukocytapheresis session, whereas the
expression of the leukocyte integrin Mac-1 (CD11b/CD18)
was upregulated [49.68]. These actions should suppress
leukocyte extravasation. Furthermore, in wvitro studies by
Takeda ez 2/ 187) show that incubation of human blood with
the Adacolumn carriers for 60 min results in the release of
significant amounts of IL-1 receptor antagonist (IL-1ra) and
hepatocyte growth factor (HGF) in the incubation medium.
In contrast, the authors did not detect significant amounts of
TNF-a or IL-1B in the same test samples. IL-1ra has an
essential role in the control of inflammation in the intestinal
mucosa, while HGF is known to promote mucosal epithelial
cell regeneration, which is an essential step in ulcer
healing (87,881. Finally, a study by Kashiwagi et 4l (85] shows
that the proportion of naive or immature neutrophils
(CD10 neutrophils) in the circulation significantly increases
during Adacolumn leukocytapheresis. Figure 2 summarises the
immunomodulatory actions of Adacolumn leukocytapheresis.
At present, an investigation into the effects of Adacolumn
leukocytapheresis on Toll-like receptors and
CD14*CD16*HLA-DR* monocytes (pro-inflammatory) is
in progress.

3.4 The Cellsorba leukocyte removal system

The Cellsorba leukocyte removal filter column (Figure 3) was
developed by Asahi Kasei Medical in Japan and has been
comprehensively described by Sawada ez 2/ (89]. This system
is also a direct blood perfusion device. Blood access is from
the antecubital vein in one arm and returns via the
antecubital vein in the contralateral arm. Alternative access
sites may be used if necessary. Cellsorba uses a filter
consisting of polyester non-woven fabric that non-selectively
removes ~ 13.0 x 10° leukocytes and 5.2 x 10'! platelets
from the circulating blood during one treatment session [90).
The column is capable of removing almost 100% of
neutrophils and monocytes, including macrophages, and
30 — 60% of lymphocytes when measured between the inlet
and the outlet of the column (89).

The first major application of Cellsorba for the treatment
of UC was performed in 1995 by Sawada er 2/ [91]. Cellsorba
leukocytapheresis was administered 5 tmes at 1-week
intervals for 5 consecutive weeks during intensive therapy, and
5 times at ~ I-month intervals for 5 months during
maintenance therapy to 13 patients with IBD (8§ UC and
5CD patients). Improved clinical response during the
intensive therapy was seen in 11 of 13 patients (84.6%), 6 of
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scheme tentatively shows that in patients with IBD, leukocytes, in particular granulocytes, are elevated with activation behaviour, adhere
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the text.
IBD: inflammatory bowel disease; IL-1ra: Interleukin-1 receptor antagonist.

8 UC patients (75.0%) and 5 of 5 CD patients (100%). The
remission was maintained in 8 of 13 patients (61.5%) during
the maintenance therapy.

A nationwide multi-centre trial was carried out in Japan to
assess the efficacy and safery of Cellsorba versus corticosteroid
therapy in patients with active UC refractory to conventional
medication (89]. This was a controlled multi-centre study with
randomised assignment of 76 patients with UC tw two
groups. The 39 patients in the Cellsorba group received
weekly leukocytapheresis for 5 consecutive weeks as an
intensive therapy, which was added to the ongoing drug
therapy, while steroids were maintained, but not increased.
Leukocytapheresis was gradually reduced to one session every
4 weeks as maintenance therapy. In the high-dose PSL group
(n = 37), PSL was added or increased to 30 — 40 mg/day for
moderately severe patients and to 60 — 80 mg/day for severe
patients, and was then gradually tapered. The Cellsorba group
showed a significantly higher efficacy compared with PSL
(74 versus 38%; p = 0.005), and a lower incidence of side
effects (24 versus 68%; p < 0.001).

Furthermore, Sawada and colleagues (93] recenty
investigated the efficacy of Cellsorba leukocytapheresis in a
multi-centre trial using active and sham devices in a
double-blind study with focus on assessing the placebo effect

of extracorporeal circulation. Twenty-five patients with active
UC of severe or moderately severe intensity were assigned to
the active treatment or sham treatment. Six patients who did
not meet the inclusion criteria were excluded at screening and
19 (10 in the active group and 9 in the sham group) were
included. Cellsorba leukocytapheresis was performed
once-weekly for 5 weeks, followed by two additional sessions
during the following 4 weeks atr 2-week intervals.
Corticosteroids and other medications were continued at the
same dosage for 4 weeks. CAI showed thart the active group
achieved a significantly greater improvement (80%, 8 of
10 patients) compared with the sham apheresis group (33%,
3 of 9 patients; p < 0.05). Although there was a significant
advantage in favour of the active treatment, the total number
of patients was rather small in this study. Likewise, patients
had active UC refracrory to conventional drug therapy, and
most of them were receiving concomitant corticosteroids. A
similar study with a large cohort of patients with strict control
of their concomitant medications is warranted to confirm the
results of this study.

Sawada er a/. 193 further reported the efficacy and safety of
Cellsorba in treating patients with severe or fulminant UC or
toxic megacolon. Six patients were included and Cellsorba
leukocytapheresis was performed 3 times per weck for
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Figure 3. The operation outline for the Cellsorba filter column. The direction of blood flow indicated by the arrows shows that
whereas blood inlet for the Adacolumn is from the lower port, for the Cellsorba it is from the top port. On the right hand side, scanning
photomicrographs show leukocytes trapped in the Cellsorba filter (B is a higher magnification view of part of A).

2 weeks, followed by 4 further sessions in the following
4 weeks. Four of six patients improved and achieved
remission; the remaining two patients had to undergo
colectomy although their symptoms had been reduced by
Cellsorba. Further larger studies are essential to fully assess the
efficacy of Cellsorba in this clinical setting.

In earlier studies, Sawada eral [94) and Yamaji eral [95]
reported fluctuations in the leukocyte count in the peripheral
blood during Cellsorba leukocytapheresis. The count fell to
20 — 40% of the baseline level at 20 — 30 min after the start of
each session. Cellsorba itself had a sustained removal perform-
ance in excess of 90% of the baseline value for the circulating
blood leukocytes [96]. Therefore, it appears that leukocytes
from the marginal pools including the bone marrow, spleen
and vessel walls compensate for the lost leukocytes during a
session. This finding led to the concept and investigation of
Cellsorba as a therapy for UC. It is believed that activated
peripheral blood leukocytes serve as ‘primed reserve cells,
which might include leukocytes that originally have been
activated in the lymph nodes. During active IBD, this pool
provides a sustainable supply of activated leukocytes for
infiltration into the colonic mucosa. By depleting this pool,
leukocytapheresis can in effect influence the source of activated
leukocytes in the marginal pools as well. Indeed, infiltration of
activated leukocytes into the intestinal mucosa has been
considered as a major factor in the aetiology of IBD (1.40,45).

Perhaps a word of caution is warranted in relation to any
leukocytapheresis procedure that depletes lymphocytes. Thus,
a recent study by King and colleagues (97) indicates that the
state of lymphopenia may promote the development of
autoimmunity. Likewise, it is known that human diseases of
autoimmune aetiology often present with lymphopenia {93).

These findings led to the hypothesis that transient lympho-
penia during Cellsorba leukocytapheresis potentially may
trigger homeostatic T cell expansion-associated autoimmune
disease. Accordingly, if a patient with UC develops
autoimmune disease following exposure to Cellsorba, the
transient lymphopenia can be suspected to have predisposed
to the condition.

3.4.1 Immunomodulation associated with
Cellsorba leukocytapheresis
In the first major study by Sawada et 4l [91] in patients with
IBD, flow cytometry revealed that patients who improved had
a higher percentage of HLA-DR*, HLA-DR-CD3* and
HLA-DR*CD8* cells (pro-inflammartory) at entry. The levels
of these cells, CRP and erythrocyte sedimentation rate (ESR)
decreased to within the normal range by the end of therapy. In
contrast, patients who showed poor response to
leukocytapheresis, CRP and ESR did not change. Cellsorba
leukocytapheresis also affected cytokine production [9495].
The levels of pro-inflammatory cytokines TNF-a, IL-18,
IL-2, IL-8 and IFN-y were high in responders at entry and
were significantly reduced by leukocytapheresis [9¢]. These
cytokines are mainly secreted by activated peripheral blood
leukocytes [43,44). In addidon, the level of IL-4, an
immunoregulatory cytokine, increased after
leukocytapheresis (99]. These observations indicate that
Cellsorba leukocytapheresis is associated with changes in
cytokine profile in the disease state, returning to normality via
inhibition of several pro-inflammatory cytokines and by
stimulation of an immunoregulatory cytokine.

Andoh eral [100] recently evaluated the alterations in
circulating T cell subsets after Cellsorba leukocytapheresis
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Figure 4. Summary of the anti-inflammatory/immunomodulatory actions of leukocytapheresis with the Cellsorba filter
column. The scheme tentatively shows that monocytes/Mos can be activated by dietary antigens (more likely in CD than in UC), bearing
in mind that this is not the only pathway for leukocyte activation. After receiving the antigen, monocytes interact with T lymphocytes,
mucosal tissue, as well as with neutrophils via IL-8. The net effect of this step includes appearance of Th1, Th2, neutrophil-derived
proteases and active oxygen derivatives (mucosal tissue damage), as well as release of IL-4, IL-5, -2 and TNF-a.. The subsequent step
includes B lymphocyte activation, interaction with Ig and activation of NK cells via Ig-based antibodies. The damage to the mucosal tissue
is depicted to be via ADCC. The impact of TNF and IL-2 on the mucosal tissue is shown to be via CTLs.

ADCC: Antibody-dependent cell-mediated cytotoxicity; CD: Crohn’s disease; CTL: Cytotoxic T lymphocyte; M¢: Macrophage: NK: Natural killer; UC: Ulcerative colitis.

therapy in 18 patients with UC. Peripheral blood was
obtained within 5 min before and 5 min after leukocytapher-
esis therapy. The average number of lymphocytes, T and
B cells were significantly decreased after Cellsorba (p < 0.01).
The number of CD4* and CD8* T cells were also
significantly decreased (p < 0.01), but the CD4*/CD8* ratio
did not change. In addition, the number of CD45RO*CD4*
memory T cells significantly decreased. Using an intracellular
cytokine staining method, it was shown that [FN-y-expressing
(Th1) cells had significantly decreased after leukocytapheresis,
whereas there was no significant change in the number of
IL-4-expressing (Th2) cells. The Th1/Th2 ratio was
significantly decreased after Cellsorba. Figure 4 summarises
the associated with

Cellsorba leukocytapheresis.

immunomodulatory phenomenon

4. The science behind leukocytapheresis as a
natural biological therapy

IBD may be viewed as the consequence of an overexuberant
immune activity triggered and maintained by inflammatory
cytokines, including TNF-o, IL-18, IL-6, 1L-12, and so
on [18,19). This might be a major factor for IBD showing poor
response to conventional drug therapy (181348, Indeed,
administrations of these agents, often at high doses over long
periods of time, can produce additional
complications [1,7.8.17,101}. Furthermore, it is true to say that for
decades drug therapy of IBD has been empirical rather than

based on sound understanding of the disease mechanisms
(poorly understood aetiology). The current view is that
treatment interventions targeted at inflammatory mediators
(such as biologicals) should be more effective and produce
minimal side effects. Accordingly, the present era of
antibody-based  therapy  targeting specific  cytokines,
chemokines and adhesion molecules represents some progress,
albeit only truly effective in the minority of treated
patients [13,102,103}. Cytokines in particular represent the best
validated therapeutic targets, and it is logical to view cytokines
as major causes of persistent intestinal inflammation. However,
major sources of inflammatory cytokines include lymphocytes,
monocytes/macrophages and granulocytes (43.44], which in
IBD are eclevated 148,491 with activation behaviour (451,
prolonged survival time (521, and are found in vast numbers
within the inflamed intestinal mucosa 11,40). Granulocyte
infiltration into the mucosal tissue can indeed predict relapse
of both UC and CD p40,78). This indicates that during
quiescent IBD, activated leukocytes infiltrate the intestinal
mucosa and have a major role in mucosal inflammation, injury
and IBD relapse [1,4045,78]. Indeed, leukocyte activation and
prolonged survival is a feature of persistent inflammation, and
neutrophil-mediated mucosal damage has been shown to be
associated with the development of IBD (40,45,50,51]. Accord-
ingly, selective depletion of activated peripheral blood leuko-
cytes by centrifugation, Adacolumn or Cellsorba has been
associated with dramatic efficacy and a marked reduction of
inflammatory cytokines produced by leukocytes (47,48,68,94,95].
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Naive T cells preferentially recirculate between blood and
secondary lymphoid tissues, entering lymph nodes from the
blood by crossing high endothelial venules. After encountering
the activated dendritic cells undergoing antigen presentation in
the mesenteric lymph nodes, the naive T cells become activated,
proliferate and differentiate into activated effector T cells. These
effector T cells then acquire the gut-homing receptors, integrin
0,P,. Thus, colitogenic effector T cells, unlike naive T cells, can
migrate efficiently to sites of inflammation {104}, subsequently
entering afferent lymphatic vessels and travelling to local lymph
nodes [104-108]. In parabiotic mouse models, endogenous
memory T cells in most peripheral tissues react in equilibrium
with migrating blood-borne donor T cells within a week [109],
suggesting that there is rapid recirculation of T cells in peripheral
tissues. These recent understandings suggest that selective
removal of these colitogenic activated effector T cells by
leukocytapheresis should reduce the cellular components of IBD.

Factors believed to contribute to granulocyte activation and
its increased survival time in IBD include inflammatory
cytokines (110} and, paradoxically, corticosteroids [53], which are
given to most patients with active IBD. Indeed, corticosteroids
are known to reactivate quiescent UC and may precipitate the
first UC attack [1]. These again in part explain why IBD shows
poor response to drug therapy, and strengthen the assumption
that activated leukocytes are involved in the initation,
exacerbation and perpetuation of IBD. Activated leukocytes and
their cytokines, together with corticosteroids, might constitute a
vicious cycle whereby leukocytes produce cytokines that then
support the former in addition to promoting inflammation, and
both are enhanced by corticosteroids. Hence, peripheral blood
leukocytes should be the most appropriate target of therapy in
IBD. Based on this thinking, leukocytapheresis should be
equivalent to removing inflammatory cytokines at a point
upstream of inflammatory drive.

To continue the above arguments, it could be said that the
effectiveness of certain cytokine antagonists, such as infliximab,
might be viewed as a solid evidence for the involvement of
TNF-a (in this case) in the immunopathogenesis of IBD.
Hence, given that major sources of TNF-a (and other
inflammatory cytokines) include activated leukocytes, depleting
these cells from patients’ body should represent biological
therapy, a natural medication that is safe and, as it removes the
effector cells from the body rather than adding them, is not
likely to cause refractoriness. Alternatively, leukocytapheresis as
an adjunct to conventional medication should spare most
patients with active IBD from additional drug therapy and
reduce the number of patients who require colectomy.

The word apheresis means to take away, to purify. In fact,
today’s selective removal of activated peripheral blood leuko-
cytes to achieve a therapeutic effect by apheresis is reminiscent
of the rather crude pracrice of bloodletting (phlebotomy) and
its therapeutic application at the time of Hippocrates
(460 — 377 BC) in Ancient Greece. The perception then was
thart disease reflected the presence of disease-causing agents in
the blood, and bloodletting was to expel the disease.

Bloodletting was routinely and extensively performed for
diseases such as inflammation, infection and fever. This
practice was subsequentdy popularised by another Greek
physician, Claudius Galen (129 — 203 AD), in Rome, who
became a very well-respected authority on medicine for
> 1500 years. In the age of modern medicine, bloodletting may
be viewed as just a folly of the past, but it is difficult to imagine
that this procedure would have been so widely practiced for
such a long time if it had not been associated with efficacy.

5. Expert opinion

UC and CD together represent the chronic idiopathic IBDs,
and produce symptoms that impair ability to function and
quality of life. The aetiology of IBD is inadequately understood
and, therefore, drug therapy has been empirical instead of based
on sound understanding of the disease mechanisms. This has
been a major factor for poor drug efficacy and treatment-related
side effects that often add to disease complications. The
development of biologicals, notably infliximab, to block TNF-o
reflects some progress towards an ideal goal of having a
medication with adequate efficacy margin, yet there is concern
about their side effects and lack of long-term safety and efficacy
profiles. However, IBD by its very nature is exacerbated and
perpetuated by inflammatory cytokines, including TNF-a,
IL-6, IL-12, for which activated peripheral blood granulocytes
and monocytes/macrophages are major sources. Furthermore, in
patients with active IBD, peripheral leukocytes are elevated with
activation behaviour, increased survival time and are believed to
be major factors in the immunopathogenesis of IBD. Hence,
depleting activated leukocytes should be considered as a safe and
effective natural biological therapy, equivalent to reducing
inflammatory cytokine release at an upstream point. Published
data show leukocytapheresis producing impressive efficacy,
strong drug-sparing effects, with potential to reduce the number
of patients with severe disease who must undergo colectomy or
be exposed to potent immunosupressors such as CyA. Based on
data available at present, the safety of leukocytapheresis is no
longer a concern; however, there are many other aspects of the
treatment that require further investigation, not least the
importance of large controlled studies to fully evaluate its
therapeutic efficacy and its precise place in the treatment of IBD.
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Fujii, R., T. Kanai, Y. Nemoto, 8. Makita, S. Oshima, R. Okamoto,
K. Tsuchiya, T. Totsuka, and M. Watanabe. FTY720 suppresses
CD4+CD44MehCD62L - effector memory T cell-mediated colitis. A J
Physiol Gastrointest Liver Physiol 291: G267-G274, 2006. First pub-
lished March 30, 2006; doi:10.1152/ajpgi.00496.2005—FTY720, a
sphingosine-derived immunomodulator, causes immunosuppression via
enhancement of lymphocyte sequestration into secondary lymphoid or-
gans, thereby preventing their antigen-activated T cell egress to sites of
inflammation. FTY720 is highly effective in inhibiting autoimmunity in
various animal models. However, there is little known about how
FTY720 controls the migration property of memory T cells. Here, we
demonstrated that FTY720 prevents the development of colitis induced
by the adoptive transfer of lamina propria (LP) colitogenic effector
memory CD4% T cells (T cells; CD45RBOVCD44RECD62L. ™) into
severe combined immunodeficiency (SCID) mice and suppresses inter-
feron-y, interleukin-2, and tamor necrosis factor-o production by LP
CD4™ T cells. The numbers of spleen, peripheral blood, mesenteric
lymph node, and LP CD4™ T cells in FI'Y720-treated mice were
significantly reduced compared with those in control mice. Notably, LP
CD4* Try cells as well as splenic CD4*CD45RB"e" T cells expressed
several spingosine-1-phosphate receptors that are targets for FTY720.
Furthermore, FTY720 also prevented the development of colitis induced
by the adoptive transfer of splenic CD4*CD45RB™ 2" T cells into SCID
mice. Collectively, the present data indicate that FTY720 treatment may
offer the potential not only to prevent the onset of disease but also to treat
memory T cell-mediated autoimmune diseases including inflammatory
bowel diseases.

therapy; migration; I cell

2- AMINO-2-[2-(4-OCTYLPHENYL)ETHYL}-1,3-PROPANEDIOL HYDROCHLO-
rDE (FTY720) is a chemical derivative of myriocin (thermozy-
mocidin), a substance found in the fungi Myriococcum albo-
myces and Isaria sinclairii (1, 2, 5, 6). FTY720 is a potent
immunomodulator that has been shown to prevent graft rejec-
tion in various animal allotransplantation models (23, 24),
autoimmune disease animal models (11, 16, 20), and viral
infection animal models (17, 21). Good synergy with cyclo-
sporine and sirolimus has been reported (3, 28, 30). FTY720
eliciis a lymphopenia resulting from a reversible redistribution
of naive lymphocytes from the circulation to secondary lymph
nodes (4) without evoking a generalized immunosuppression
(31). Another study (21) has suggested that low blood lym-
phocyte counts may reflect reduction in the emigration of
effector cells to the periphery.

After naive lymphocytes enter a secondary lymphoid organ
from the blood, they travel to separate subcompartments,
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http://www.ajpgi.org

0193-1857/06 $8.00 Copyright © 2006 the American Physiological Society

where they survey for antigen. In the absence of an antigen
encounter, cells leave the organ via the efferent lymphatics or,
in the case of the spleen, via the red pulp. Timely egress
ensures that the cells travel rapidly to further lymphoid organs
to continue their antigen surveillance process. Recent studies
(1, 4, 22) have demonstrated that FTY720 blocks the egress of
lymphocyte from the lymph nodes, Peyer’s patches, and thy-
mus. In vivo, FTY720 is immediately phosphorylated, and in
vitro analysis has established that FTY720-phosphate is an
agonist for sphingosine-1-phosphate (S1P) receptors (S1P,—
S1Ps except for S1P,) (2, 5, 13). The S1P; ligand, S1P, is
present at high concentrations (100-300 nM) within blood and
body fluids (26). It has been suggested that the egress-blocking
activity of FTY720 can be explained by its S1P; downmodu-
lating activity in lymphocytes (8, 15).

In inflammatory bowel diseases (IBDs), it is believed that
memory T cells are intermittently reactivated in secondary
Iymphoid organs and thereafter return to inflammatory tissues,
such as, in this case, the gut (22). These memory T cells can
survive for a long period, and they provide the basis for
long-term immunological memory. However, it is little known
how memory T cells are controlled by FIY720 in IBDs. In this
study, we evaluated the effect of FTY720 using our recently
established CD4*CD44Me"CD62L~ effector memory T cell
(Teym celD-mediated chronic colitis model.

MATERIALS AND METHODS

Animals. Female BALB/c and CB-17 severe combined immuno-
deficiency (SCID) mice were purchased from Japan Clear (Tokyo,
Japan). Mice were maintained under specific pathogen-free conditions
in the Animal Care Facility of Tokyo Medical and Dental University.
The Institutional Committee on Animal Research of Tokyo Medical
and Dental University approved the experiments.

Antibodies. The following monoclonal antibodies were used for the
purification of cell populations and flow cytometric analysis: RM4-5,
CyChrome- or phycoerythrin (PE)-conjugated anti-mouse CD4 (BD
PharMingen; San Diego, CA); 16A, FITC-conjugated anti-mouse
CD45RB (BD PharMingen); IM7, PE-conjugated anti-mouse CD44;
and MEL-14, PE- or FITC-conjugated anti-mouse CD62L.

T cell reconstitution and FTY720 treatment. FIY720 (Novartis
Pharma; Basel, Switzerland) was dissolved in sterile distilled water
(DW). For in vivo treatment, FTY720 was administered via per os
gavage. To exclude the possibility that in vivo FTY720 treatment
might be cytotoxic for CD4™ T cells, we treated normal BALB/c mice
with a single dose of FTY720 (0, 0.3, and 3.0 mg/kg). Seventy-two
hours after the treatment, dead and apoptotic cells were detected by
annexin V-FITC/propidium iodide (PI) staining (MBL; Nagoya, Ja-
pan). As shown in Fig. 1, there were no significant differences in the
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Fig. 1. FTY720 weatment does not induce apoptosis of peripheral blood (PB)
monoclonal cells (PBMC) and splenic CD4+ cells. Normal BALB/c mice were
administerred with FTY720 at a single dose of 0, 0.3, or 3.0 mg/kg of FTY720.
A: 48 h after the administration, the numbers of dead or apoptotic cells were
determined by ammexin V-FITC/propidium iodide (PI). Data are from 5
mice/group. NS, not significantly different. B: data are means * SE of the
percentages of PI* and annexin V* (dead) cells and PI™ and annexin V¥
(apoptotic) cells from 5 mice/group.

numbers of dead (PI™ and annexin V™) or apoptotic (P1™ and annexin
V) cells between mice treated with each dose. Thus we adopted the
0.3 mg/kg dose of FTY720 in a line of in vivo experiments.

Colitis was induced in CB-17 SCID mice by the adoptive transfer
of syngeneic CD4*CD45RBM8" T cells as described previously (10).
Briefly, CD4™ T cells were isolated from splenocytes from normal
BALB/c mice using the anti-CD4 (L.3T4) MACS magnetic separation
system (Miltenyi Biotec; Auburn, CA). Enriched CD4™ T cells were
labeled with PE-conjugated anti-mouse CD4 monoclonal antibodies
and FITC-conjugated anti-CD45RB monoclonal antibodies and the
isolated CD45RB™#" (highest staining: 30%) fraction on a FACS
Vantage (Becton-Dickinson; Sunnyvale, CA). Each SCID mouse was
injected intraperitoneally with syngeneic 3 X 10° CD4*CD45RBRsh
T cells. Colitic mice were killed at 5-7 wk after the transfer to isolate
the colitogenic lamina propria (LP) memory CD4™ T cells (10). The
entire length of the colon was opened longitudinally, washed with
PBS, and cut into small pieces. The dissected mucosa was incubated
with Ca®?*-and Mg?*-free HBSS containing 1 mM DTT (Sigma) for
30 min to remove mucus and then treated with 1 mg/ml collagenase
(Worthington Biomedical; Freehold, NJ) and 0.01% DNase (Worth-
ington) for 2 h. Cells were pelleted two times through a 40% isotonic
Percoll solution and then subjected to Ficoll-Hypague density gradient
centrifugation (40%/75%). Enriched CD4™ LP T cells were obtained
by positive selection using anti-CD4 (L3T4) MACS magnetic beads.
The resultant cells, when analyzed by FACS Calibur, contained

REGULATION OF CD4* Tem CELLS BY FTY720

>96% CD4 ™ cells. To investigate LP memory CD4™ T cell migration
properties and the preventive effect by FI'Y720, we next induced a
colitogenic LP memory CD4* T cell-mediated colitis as previously
described (25). In brief, seven SCID mice from each group were
injected intraperitoneally with 200 w1 PBS containing 3 X 10° colitic
LP CD4™ T cells and were treated with DW or FT'Y720 (0.3 mg/kg)
daily starting 1 day before the transfer over a period of 4 wk. In
another experiment, seven SCID mice from each group were injected
intraperitoneally with 200 .1 PBS containing 3 X 10° normal splenic
CD4+*CD4RBM#" T cells and were treated with DW or FTY720 (0.3
mg/kg) daily starting 1 day before T cell transfer over a period of 5
wk. SCID mice after transfer were weighed initially and then three
times per week thereafter. They were observed for the following
clinical signs of illness: hunched over appearance, piloerection of the
coat, diarrhea, and blood in the stool. The mice were then killed and
assessed for a clinical score, that is, the sum of the following four
parameters: hunching and wasting, 0 or I; colon thickening, 0-3 (0,
no colon thickening; I, mild thickening; 2, moderate thickening; and
3, extensive thickening); and stool consistency, 0-3 (0, normal
beaded stool; 1, soft stool; and 2, diarrhea; and an additional point was
added if gross blood was noted) (29).

Histological examination and immunohistology. Tissue samples
were fixed in PBS containing 6% neutral buffered formalin. Paraffin-
embedded sections (5 pm) were stained with hematoxylin and eosin.
Three tissue samples from the middle part of the colon were prepared.
Sections were analyzed without prior knowledge of the type of T cell
reconstitution or treatment. The area most affected was graded by the
number and severity of lesions. The mean degree of inflammation in
the colon was calculated using a modification of the previously
described scoring system (29).

Flow cytometry. Flow cytometry three-color analysis was per-
formed. Isolated peripheral blood, spleen, mesenteric lymph node
(MLN), peripheral lymph node (PLN; inguinal, azillary, and lateral
axillary), and LP cells obtained from FTY720- and DW-treated mice
were preincubated with Fcy receptor-blocking monoclonal antibodies
for 20 min followed by an incubation with CyChrome-conjugated
anti-mouse CD4, PE-conjugated anti-CD44, and FITC-conjugated
anti-CD62L monoclonal antibodies for 30 min on ice. After the cells
had been stained, flow cytometry and data analysis were performed
using FACS Calibour and CELLQUEST software (BD Biosciencesl
San Jose, CA).

Cytokine production assay. To measure cytokine production, 1 X
10° LP CD4™ T cells were cultured in 200 ul culture medium at 37°C
in a humidified atmosphere containing 5% CO; in 96-well plates
(Costar; Cambridge, MA) precoated with 5 pg/ml hamster anti-mouse
CD3e monoclonal antibodies (145-2C11, BD PharMingen) and ham-
ster 2 pg/ml anti-mouse CD28 monoclonal antibodies (37.51, BD
PharMingen) in PBS overnight at 4°C. Culture supernatants were
removed after 48 h and assayed for cytokine production. Cytokine
concentrations were determined by a specific ELISA [interleukin
(IL)-10] (R&D; Minneapolis, MN) or a mouse T helper (Th)1/Th2
cytokine bead array kit [IL-2, IL-4, IL-5, tumor necrosis factor
(TNF)-«, and interferon (IFN)-y] (BD Biosciences) per the manufac-
turer’s recommendation.

RT-PCR. Total cellular RNA was extracted from 7 X 10° cells
using the RNeasy Mini Kit (Qiagen; Valencia, CA). Five micrograms
of total RNA were reverse transcribed using SuperScript reverse
transcriptase (Invitrogen). S1P receptor (S1Py, S1P;, S1P3, S1P,4, and
81Ps) levels were measured by a QuantiTect SYBER green PCR kit
asing an ABI7500 real-time PCR system and 7500 system SDS
software (Applied Biosystems; Foster city, CA). The following prim-
ers were used: S1Py, forward 5'-GTG TAG ACC CAG AGT CCT
GCG-3' and reverse 5'-AGC TTT TCC TTG GGA GAG-3'; S1P,,
forward 5'-GGC CTA GCC AGT GCT CAG C-3' and reverse
5'-CCT TGG TGT AAT TGT AGT GTT CCA GA-3'; S1Ps, forward
5'-GGA GCC CCT AGA CGG GAG T-3' and reverse 5'-CCG ACT
GCG GGA AGA GTG T-3'; 81P4, forward 5'-CCT GGA ACT CAC

AJP-Gastrointest Liver Physiol - VOL 291 « AUGUST 2006 « Wwww.ajpgi.org

—233—





