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Abstract This study assessed the
effect of an anti-rat CD4 mono-

The low-dose, short-course treat-
ment had no effect. Similar regi-
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clonal antibody (OX38) on hetero-
topic small bowel allograft rejection.
Fully allogeneic small bowel trans-
plants were performed in the PVG-
to-DA-rat strain combination. Ani-
mals received either i) short course
(days —1, 0 and 1) of 1 mg/kg per day
0X38, ii) short course of 5 mg/kg
per day or iii) extended course (days
-2,-1,0, 1, 2 and twice weekly
thereafter) of 1 mg/kg per day. Both
the high dose (13 days) and extend-
ed low-dose (12 days) courses pro-
longed graft survival compared to
untreated control animals (7 days).

mens were given to animals that did
not receive transplants and in which
peripheral blood CD4* cell counts
fell to between 20 and 55 % of pre-
treatment levels and 20-30% of
binding sites were blocked. In sum-
mary, anti-CD4 monoclonal anti-
body therapy delayed rejection of
rat small bowel allografts; however,
long-term survival was not achieved.
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Introduction

Although cyclosporin A and, more recently, tacrolimus
have improved the clinical success of small bowel trans-
plantation, rejection remains a major problem. Data
from the International Intestinal Transplant Registry in-
dicate that 47% of small bowel transplant recipients
succumb to sepsis and 10 % to lymphoproliferative dis-
orders [6]. More specific inhibition of the immune re-
sponse is required if small bowel transplantation is to
achieve the levels of success seen in renal, hepatic and
cardiac transplantation.

The pivotal role of CD4* T lymphocytes in the al-
lograft rejection response [12] renders this cell popula-
tion an attractive target for immunosuppression using
anti-CD4 monoclonal antibody (mAb). The ability of
anti-CD4 mAbs to delay the rejection of cardiac [8, 23,
25], renal [5, 26] and skin [14] allografts has been dem-
onstrated in experimental animal models. Such ap-
proaches have been of variable efficacy in human cardi-

ac and renal transplantation [17, 19], although more re-
cent clinical trials have been more encouraging [2, 15].

This study assessed the effects of anti-CD4 mAb pro-
tocols administered in the immediate perioperative pe-
riod on recipient survival in an experimental rat model
of small bowel transplantation. We also investigated
the possible mechanisms underlying the influence of
mAb on recipient survival by determining the effects of
treatment on peripheral blood leukocyte populations
and the degree of in vivo binding of OX38 mAb to
CD4" target cells.

Materials and methods

Preparation of anti-CD4 monoclonal antibody (OX38)

0OX38 hybridomas (ECACC, Salisbury, U.K.) were cultured in se-
rum free culture medium (Hyclone Europe, Cramlington, U.K.)
containing penicillin (100 U/ml), streptomycin (100 ug/ml) and
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L-glutamine (2 mM; Life Technologies, Paisley, U.K.) at 37 °C,
100% humidity and 5 % CO,. OX38 was purified from culture su-
pernatants by protein A sepharose affinity chromatography (Sig-
ma Chemical Co., Poole, UK), and the concentration was mea-
sured using an enzyme immunoassay. Briefly, 96 well microtitre
plates were coated with rabbit polyclonal anti-murine IgG,AM
antibody (100 ul-1/10,000 dilution, SERT 100, Serotec, Kidlington,
UK). Plates were washed with phosphate-buffered saline (PBS)
containing 0.1 % v/v Tween 20 (PBS/T) and blocked with PBS/T
containing 1% w/v bovine serum albumin. Bound mAb was de-
tected using a biotinylated sheep anti-murine immunoglobulin
polyclonal antibody (Amersham Life Science, Little Chalfont,
UK), a streptavidin/biotin/horseradish peroxidase enzyme com-
plex (Amersham) and 5-amino salicylic acid-based substrate (Sig-
ma). Absorbance changes were measured at 450 nm using a Titer-
tek Multiskan MCC/340 microplate spectrophotometer. The con-
centration of purified OX38 was determined by reference to a
dose response curve generated using a standard OX38 preparation
(Serotec) and ASSAYZAP data analysis software (BIOSOFT,
Cambridge, U.K.). Purified OX38 was diluted with sterile PBS
such that the required doses for in vivo administration were con-
tained in 0.3-0.4 ml.

Small bowel transplantation

Fully allogeneic heterotopic small bowel transplantation was per-
formed between adult male PVG (RT1¢) donor and DA (RT1?) re-
cipient rats (B & K Universal, Hull, UK), essentially as previously
described [16]. Animals were housed under standard conditions
and were given normal rat chow and water ad libitum. All animals
received care and were treated in compliance with the Animals
(Scientific Procedures) Act 1986.

The small bowel immediately distal to the duodeno-jejunal
junction to just proximal to the ileo-caecal junction was isolated
on a vascular pedicle comprising the superior mesenteric artery
on an aortic cuff and the portal vein. The vasculature was flushed
with Marshall’s perfusion solution, and the bowel lumen was
cleared with chlorhexidine solution (Baxter Healthcare, Thetford,
UK). The graft was stored in Marshall’s solution at 4 °C until trans-
planted. Aorto-aortic and porto-caval anastomoses were perform-
ed in the recipient, and the small bowel graft was transplanted in
a heterotopic position with cutaneous stomata at both luminal
ends. Animals were monitored regularly and sacrificed if neces-
sary. The survival time was recorded as the number of days from
the transplantation to the day of sacrifice or to the day prior to
death if the animal died overnight. All animals with transplants
displayed gross macroscopic evidence of graft rejection at post-
mortem examination.

Monoclonal antibody treatment

Animals with transplants {5-7 per group) underwent one of three
OX38 mAb treatment regimens: i} short course (days -1, 0 and 1)
at 1 mg/kg per day, ii) short course at 5 mg/kg per day or iii) an ex-
tended course (days -2, -1, 0, 1, 2 and twice weekly thereafter) at
1 mg/kg per day. Day 0 was the day of transplantation, and OX38
was administered by intravenous injection into the tail vein or pe-
nile vein. Control animals received PBS in place of the OX38 mAb.

Similar regimens were administered to three groups of animals
that did not receive transplants (2 per group) to assess the effect of
administered OX38 mAb on circulating leukocyte populations and
in vivo binding to CD4* cells. Control animals received PBS in
place of OX38 mAb.

Peripheral blood analysis and cell population studies
(animals without transplants)

Heparinised blood was obtained on days -1, 0, 1, 2, 3, 4, 7 and 8,
and the total leukocyte count, differential leukocyte count, cell
sub-populations and in vivo mAb binding of OX38 were moni-
tored. Leukocytes were counted using an improved Neubauer
chamber, and the proportions of neutrophils, lymphocytes, mono-
cytes and eosinophils were determined using Giemsa (Sigma
Chemical Co.) stained blood smears. Absolute counts of individual
cell subpopulations were calculated from the total leukocyte num-
ber.

Flow cytometric analysis

The effect of mAb administration on circulating leukocyte subsets
and its in vivo binding to target cells was determined using whole
blood flow cytometry, based on a previously described technique
[28]. Briefly, 10 ul of heparinised blood was incubated with 20 pl
of pooled rat serum (Serotec) for 15 min at room temperature. Af-
ter washing, cells were incubated sequentially with the appropriate
mAb combination (OX19-PE/OX33-FITC; OX35-biotin/fOX19-
PE; OX8-FITC/OX19-PE; 3 ul). OX19 binds to the CDS antigen
expressed on all T cells, and OX33 binds to the leukocyte common
antigen expressed on B cells. OX35 binds to an epitope on the CD4
antigen that is distinct to that bound by OX38, and OXS8 binds to
the CD8 antigen, which defines a subset of T cells and which is
also expressed on natural killer cells. The binding of biotinylated
OX35 was determined by subsequent incubation with 3 pl strepta-
vidin/ FITC conjugate (Serotec). Cells were washed following ev-
ery incubation with antibody, and erythrocytes were lysed using
Erythrolyse (Serotec). All mAbs were obtained from Serotec ex-
cept for OX35, which was purified from hybridoma culture super-
natants (ECACC) and subsequently biotinylated using a standard
protocol (Amersham Life Science).

Stained cell suspensions were analysed on a FACScan flow cy-
tometer (Becton Dickinson UK, Cowley, UK). The forward and
side scatter and green and red fluorescence data for 5000 cells
within a live gate placed around the lymphocyte and monocyte re-
gions were acquired using ‘Consort 30’ software (Becton Dickin-
son UK). The combination of mAbs used for double staining en-
abled the relative numbers of T and B cells and the proportions of
the former that were CD4* and CD8* to be calculated. The abso-
lute counts of cell subpopulations were calculated from the total
and differential leukocyte counts.

0X38 binding capacity of CD4* cells

In rats, the CD4 antigen is present on monocytes as well as the sub-
set of T cells that it defines. The presence of residual binding sites
on peripheral blood lymphocytes and monocytes after in vivo
mADb treatment was assessed by flow cytometry on the basis of in
vitro OX38 binding. A whole blood staining technique was used
in which the cells were incubated with a previously titrated saturat-
ing amount of biotinylated OX38, followed by streptavidin/FITC
conjugate.

The fluorescent intensities of the lymphocyte and monocyte
populations were determined and converted to the number of bio-
tinylated mAb molecules bound to the cell surface using Quantum
Simply Cellular precalibrated microbeads (Sigma Chemical Co.)
which were stained and analysed concurrently with the blood sam-
ples. Comparing the fluorescent intensity of cells from treated ani-
mals to that of cells from PBS-treated rats (which by definition had
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100% free antibody binding sites) gave a measurement of the re-
sidual OX38 mAb binding capacity.

Statistical analysis

The survival times of animals from different groups were com-
pared using the Wilcoxon’s rank sum test. Differences in the sur-
vival of two groups were considered to be of statistical significance
when P values were less than or equal to 0.05.

Results

Survival (animals with transplants)

Untreated control animals succumbed to the effects of
graft rejection at median of 7 days after transplantation
(Fig.1). Treatment with 1 mg/kg per day OX38 for
3 days had no effect on survival, whereas administration
of the same dose for 5 days perioperatively and then
twice weekly thereafter increased the median survival
to 12 days. This was significantly longer than both
the control (P<0.02) and low-dose, short-course
(P <0.01) groups (Fig.1). Animals given the higher
dose of OX38 (5 mg/kg per day) for 3 days survived for
a median of 13 days (Fig. 1), which was also significantly
longer than the control (P < 0.05) and low-dose, short-
course (P < 0.05) groups. It is clear from these findings
that significantly prolonged survival could be achieved
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Fig.1 FEffect of OX38 monoclonal antibody (mAb) treatment on
recipient survival after heterotopic small bowel transplantation.
OX38 was given at a dose of 1 or 5 mg/kg per day to recipient rats
for 3 perioperative days or 1 mg/kg per day for 5 perioperative
days and twice weekly thereafter. Control animals received phos-
phate-buffered saline in place of the OX38 mAb. Each group com-
prised 5-7 technically successful transplants. Both the high-dose
and low-dose long-course groups exhibited significantly longer sur-
vival than the control and low-dose, short-course groups

Table 1 Baseline cell populations in the peripheral blood of adult
male DA rats that did not receive transplants. Data are mean +
standard deviation of 2 animals

Cell population Cell count
(x 10°/)
Leukocytes (total) 14.6 +2.8
Neutrophils 43+18
Monocytes 05+03
Lymphocytes (total) 98+18
B cells 33108
T cells (total) 65+13
CD4* Tcells 49+10
CD8* Tcells 15+03

by either prolonging the time course of OX38 adminis-
tration or increasing the antibody dose.

Peripheral blood cell populations
(animals without transplants)

The baseline leukocyte populations in the peripheral
blood of DA rats that did not receive transplants are
summarised in Table 1. OX38 treatment induced gradu-
al falls in the total lymphocyte and monocyte counts,
with the high-dose, short-course group exhibiting a
more marked early decrease than the low-dose groups
(Fig.2). As expected, OX38 treatment had no effect on
peripheral blood neutrophil and B cell counts (data not
shown).

OX38 treatment reduced total T cell counts, an effect
that persisted until the final time point studied (day 8;
Fig.3). The CD4" T cell count in the high-dose, short-
course group fell by nearly 50% after the first injection,
and by day 4 the CD4" cell count was less than 25% of
the baseline value for this group (Fig.3). The falls in
the CD4* T cell counts in the low-dose OX38 groups
were less dramatic in the early post-treatment period,
although reduced CD4* cell counts persisted in all treat-
ment groups until day 8. As would be expected, OX38 -
had no effect on peripheral blood CDS8* cell counts
(data not shown), and the falls in total lymphocyte
counts resulted from the reduced numbers of CD4* T
cells.

Monoclonal antibody binding capacities
(in vivo receptor occupancy)

The residual antibody binding capacity of CD4" T cells
in the low-dose, short-course group was approximately
80% on days 0, 1 and 2 and returned to nearly 100 %
on day 3 (Fig.4). The binding capacity in the low-dose,
long-course group was maintained at approximately
80% during the antibody administration period
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Fig.2 Effect of OX38 monoclonal antibody (mAb) treatment on
peripheral blood lymphocyte (upper) and monocyte (lower) counts
in adult male DA rats that did not receive transplants. The x-axis
designation is consistent with the timing of injections in the trans-
plant groups. Day 0 (the day of the second injection) is equivalent
to the day on which the transplant procedure was performed, ex-
cept for the low-dose, long-course group for which day 1 is equiva-
lent to the day of transplantation. Control animals received phos-
phate-buffered saline in place of the OX38 mAb. The large arrows
indicate the timing of the intravenous injections and the small ar-
rows the subsequent injections in the long-course treatment group.
Each line represents the mean of data from 2 animals with the ex-
ception of the control group, for which data were interpolated be-
tween days 1 and 3, due to insufficient sample to perform all analy-
ses on day 2

(Fig.4). Administration of higher OX38 mAb doses
(5 mg/kg per day) was marginally more effective at
blocking in vitro binding sites (Fig.4). The in vitro mon-
oclonal antibody binding capacity of monocyte was
somewhat variable, and there was no appreciable block-
ade of OX38 binding sites on monocytes, except in the
high-dose treatment group (Fig.4).
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Fig.3 Effect of OX38 monoclonal antibody (mAb) treatment on
peripheral blood T lymphocyte (upper) and CD4* lymphocyte
(lower) counts in adult male DA rats that did not receive trans-
plants. The x-axis designation is consistent with the timing of injec-
tions in the transplanted groups. Day 0 (the day of the second in-
jection) is equivalent to the day on which the transplant procedure
was performed, except for the low-dose, long-course group for
which day 1 is equivalent to the day of transplantation. Control an-
imals received phosphate-buffered saline in place of the OX38
mAb. The large arrows indicate the timing of the first three intra-
venous injections and the small arrows the subsequent injections
in the extended treatment group. Each line represents the mean
of data from 2 animals with the exception of the control group,
for which data were interpolated between days 1 and 3, due to in-
sufficient sample to perform all analyses on day 2

Discussion

The potential efficacy of anti-CD4 mAb has been dem-
onstrated in a number of experimental transplantation
models including rat cardiac, renal and skin grafts [14,
22,23, 25, 26). Efficacy appears to be influenced by the
animal strains used and organs transplanted, as anti-
CD4 prevents cardiac graft rejection in low, but not
high responder combinations [1, 25, 27] and has differ-
ential effects on heart, kidney and liver graft survival in
Lewis recipients of ACI grafts [29].
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Fig.4 In vitro OX38 binding capacity of CD4* lymphocytes (up-
per) and monocytes (lower) in the peripheral blood of OX38-treat-
ed adult male DA rats that did not receive transplants. The mean
monoclonal antibody (mAb) binding capacity of the control (phos-
phate-buffered saline-treated) group on each day was designated
100 %, and the binding capacities of other groups were compared
to it. The x-axis scale is consistent with the timing of injections in
the transplant survival studies. Day 0 (the day of the second injec-
tion) is equivalent to the day that transplantation was performed,
except for the low-dose, long-course group for which day 1 is
equivalent to the day of transplantation. Control animals received
phosphate-buffered saline (PBS) in place of the OX38 mAb. The
large arrows indicate the timing of the three intravenous injections
of mAb and the small arrows the additional injections in the ani-
mals that received an extended course of low-dose (1 mg/kg per
day) OX38. Data are means of two animals in each group, with
the exception of the control group on day 2 when only one sample
was available

Monoclonal and polyclonal antibodies have been
used in experimental small bowel transplantation to
some effect in the context of graft or donor pretreat-
ment in unidirectional graft-versus-host disease models
[10, 11, 24} and a murine unidirectional rejection model
[18]. Few studies have evaluated the effect of systemic

mADb administration to recipients of fully allogeneic
small bowel allografts — a situation that is more closely
analogous to the clinical situation.

OX38 administered to Lewis recipients of Brown
Norway small bowel allografts on days -6 to -3 before
transplantation has no effect on graft survival, although
animals died of a graft-versus-host-like illness 19 days
after transplantation [4]. Intravenous OX38 at 5 mg/kg
per day on days -3 to 0 prolongs the survival of Lewis re-
cipients of ACI small bowel grafts from 8.2 to 16.0 days
[30]. More recent evidence suggests that OX38 can pro-
long small bowel graft survival when the intestine is co-
transplanted with a heart [29].

The majority of studies have used anti-CD4 mAb ad-
ministration protocols lasting several days prior to
transplantation, and the aim of our study was to assess
the effect of anti-CD4 mAb using a more clinically rele-
vant short pretransplantation period of treatment, con-
tinued for a variable time after small bowel transplanta-
tion. Qur findings indicate that prolongation of recipi-
ent survival could be achieved, provided that OX38
was given in a sufficient dose or over a prolonged post-
transplantation course.

In an attempt to understand the mechanism under-
lying prolonged survival, we studied circulating lym-
phocyte subsets and in vivo CD4 antigen occupancy af-
ter mAb treatment. All three regimens used in this
study reduced CD4* lymphocyte numbers over the
course of several days, although the effects were quan-
titatively different. Our findings are broadly consistent
with previous work in which OX38 was administered
intraperitoneally to ACI rats [25]. However, a subse-
quent study has reported that a reduction from 48 %
to 4% has been observed after intravenous administra-
tion of BWH-4 to Lewis recipients of cardiac grafts
[23].

Although the reduction in CD4* T cell counts ob-
served in the present study may be responsible for the
prolonged survival in the high-dose, short-course group,
it is difficult to explain the different animal survival in
the low-dose, short-course and low-dose, long-course
groups on this basis. Certainly, cell depletion does not
appear to be essential, as CD4* or CD8* cell depletion
by mAb is not necessarily the mechanism by which in-
testinal allograft survival is prolonged in a murine mod-
el [7]. Both depleting and nondepleting anti-CD4 mAbs
can induce indefinite murine cardiac graft survival, but
only if a booster dose maintains the coating of CD4"
cell surfaces in the nondepleting case [3, 20, 21]. It is
also difficult to explain the prolongation of graft surviv-
al on the basis of antigen blockade, as the residual bind-
ing capacity of CD4* T cells after the first 3 days of
treatment were similar in all three groups.

In summary, anti-CD4 mAb therapy administered in
the post-transplantation period can prolong the survival
of rat small bowel allograft recipients, although its effi-
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cacy is inferior to that of cyclosporin A in the same
strain combination [9, 13]. Monoclonal antibody thera-
py may be more effective when used in combination
with other agents such as CTLA4Ig which is capable of

cological agents.

blocking costimulatory pathways and enhancing the ef-
ficacy of anti-CD4 [30], or as a short peri-transplanta-
tion course to allow the use of reduced doses of pharma-
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