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ABSTRACT

The primary obstacle to successful clinical intestinal transplantation is the kck of effective. non-toxic
immunosuppressive regimens. This study investigates the effects of ¢yclosporin (CsA) and the novel
immunosuppressive drugs. FK506. rapamycin. mycophenolate moietil (RS61443). and 15-
deoxyspergualin (DSG) en growth. nutrition and small bowel function in normal rats.

Juvenile Lewis rats reccived 6 weeks of alternate day injections of vehicle (controls). CsA (15 mg/kg).
FK506 (2 mg/kg). rapamycin (2 mg/kg). RS61443 (25 mg/kg) or DSG (3 mg/kg). Weight gain, feed
intake and animal well-being were monitored. A 3-day balance study. measuring carbohydrate and fat
absorption was conducted in the fifth week. /i vivo intestinal permeability was tested by measuring
urinary excretion of orally administered 92Tc-DTPA. lactulosc and mannitol. /n vitro fluses of 3-O
methyl-glucose (30McG) and elcctrophysiological parameters were measured in Ussing chambers and
correlated with in vitro mitochondrial functior studics. Finally. villus morphometry and density were
assessed.

FK506, Rapamycin and DSG-treated rats gained significantly less weight than controls and the other
groups: the greatest effects werce seen in the first two groups. Feed intake was similar in all animals.
Anemia, leukopenia, diarrhea and aggressive behavior were also observed in those given FK506 and
DSG. Fat and carbohydrate absorption were reduced with CsA. markedly decreased with FK506,
increased with RS61443 and unchanged with rapamycin. DSG induced marked fat malabsorption only.
Villus hypertrophy was observed in the CsA and RS61443 groups while marked ilcal blunting occurred
with rapamycin. CsA-treated animals demonstrated increased ileal mucosal-to-scrosal (J,,,) and scrosal-
to-mucosal (J,) 30MeG fluxes. RSG1443 induced a significantly reduced net mucosal-to-scrosal (J,,)
flux in the jejunum, with a compensatory increase in the ileum.. FK506 resulted in the largest changes,
with significantly increased 1, and J, in both regions of small bowel. Conductance, potential difference
and intestinal short-circuit current, paralleled these findings and, combined with i vive testing, indicated
increased intestinal permeability in all but the RS61443 group. Similar to the 30MeG fluxcs, the most

profound permeability changes occurred in the FK506-treated animals. At the cellular fevel, FK506 and

DSG significantly diminished enterocyte mitochondrial energy production.



We conclude that measurable effects on small bowel function are induced by scveral of these drugs.
FK500. Rapamycin and DSC, especially, adversely affect weight gain, nutrient absorption and animal
well-beiny: paralleled by marked changes in in vitro glucosc fluxes, bowel permeability and mitochondrial

function These factors may impact on the utility of these agents as therapy for intestinal transplantation.
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CHAPTER1

INTRODUCTION

Short bowel syndrome (SBS) is a clinical diagnosis characterized by insufficient intestinal function to
support the nutritional nceds of the patient sccondary to massive or repcated resections of small intestine
resulting in decreased absorptive surface area (1,2). Until recently, long-term total parenteral nutrition
(TPN) has been the only major option for management for many of these patients. However, long-term
TPN is fraught with problems, most significantly when used in children (3-5). Catheter thromboses and
scpsis, fluid and electrolyte imbalances, micronutrient deficiencies, lifestyle restrictions and high cost can
limit the use of this treatment. Hepatobiliary complications are common, and range from abnormal liver
enzymcs to severc cholestasis and fatal hepatic failure (6-9). Infants and children, especially, are
susceptible to problems of cholestasis and liver impairment, the risk being potentiated by concomitant
factors such as prematurity and extreme short bowel (10,11). TPN-induced liver failure may be the most
common causc of mortality in these patients.

The replacement of nonexistent or non-functioning small bowel with a healthy organ could obviate
many of these problems. Although an experimental procedure for decades, ouly recently has small bowel
transplantation (SBT) become a realistic option for patients with SBS (12,13). However, despite advances
in technique and periopreative care, there have been relatively few clinical successes thus far, and long-
term follow-ups of these patients are not yet available.

Unlike many othcr vascularized organs. the small intestine is an intensely immunocompetent tissue,
presenting unique challenges when considered for trancplantation (12). Graft rejection by the host may be
complicated by the possibility of grafi-versus-hiost discase (GVHD), although the role of the latter process
in SBT is still not completely understood. Despite successes in other organ transplantation, conventional
methods of immunosuppression have had limited efficacy in SBT. It is this lack of consistently adequate

immunosuppression that has created one of the major stumbling blocks to successful SBT, and has led to
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the recent development of a plethora of novel immunosuppressive agents which are currently under
investigation for use in transplantation of very immunocompetent vascularized organs such as the small
intestine.

However, graft acceptance by the host is not sufficient for the success of SBT. Maintenance of
adequate function, including absorption of nutrients and maintcnance of an cffective barrier from enteric
organisms, is imperative. The process of transplantation, itsclf. is known to have adverse cffects on some
aspects of small bowel function (16-24). Adverse cffects presumed sccondary to immunosuppression hive
also been demonstrated (23,25.26). However, these studics have been performed on transplanted bowel.
such that any ir. nunological or mecharical consequences of transplantation may confound the results.
making the interpretation of these effects directly attributable to immunosuppression difficult to asscss.

Obviously, any further aggravation of function by immunosuppression nceds to be minimized. A
thorough understanding of the actions of these agents and their cffccts on growth, nuirition and small
bowel function, therefore, needs to be addressed. This is the focus of this thesis.

This thesis will be presented in a paper format. Chapter 11 is an extensive litcrature revicw, briefly
discussing the short bowel syndrome, current medical and surgical trcatment options and the role of SBT.
The unique immunological challenges inhcrent to SBT will be discussed in the context of mcthods to
circumvent them. Finally, a review of the conventional and novel immunosuppressive agents available,
concentrating on their current usage in experimental and clinical SBT will be discusscd.

The experimental work undertaken in this Masters of Science in Experimental Surgery and presented
in this thesis, sought to examine the cffects of some of these immunosuppressive agents on nutrition and
small bowel function in normal rats. This is presented in Chapters 111 through VII. For the sake of
practicality, the experiments werc run in two scts. Three drugs, cyclosporin A (CsA), rapamycin (RAPA)
and RS61443, were studied in the first sct of experiments; their results arc presented in chapters 111

through V. The last two agents, FK506 and dcoxyspergualin (DSG) were utilized in the sccond sct of



experiments, with their results presented in chapters VI and VII. Finally. chapter VIII is a synthesis of all

data obtained, with a discussion of their implications of immunosuppression in SBT.
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CHAPTER U

THE SHORT BOWEL SYNDROME AND THE ROLE OF SMALL INTESTINAL

TRANSPLANTATION:
CLINICAL ASPECTS, IMMUNOLOGY AND IMMUNOMODULATION

THE SHORT BOWEL SYNDROME

DEFINITION AND ETIOLOGY

The short bowel syndrome (SBS) is a clinical diagnosis characterized by insuflicient intestinal
function to support the nutritional needs of the patient and maintain an adequate quality of life (1). This
may be the result of massive loss or rescction of small bowel or a diffusc pathophysiological process
impairing its global function. In adults. the cause of SBS is most often sccondary to massive enteric
rescction duc to catastrophic mesenteric vascular occlusion. inflammatory bowel discasc, midgut volvulus.
tumor, trauma and radiation enteritis (1-3). Intercstingly. this has changed since the carly decades of this
century, when strangulated hernias and volvulus were the most commonly reported ctiologics (4.5). Inthe
pediatric age group, causes include resection for volvulus duc to malrotation or around an intact vitelline
duct, necrotizing enterocolitis, congenital atresia, gastroschisis or strangulated hernias (1-3).

The development of intestinal insufficiency is related not only to the overall length of remaining
bowel but also to which portions of intestinc arc preserved and their functional and absorptivc capacitics.
It is generally recognized that massive loss of the proximal small bowel is better tolerated than that of the
distal small intestine. This is due to the ileum's absorptive function of bile salts and vitamin B12, its
slower transit rate. and its better ability to morphologically and functionally adapt aftcr rescction (2,6,7).
As well. the terminal ileumn can respond to the presence of unabsorbed nutricnts, especially fat, by slowing

proximal jejunal transit, mediated by gut hormones (8,9,10). This 'ileal brake’ mechanisn: as well as the



ilcocecal valve permit the bowel the ability to control the rate of intestinal transit and therefore control
intestinal absorption. By delaying the passage of luminal contents. it increases time for absorption. and
also prev *nts bacteria from entering the small bowel from the colon where subsequent colonization would
accentuate malabsorption of nutricnts, water and clectrolytes (11.12). Finally. resection of the colon
aggravites loss of water and electrolytes, worsening the prognosis (13).

Scveral authors have attempted to define the minimum length of bowel required to maintain fong-
term survival in paticnts with SBS.  Wilmore found that infants who were left with less than 40 ¢m of
small intestine after a small bowel and ileocecal valve resection did not survive (14). However, long-term
survival was possible with at lcast 15 cm of small bowel. provided that the ileocecal valve and colon were
still present. Similar results have been reported by others with successful adaptation to total enteral
nutrition in infants and children with 13 to 20 cm of smail bowel in the presence of an ileocecal valve (15-
18).

These limits have been extended.  With better overall carc of these patients, there have been reports of
nconates able to adapt swith as little as 8-15 cm of small intestine with an ileocecal valve (15,19-23). In
addition. unlike Wilmore's findings. children have survived up to 7 years with no ileocecal valve and as
little as 15 em of jejunum, albeit dependent on parenteral nutrition (24).

The presence of an ilcocecal valve is not mandatory for intestinal adaptation with very short bowel
(25). Caniano reported one child with only 20 cm of small bowel, the left hemicolon and no ilcocecal
valve who was able to adapt to total enteral nutrition by 33 months of age. At reoperation for restoration
of intestinal continuity, re-measurcinent of the smali bowel revealed a significant increase in length to
15 cm (26). A similar case was reported by Weber et al of a child with a massive intestinal resection
including the ilcocecal valve leaving only 22 ¢cm of small bowel (27). Nutritional independence with a
normal dict was aitained within 28 months.

Obviously. adaptation of the remaining gut is vital to the outcome of SBS. Unfortunately, however.

our ability to manipulate this process to improve clinical outcome is limited.



Extensive reviews on intestinal adaptation in SBS have been published (2.3.7.28). Two basic changes
occur in this process: structural and functional.

Increasing the mucosal surface area available for nutricnt absorption occurs of it gross level with
dilatation and lengthening of the residual bowel as just described. and at a cellular level through increises
in crypt depth and cell number. resulting in an increasc in villus length (2.15.26.27.29). These
compensatory responses have the capacity to increasc the remaining small intestinal surface arcit up to
4-fold (1.3). Functionally. the qualitative absorptive processes of individual enterocytes in their ability 1o
transport amino acids and glucosc is unaitcred (3.7). However, the density of these carriers per villus may
increase as has been observed by Fedorak ef al and others with the glucose carrier in responsc (0 the
prescnce of an increased concentration of substrate (30.31). As well, altcrations n tight junction
permcability can enhance glucose absorption through the paracellular route in the presence of increase
levels of glucose, although the quantitative importance of this procese to functional adaptation has been
questioned (31,32).

The signals involved in adaptation and the processes by which this occurs are still not fully
understood. In general, adaptation appears to be related to the increased concentration of unabsorbed
nutrients and pancreaticobiliary secretions at the brush-border membranc and/or a long-list of hormonil
factors which may increasc during the adaptive process, such as enteroglucagon, secretin, cholecystokinin
and gastrin (3,7,33).

PROBLEMS OF THE SHORT BOWEL SYNDROME

Significant problems can arisc in paticnts with SBS which can be categorized as: a) fluid and
electrolyte, b) metabolic, ¢) nutritional and growth and d) TPN-related (1,2). These can affect all paticnts
with SBS, but the last catcgory tends to be the most vital for the pediatric age group as it strongly

contributes to morbidity and mortality (6,18.26,27).



Fluid, Electrolyte, Metabolic & Nutritional Problems

A major problem cncountered in patients with SBS is massivc loss of fluids and electrolytes (notably
sodium and magnesium) (2.3). This is most prominent in those with a jejunostomy, becausc of loss of the
absorptive capacity of the distal small bowel to handle the 8-10 liters of intestinal fluid produced by daily
gastric. pancreatic and biliary sccretions (1.34). Dchydration and electrolyte imbalances can occur
rapidly. Further aggravation occurs with any loss of duodenai and proximal jejunal inhibitory
ncurchormona! controls. subscquently leading to gastric hypersecretion. The subsequent decreased pH of
seeretions also induces pancreatic enzyme inactivation, resulting in protein and lipid maldigestion and

malabsorption.

Loss of the terminal ileum interrupts the entcrohepatic circulation of bile salts and contributes to
malabsorption of fat and the fat soluble vitamins. A, D, E and K. It also results in bile sait diarrhea and
sicatorrhea (1). Bile salts in the colon subsequently stimulate the absorption of small molecules such as
oxalate, resulting in hyperoxaluria and oxalate renal stones (35). In addition, undigested fats chelate Ca**
and Mg?*, causing their maiabsorption: intcstinal oxalate, normally rendered insoluble by combining with
Ca®". subsequently remains soluble in chyme. enhancing its absorption in the colon (1). Finally, chronic
dehydration further aggravates this tendency to nephrolithiasis and the development of oxalate stones (2).

Added to these effects is the overall decreased mucosal area for absorption. allowing partially digested
polysaccharides. proteins and fats to enter the colon. This promotes bacterial overgrowth, leading to the
production of short-chain fatty acids and lactic acid. Thesc aggravate the osmotic diarrhea, while
subseuently produced gas may lead to severe bloating (3).

TPN-Related Problems

With advances in medical management of SBS and parenteral nutrition formulations, most of the
metabolic and nutritional problems of SBS can be well-controlled, whereas TPN-related complications can
frequently be fatal (for excellent reviews. see references 1 and 2). In the broadest sense, these can be

grouped into lifestyle, catheter-related. metabolic and hepatobiliary.
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Lifestyle, Emotional and E...s6nzic Consequences of TPN: Because of their total dependence on
parenteral nutrition, these patients have significant lifestyle restrictions. In addition, they may develop
feclings of dependency as well as other psycho-social consequences (36-39). Frequent depression and
episodes of anxiety over catheter use and problems are not uncommon.

The cost of long-term TPN can be substantial (36.40). As published in scveral reviews, the annuad
cost in the USA ranges from $60,000 to $150.000 per year (6.41.42). In our province, there is an
estimated 40 patients on home parenteral nutrition (HPN): 35 adults. most with SBS. and 3 children, all
with SBS. with an estimated cost per patient of $110 (Canadian) per day or $30,200 (U.S)) peryear
(Marriage B. Home TPN Coordinator. University of Alberta Hospitals. November. 1993.). There are also
significant added expenses of repeat hospitalizations for HPN-rclated complications. Indeed. adult HPN
patients can average two hospitalizations per ycar, with at lcast onc episode secondary to parcnteral
nutrition-related complications, usually cathcter-related sepsis. Pediatric HPN paticnts average four
hospitalizations per year, with 2.5 of these being related to parenteral nutrition (36).

Catheter-related Problems of TPN: Catheter-related complications arc the most common problems
encountered in patients on long-term TPN (38). Bacterial contamination of the catheter can lead to
septicemia which may become rapidly fatal. Recurrent thromboscs of catheter sitcs frequently leads to
multiple venous access procedures with eventual exhaustion of available access sites. In a recent review of
SBS patients in the U.K., catheter sepsis was the major source of in-hospital morbidity, scen in 54% of
patients; 30% died from sepsis (+3). Another large scries of HPN paticnts revealed that 60% of hospital
admissions were secondary to catheter-related complications including sepsis, catheter clotting, sitc
infection and positional problems (44).

Metabolic Problems with TPN: Fluid and electrolyte imbalances and micronutricnt deficiencics can
occur with TPN. However, advances in formulations and careful individual monitoring has madc these
problems relatively uncommon. Altered bone metabolism results in an incidence of mctabolic bone

disease in patients 0.1 TPN as high as 15% (44). The exact pathogenesis of this is unknown but is felt to
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be related to abnormal metabolism of calcium. protein and vitamin D. as well as aluminum contamination
of TPN solutions (45.46). This can result in ostcomalacia with debilitating bone and joint pain, vertebral
body compression and pathologic fractures. Withdrawal of TPN will usually cause this syndrome to
subside, however, this is not an option in those paticnts with irreversible intestinal failure who are
otherwise dependent on TPN for life.

Hepatohiliary Complications of TPN: Prolonged use of TPN can result in a wide range of
hepatobiliary abnormalitics ranging from abnormal liver enzymes in almost all patients, to severe
cholestasis and fatal hepatic failure (47-51).

Steatosis (increased accumulation of fat in the liver or "fatty liver") is the most common morphologic
change associated with TPN in adults (51.52). In non-cirrhotic adult patients, this may occur as
frequently as 55% to 75% of the time (53-55). Clinically, this is most frequently manifested by benign
and reversible elevations in "liver function tests". Increased transaminase levels are the most common,
onsetting between 1 and 2 weceks after starting TPN in adults. Elevations in alkaline phosphatase and
bilirubin are not as prevalent, but may occur approximately 2 to 3 weeks after starting TPN (53,54,56.57).
This is felt to be due to the infusion of large amounts of glucose. which is hypothesized to stimulate
hepatic acetyl-CoA carboxylase activity, the rate-limiting step in fatty acid synthesis, thereby increasing
the lipid content of the liver (54,58-60). When part of the glucose calories are replaced by a fat emulsion,
such clevations in liver enzymes are not observed (58.61).

Intrahepatic cholestasis becomes evident after about 2 to 3 weeks of TPN and can be seen in up to 50-
75% of patients (57). The pathogenesis of this is likely multifactorial, related to the patient's clinical
condition and nutritional status. bacterial overgrowth in the remaining small bowel, metabolism of
unabsorbed bile acids by colonic organisms and/or hepatotoxicity of the TPN formula itself (52). Some

studics have shown a correlation between the amount of lipid infused and the development of biochemical

and histopathological cholestasis (57,62).



Progression to chronic liver diseasc is reportedly infrequent within the adult population on long-term
TPN. and is strongly associated with long-term: administration (53.54). One scrics revealed a 10%
incidence of clinically severe liver discasc: two of thesc 6 paticnts (3% overall) died of liver failure (63).
Again, the mechanism of this is likely multifactorial. rclated to the primary discasc, clinical and
nutritional status of the paticnt and hepatotoxicity of the TPN formulations (52). It would appear that
massive loss of intestine also contributes to the development of liver discase.  Stanko ef al investigated 18
patients on TPN for at least one year and found that 4 of the 6 patients who had undergone a massive
intestinal resection (from the ligament of Trcitz to the mid-transverse colon) developed severe cholestasis
with bile ductule proliferation. portal and periportal inflammation and mild steatosis. two of these patients
also had significant hepatic fibrosis (64). Paticnts who had no or only modest loss of intestine (30 to
100 cm of small and/or large bowel) showed no cvidence of hepatic dysfunction over a period of one yecar
on TPN.

The problems of cholestasis and liver impairment arc accentuated in infants and children (18.,51). An
estimated 30 to 40% of all infants on TPN may eventually develop severe cholestasis, with the
development of pathologic changes of portal fibrosis and cirrhosis (65.47). More significantly, cven those
infants who survive TPN-induced hepatic dysfunction. to be cventually wearned to enteral nutrition, may
have persistent portal fibrosis and cirrhosis found on liver biopsy, suggesting the persistent risk of chronic
liver disease despite amelioration of clinical cholestasis (65).

Infants, espccially premature, have added risk factors for liver discasc which can complicate TPN-
induced cholestasis, such as an immature liver enzyme system, sepsis and longer duration requirements
for TPN (50,51). Prolonged fasting with its associated decrcasc in hormonal and ncura! stimulation of
hepatic bile secretion (66), coexistent diseasc processes such as scpsis, and intestinal stasis and
colonization, resulting in interruption of the enterohepatic circulation of bile salts (51), further aggravate
this process. Indeed, the incidence of TPN-induced hepatic dysfunction in this prematurc population fnay

be as high as 84% (51,67). Composition of thec TPN solutions, themselves, may play a role in this
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pathogenesis. Large volumes of amino acids in the infusates (68,69). inadequate levels of methyl donor
amino acids such as scrine (70). and deficient amounts of taurine (the principle bile acid conjugate in
nconates which promotes bilc flow and protects against lithocholate toxicity) (71,72) have all been
implicated.

This risk is even further increased in those with a short gut (19,73). Progression to liver failure is,
unfortunately, not uncommon in this young age group. Inonc series . death from TPN-induced liver
failure occurred in § of 60 infants and children with SBS. making it the most common cause of
mortality (18).

OUTCOMES OF PATIENTS WITH SHORT BOWEL SYNDROME

Early mortality in paticnits with SBS. as the result of dehydration, sepsis and malnutrition. is now
relatively uncommon (6,18,26,27). However, over the longer term. 3-year survival rates range from only
65% to 80% for those on HPN. In adults, mortality is gencrally related to the underlying disease process
with mortality rates over the first few years of treatment ranging from 5% {Crohn's disease) to 20%
(ischemic bowel diseasc. radiation enteritis. chronic motility disorders), eventually stabling out to an
annual rate of 2% to 5% respectively. Deaths directly related to TPN in this adult population are
uncommon (36,38).

In the pediatric age group. large series report survival rates of 85 to 95% over 2 to 10 years,
considering all cases of SBS based on a bowel length of 50% of "expected” length or less than 100 cm
(18.27). Deaths in these cases arc related to either complications of prematuricy (sepsis,
bronchopulmonary dysplasia) or to complications of TPN (most often, liver failure). In cases of extensive
SBS. however. the prognosis is much more guarded. A review by Hancock et al of infants with 16 cm or
less of small bowel resulted in a 100% mortality rate within 8 months, despite cptimal medical and

surgical management (73). Three of the infants (43%) died from TPN-related progressive liver failure.
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For those children (and adults) with SBS, whosc remaining bowel fails to fully adapt. what arc the
options? In the past. a uniformly poor prognosis was cxpected. based on nutritional deficiencics and
complications of parenteral feeding. However. significant improvements in TPN and overali care, and the
development of intestinal lengthening procedures have resulted in a more optimistic outlook for these
patients (25,34). More recently, however. the evolution of small bowel transplantation (SBT) has led to
hope for an eventual "cure" for SBS.

MANAGEMENT OF SHORT BOWEL SYNDROME
Medical Management

The medical management of SBS aims at reducing and ameliorating the cffects of high output.
micronutrient deficiencics and other metabolic complications (2.3). As discussed above. a major | roblem
of patients with short bowel, especially those with jejunostomics. is a high intestinal output of water and
electrolytes, especially sodium and magnesium. For those patients able to handle some oral intake, oral
replacement solutions are available. When these losses are excessive (greater than 2 liters daily).
parenteral fluids are required. Magnesium supplements may also be nceded. Reduction of intestinal
motility with codeine phosphate and loperamide aid in reducing high outputs, by decreasing intestinal
motility and through antisecretory actions. Further reductions of gastric acid and intestinal output can be
achieved with H, blockers, omeprazole or octreotide.

For those patients taking part of their nutrition enterally. high energy and protcin-containing foods
are advised (74,75). Extra fat is advantagecus as it supplics a good cnergy source that docs not increasc
the osmotic load (75). Lactase deficiencies may occur in those with extensive loss of small intestine and
worsen diarrhea; in these patients, a lactose-free diet is recommended. Continuous or nocturnal cnteral
feeding may be given in addition to a normal dict, with the advantage of providing nutricnts to the gut at a
slow rate, allowing maximal usc of residual intestine. Providing maximal hydration, a low oxalate dict
and substances which bind oxalic acid in the colon, such as cholestyramine, may help prevent the

development of oxalate nephrolithiasis.
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Paticnts who cannot tolerate enteral feeding have benefitted from the numerous advances made in
parenteral nutrition, with the development of protein hydrolysates, hypertonic glucose solutions and fat
emulsions. Central venous cannulation is requircd to allow the delivery of these substances, and
meticulous care must be taken to prevent the complications of catheter sepsis and thrombosis.

Vitamin B,,. iron. zinc, vitamin D and cssential fatty acid deficiencies may occur and must be
supplemented.
Surgical Management

Scveral investigators have looked at surgical procedures in an attempt to increase the absorptive
capacity of any remaining small intestine in these patients. These have been extensively reviewed by
Thomson (76,77). Warner et al (78) and Nightengale et al (2).

Aims to slow transit have looked at interpositioning of antiperistaltic segments of bowel. Indeed.
small bowel scgments of 10 cm in adults and 3 ¢cm in children have been shown to improve absorption of
water and salts. and ameliorate diarrhea in SBS, as have interposed segments of colon in infants and
children (79-83). However, these mecthods are limited by inconsistent results, complications such as
intestinal obstructive symptoms and the fact that many patients with very extreme SBS may not be able to
afford to sacrifice a segment of intestine for reversal (77). In addition, they do not actually increasc the
surface arca available for nutrient absorption--the primary problem of SBS.

Scveral attempls to create intestinal valves and sphincters in order to lengthen transit time and
prevent retrograde reflux of colonic contents have involved constricting the intestine externally,
denervating segments of intestine surgically or chemically. and intussuscepting intestinal segments to
create a valve-cffect (77,84-89). These procedures have been generally limited, however, by technical
complications such as obstruction, necrosis of the valve-construct and intussusception.(77).

As well as decreasing transit time, improvement of the function of existing intestine has been
investigated. It is not uncommon for the proximal small bowel to become markedly dilated secondary to

chronic obstruction and adaptation in SBS. resulting in inefficient peristaltic action and >or propulsion
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of intestinal contents. Subsequently. therc is also an increased risk of bacterial overgrowth in the dilated
segments. Surgical tapering of the bowel by resecting or imbricating redundant tissuc along the
longitudinal axis has becn shown to improve intestinal function and absorption in these paticnts (V0.91).
As an extension of tapering. intestinal lengthening procedures. utilizing the redundant tissuc. have
evolved (92-94). Commonly known as a "Bianchi procedeure”. the dilated bowel is transccted
longitudinally. and the resulting two segments anastamoscd cnd-to-cnd to double the length of the bowel.
Several recent reviews have reported 77% to 100% success rates with this procedurc in completely or
partially converting TPN-dependent infants and children with SBS to enteral nutrition (77,95-97).
However, this procedure is not without its problems: complications such as the development of cntcro-
enteric fistulas, and dilatation of the "Bianchicd" region with obstructive symptoms have been

reported (98).

More recently, the lowa mode! of bowel clongation has been described. This procedure invoives
inducing the antimesenteric side of the small bowel loop to parasitize the vascular supply of other host
abdominal organs followed by longitudinally splitting the bowel. This provides two loops with mesenteric
and antimesenteric blood supplies, respectively, which can be anastamosed together, end-to-end.
Developed by Kimura et a/, this procedure has been used with some success (99-103).

Experimentally, growth of new intestinal mucosa has been investigated by patching small bowcl
defects with surfaces such as colonic serosa, abdominal wall pedicles, human amniotic membranc and
prosthetic materials, with an aim to allow for ingrowth of the ncomucosa (77,104-108). Some successcs
have been achieved in animal models of SBS (107,109,110). However, the process is restricted by factors
such as the size and location of the defect replaced, the patching surface used, growth factors and
inconsistent results. Surgical complications such as post-opcrative obstruction and infected prosthetic

materials are common. No clinical experiences with this procedurc have been reported.
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SMALL BOWEL TRANSPLANTATION AND ITS ROLE IN TREATMENT OF THE SHORT

BOWEL SYNDROME

The best method of treating SBS in any age group would be the replacement of nonexistent or non-
functional small intestine with a healthy onc. However, the risks and benefits of small bowel
transplantation (SBT) must be carcfully weighed against those of present therapeutic options. For SBT to
be justificd. the paticnt must have definitive irreversible gut failure and permanent dependence on TPN.
Their overall clinical condition and life expectancy must be expected to improve significantly as compared
to management with permanent HPN. Obviously, children, who tend to develop TPN-related
complications more frequently than adults and who have a greater number of potential life years, are
stronger candidates for SBT. Several centers have looked at their SBS population to determine the
number of SBT candidates expected. Amongst the adult population, estimates of 12-40% of patients with
SBS have been quoted (111). In North America, approximately 1 to 2 per million people would benefit
from SBT annually (112). Estimates of extreme SBS among nconates range from 0.3 to 0.5 per 10,000
births per year. The majority of these will not adapt to enteral nutrition and would also become
candidates for SBT (113).

On a financial level. the cost of SBT has been estimated at $500,000 per transplant plus $20,000 per
year for medical follow-ups and immunosuppressive medications (114). In addition, the costs of
rehospitalizations for episodes of rejection and treatments for potential adverse effects of long-term
immunosuppression must be considered. As a comparison to the costs of long-term TPN (discussed
above). not cnough clinical experience has been accrued to determine whether SBT is a long-term cost
effective alternative for management of SBS.

Idcally. SBT should be considered for those patients who, at the time of development or diagnosis of
SBS. will obviously not adapt their remaining small bowel to allow for enteral nutrition, and will develop
permanent complete dependence on TPN. It should be performed early, before the metabolic and

physiologic complications of long-term TPN develop. At the present time, however, SBT is still in the
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experimental stages and therefore can only be advocated as a "last resort” for patient who can no longer be
sustained with more conservative treatments presently available.
THE HISTORICAL DEVELOPMENT OF SBT

Excellent reviews on the historical development of experimental and clinical SBT have been
published (6,41,42,115,116). However. it was not until the development of cyclosporin A that the
potential success of SBT became a reality. A hallmark study by Reznik et al. in Torouto. subscquently
demonstrated that cyclosporin A (CsA) was able to prevent, or at least delay. reject on the canine model
(117). Since then, a plethora of experimental work has been done to expand on the usc of CsA. develop
new immunosuppressives and further understand the unique, yet often frustrating, immunological
consequences of SBT.

The history of SBT dates back to the carly part of this century when Alexis Carrel demonstrated the
technical feasibility of SBT in dogs (118). Enthusiasm for transplantation of vascularized organs
dwindled after that because of problems with immunosuppression and overwhelming rejection. Lillehei er
al pioneered further work in the latc 1950's, and were amongst the first to publish a clinical casc of SBT
in 1967 (119). Theirs, was a 46-year old woman who underwent a massive small and large bowel
resection secondary to infarction. She subsequently received the entire small bowel from a cadaveric male
donor but, unfortunately, dicd very soon post-operatively from multiple pulmonary emboli. At autopsy,
however, the vascular anastomoses of the bowel and the graft itsclf appcarcd to be viable. Thus, very carly
on, the technical feasibility of SBT in humans was demonstrated.

Since then, scattered reports of clinical attempts at SBT had been reported, but without adcquate
immunosuppression, the same difficulties of Carrel were encountered: uncquivocal rejection of the graft,
frequently resulting in a fatal outcome of the host (115,120-122). However, over the past few years, some

successes have been achieved, although followups are relatively short at this time.



19

THE CURRENT STATUS OF CLINICAL SBT

The first successful isolated small bowel transplant recipient recieved a neonateal allograft in Paris
under CsA immunosuppression, with only three bouts of mild rcjection within the first 19 months,
successfully treated with anti-interleukin-2 (IL-2)-receptor monoclonal antibodies or anti-thymocyte
globulin (116,123,124). She was continuing to grow and develop normally on a totally enteral diet while
still maintained on CsA at last report, 4 1/2 years later (125). The first successful combined small bowel-
liver transplant was performed in London, Canada. also under CsA immunosuppression (126). Only one
mild episode of graft rejection occured, at 9 weeks post-transplantation, which responded well to OKT3.
She was also doing well at last report, 5 years later (127).

To date, the largest series have been published by Todo ef al in Pittsburgh (128-133). The most
recent was a 3 1/2 year accumulation of 61 cases utilizing a new immunosuppressive agent, FK506, with
rejection episodes treated with increased FK506 doses, steroid boluses or OKT3 (133). Twenty-two
paticnts (15 adults. 7 children) have received an isolated intestinal graft (SB), 26 patients (6 adults, 20
children) reccived a combined small bowel-liver graft (SB/L). 11 (6 adults, 5 children) received a
multivisceral organ grafts (MV) and two cases were unsuccessful. Minimum follow-up was 2 months.
One year graft survival rates were 70%. 73% and 80% for the SB, SB/L and MV grafts. However, overall,
the 24 month graft survival has been only 53%. Fatal complications included acute rejection with sepsis,
frequently worsencd by cytomegalovirus (CMV) infection, sepsis secondary to technical failures or TPN
catheter infections, pneumonia and the development of post-transplantation-lymphoproliferative disorder
(PTLD) (1 patient). Thesc resulted in 5 deaths in the SB group (23%), 10 in the SB/L group (38%) and 2
in the MV group (18%). Functionally, 34 patients are TPN-free (66%). and 4 are on partial TPN only
(7%).

Smaller scrics have been published out of London, Canada (127), the United Kingdom (134)
Nebraska (135) and Chicago (136). Taken together, they report 15 cases, 2 of which have received either

an isolated SB allograft. 11 a SB/L allograft. and 4 a MV transplant. all urder CsA or FK506
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immunosuppression. To date. onc of the isolated SB transplants is alivc and well at 11 mounths under
FK506 immunosuppression (134): the other required graft removal at 2 wecks because of rejection under
CsA (127). Seven patients recieving a combined SB/L allograft arc doing well at follow-ups of a few
weeks to 5 vears. 3 under CsA immunosuppression and 4 receiving FKS06 (127.135). One paticnt has
died from rejection on CsA (135). 2 from sepsis (127.135) and onc has developed PTLD while on FRKS06
(134). Of the 4 patients receiving MV grafts with CsA immunosuppression. onc is reportedly well at §
months (136), while the other 3 have succumbed to PTLD (127,136).

Obviously, the success of SBT is still limited by the lack of adequate immunosuppression protocols
Rejection secondary to undersuppression or the development of sepsis of PTLD duc to oversuppression are
the major causes of morbidity and mortality in SBT recipients. Why then, is transplantation of the small
intestine such an immunological challenge?

IMMUNOLOGICAL CONSIDERATIONS WITH SBT

The small bowe! is unique amongst vascularized organs in that it contains a large amount of
immunocompetent cells within the mesenteric lymph nodes (MLN). and the gut-associated-lymphoid
tissue (GALT), which includes the Peyer's patches (PP), famina propria (LP) and intracpithelial
lymphocyte (IEL) compartment. The exact rolcs of the MLN and GALT in the immunological intcrplays,
within SBT, have been under much investigation. These cells become activated when transplanted into a
non-major histocompatibility complex (MHC)-identical recipient and direct themsclves against ceil
surface antigens of host epidermal cells. Subscquently, the phenomenon of graft-versus-host-discasc
(GVHD) as well as the morc commonly seen host-versus-graft (HVG) rejection responsc can potentially
occur (41,137).

Before describing these responses in specific relation to SBT, the basic concepts and processes of
HVG rejection and GVHD should be briefly reviewed. The importance of these concepts will becomie

morc apparent when discussing immunomodulatory efforts to circumvent them. Obviously, these
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responscs arc complex and still under much investigation. and so this discussion is by no way complete.
The reader is subscquently referred to more detailed reviews available (138-140).

Foreign antigen of the donor cells of an allograft can be recognized dircctly by host CD8* (Tc)mloxxc or
T,) cells, binding to MHC class I antigen by their T-cell receptor (TCR) or indirectly when the TCR on
CD4* (T, OF Ty) cells bind to processed donor MHC antigen on the surface of host antigen-presenting
cells (APC). Adhesion molecules on the surface of both T-cells (i.e. leukocyte function-associated
molecule-1 or LFA-1) and donor epithelial cells (i.c. intracellular adhesion molecule-1 or ICAM-1) can
promotc this interaction as well as transduce regulatory signals to the T-cells (141-143). In addition,
B-cell activation can occur in response to antigen binding to surface IgM to set off the humoral
coriponents of the immune response. Secondary or co-stimulatory signals are required and provided by
cvtokines. relcased by the APCs and activated T-cells. Release of interleukin-1 (IL-1) by APCs further
activates T, cells, releasc of IL-2 by activated CD4" cells further stimulates T, cells while B-cells require
the release of IL-4 from thesc cells. Just as important, autocrine loops serve to amplify these reactions,
such as the up-regulation of IL-2R by activated T, ccll precursors, which enhances their responsiveness to
IL-2 to allow them to diffcrentiate and mature into powerful T, cells. Synthesis and release of this wide
array of cytokines. also including 1L-5, IL-6. IL-10, tumor necrosis factors (TNF)-o and B, granulocyte
macrophage-colony stimulating factor (GM-CSF). and interferon (IFN)-y. all with overlapping actions on
cells of different lincages. results in the activation, proliferation and differentiation of T- and B-cells,
macrophages and other hematopoietic elements into cells with specific and diverse roles. These processes
arc outlined in Figure H-1.

This antigen-specific cellular response in the graft results in the recruitment and activation of
nonspecific cells to produce a marked inflammatory response as well as the development of effector

functions of specific T-cell natural killer (NK) or macrophage-mediated cytotoxicty, culminating in graft

rcjection and donor cell death.
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With the strong immunogenicity of the small bowcl. as discussed above, these responses can
essentially work 'in reverse' whereby the transplanted lymphocytes react against the 'forcign’ antigens of
the host and GVHD ensues. In an immuno-incompentent recipient. such as scen with bone marrow
transplantation, where GVHD has been typically characterized. the response can be intense and frequently
fatal. In an immunocompetent recipicnt. however, where the host can react against these transplanted
lymphocytes, the response may be less severe: indeed. the complete role of GVHD in SBT has been
questioned as will be discussed below.

The Roles of Host-Versus-Graft Rejection and Graft-Versus-Host Disease

In order to study the responses of HVG rejection and GVHD more fully. Monchik and Russcl devised
an excellent rat model which has become the basis of most such investigations today (144). Upon mating
two non-MHC identical rat strains, Lewis (Lew) and Brown-Norway (BN). an F; hybrid is developed.
When the LBNF is uscd as a donor into onc of the parenteral strains. the host recognizes part of the
transplanted bowel as forcign and rejects the graft. When the LBNF, is the recipient of a graft from onc
of the parental strains, the graft recognizes certain MHC characteristics of the host as forcign and the
phenomenon of GVHD ensues. In the fully allogencic transplantation model (BN — Lew and
Lew — BN). however, only HVG is scen clinically and histologically (144).

At a cellular level, the roles of the MLN and GALT in thesc rcactions has been under intense study.
An important observation is the rapid migration of donor graft-associated lymphocytes into the host's
reticuloendothelial svstem and the reverse transit of host lymphocytes into the graft fymphoid tissuc. also
known as "two-way trafficking” of immunocompetent cells . Almost immediately after transplantation,
donor lymphocytes can be isolated from the host's circulation, and this has been seen to persist up to 12 to
54 days in clinical cases (under FK506 immunosuppression) {145). More intriguing. perhaps, is the
repopulation of donor iymphoid compartments by host cclis. Following SBT in the rat modcl, graft MILN
and PP become heavily infiltrated with host cells within the first post-operative day (POD 1). Mucosal

infiltration is somewhat slower and not substantial until POD 5 (146). This is reflected clinically, where



23

functioning and non-rejecting small bowel allografts are associated with complete lymphoid repopulation
of the graft within 10 to 12 weeks (145). It would therefore appear that the presence of recipient
lymphocytes in the graft docs not imply rejection. but is an indication of graft acceptance by the host.

In the onc-way rejection mode! (LBNF, —Lew), graft rejection occurs within 6 to 9 days. The
progression of this response has been well described (144,147-149). Histopathologically. it is felt to onset
by an initial attack on the vascular endothelium and crypt epithelium of the graft. By POD 3, slight
mucosal damage, restricied to the crypts, is scen with an associated progressive obliteration of the mural
microvasculature. This onscts within the first 24 hours post-transplant, with evident lesions of the
anterioles and venules at the junction of the mucosa and submucosa by POD 3 (150). By POD 6, the
crypts have undergone extensive cell damage, the lamina propria is distended with a mononuclear cell
infiltrate. and endothelial ccll injury of the entirc mural vasculature is evident. This marks phase I of the
rejection response. Phasc 11 is evident by POD 9 to 10, with gross villous blunting. scattered epithclial
sloughing and more intensc ccllular infiltration. At the end of complete rejection by POD 10 to 13, heavy
transmural infiltration by lymphocytes. plasma cells and polymorphonuclear white cells marks complete
mucosal destruction. By the completion of rejection there is gross villous shortening, the vascular lumens
arc entively occluded and there is total destruction of the mucosa and muscular layers of the bowel wall
with widespread fibrosis. The native gut, however, appears normal.

In the onc-way GVHD (Lew — LBNF,) model, the response has similarly been well described
(144.151-153). It follows a predictable pattern which primarily involves the skin (dermatitis), the host
lvmphatic tissues (lymphocyte depletion and loss of follicular architecture) and the host bowel
(nccrotizing enterocolitis). Clinically in the rat, this onsets with redness and swelling of the cars, dermal
crythema and scaling. alopecia and diarrhea. with marked hepatosplenomegaly, progressing to rapid
weight loss and death by POD 14 . Skin biopsics from the dermal-epidermal junction reveal Iymphocyte
infiltration and basal cell degradation, without associated squamous epithelial changes (151).

Histopathologically. the host bowel develops a severe enterocolitis, onsetting by POD 9 to 12. Thisis
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manifested by a generalized mononuclear cell infiltrate of the LP followed by patchy crypt necrosis.
clubbing of villi with sloughing of their tips and progression to a fulminant necrotizing enterocolitis by
POD 14 (151,154). Grossly, it becomes dilated. thin and gascous (154). The grafied bowel, however,
appears spared. Changes in graft and host lymphoid contents and architccture are evident by POD $§ with
progressive lymphoid deplction and loss of follicular architecturc of the graft PP and MLN. and the host
lymph nodes, spleen and thymic tissue (151). There is an initial proliferation of histiocytoid cells and
immunoblasts seen in these lymphoid tissues. These subsequently disappear, over days, as lymphoid
architecture is lost (144.151).

Donor T-cells are absolute necessities for GVHD to develop (149,155,156). Studics, outlined in more
de:ail below, have shown that depletion of thesec immunocompetent graft cclls prior to transplantation can
significantly increase survival. Morcover, the allorcactivity of the transplanted T-lymphocytcs is a strong
determinant of whether GVHD will develop. as some cell subscts appear to be morc allorcactive than
others. For example, hepatic T-cells in orthotopic liver transplant modcls do not induce a lethal GVHD
cither in vivo or as manifested by in vitro mixed lymphocyte culture (MLC) studics, contrasting the
reactions seen with SBT models (157). In addition, the rat strain combinations used can determine the
presence or strength of a reaction (138).

The significance of GVHD in SBT has been questioned, however. In the two-way rejection modcls,
GVHD responses are mild, limited and not a lethal problem as compared to HVG rejection (144,159). In
large animal studies, however, the picture is less consistent, and some studics have reported variable
intensities of GVHD responses, primarily in the canine model (160,161). However, such large animal
models are not well-defined immunologically, and simultancously occurring HVG rcjection responscs and
GVHD interfere with each other and cannot truly be well characterized (153).

In the limited human experience so far, most recent reviews have not listed GVHD as a clinical
problem. It has been reported in only onc casc of a scries of 30 from Pittsburgh (a patient who died 23

days post-operatively and was also found to have significant rejection of her graft) (131) and in nonc of
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the 9 paticnts transplanted in Paris (116). This may, however, be duc to postoperative immunosuppressive
regimens "holding GVHD responscs at bay" and preventing the occurrence of any clinical manifestations.

Somec question whether GVHD can even, pathophysiologically, occur. It can be argued that inan
alrcady cnterectomized patient, host MLN and GALT is absent or markedly diminished; one has to
wonder how "trafficking” of the corresponding donor lymphocytes can exert the negative effects expected
in GVHD (162).

Indced, the role of GVHD is still not well defined in clinical SBT. Some investigators feel that it is
present in all cases of SBT but is masked by the intensc and prolonged immunosuppressive regimens
employed. Perhaps it need only be looked for (163). GVHD responscs are immunosuppressive in
themselves and some feel that some degree of GVHD may help to mitigate rejection and thus facilitate
engrafiment (152,164). With a further understanding of the role of GVHD in SBT, it is conceivable that
such immunological responses may be used advantageously as part of immunosuppressive therapy.
Unfortunately, however, GVHD-induced immunodeficiency states have also been found to correlate with a
high susceptibility to infections and the development of malignancies. Combined with strong
immunosuppressive therapy, such responscs may contribute to the development of fatal sepsis and
PTLD (165,166).

Immunosuppression and the Induction of Tolerance

Onc of the largest stumbling blocks to clinical SBT has been the development of adequate
immunosuppressive regimens and the induction of host "tolerance” to the allografts, defined as the
acquisition of nonreactivity towards donor-specific antigens (167). Considering the unique immunologic
aspects of small bowel allografts, it would appear that there may be two general approaches to
immunosuppression for SBT: to physically or functionally reduce the load of immunocompetent cells pre-
transplantation, thercby eliminating the potential for GVHD, and to immunosuppress the lymphoid

responscs of the recipient to eliminate HVG rejection.
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Reduction of Allograft Immunocompetent Cell Load: As discusscd carlicr, the large load of
foreign immunocompetent cells carried by the allograft into the recipient has the potential for inducing
GVHD. Various modes of graft pre-trcatment to reduce or climinate this load have been investigated.
Experimentally, such methods can diminish GVH responscs and reducc the requirements for long-tcrm
immunosuppressive regimens needed to curtail latc GVHD.

Manual removal of the MLN has been shown to circumvent GVHD better than sublethal irradiation
and administration of CsA in a one-way GVHD rat model (153). This was also demonstrated by Picrnne
et al who hypothesized that the GALT lymphocytes. which are still transplanted. play a less significamt
role than those in the MLN in the development of acute GVHD (154). Indced. in vitro studics have shown
that the MLN are the most potent stimulators and responders in onc-way MLC as comparcd to other
lymphocyte populations of the small intestine (168). However, these studics do not rule out the possibility
that these other lymphoid compartments may play a rolc in the more chronic form of GVHD, in which the
humoral component of the response may be more predominant. Also, in interpreting thesc studies, it must
be noted that rats have a more developed MLN component compared to higher specics, which may
explain some of the discrepancies seen in large animal studies, and question the clinical applicability of
this procedure.

Hematopoietic cells are radiosensitive. /n vitro irradiation of the graft pre-transplant, in an cffort to
inactivate donor lymphocytes, has been investigated as a mode of controlling GVHD. Doses of 50 ¢cGy in
dogs (161) and 950 to 1000 ¢Gy in one-way GVHD rat models (153,169) have been successful in averting
GVHD. More recent studies by Hasuike ef a/ have shown that GVHD can be successfully averted in
unidirectional GVHD rat models with selective MLN irradiation, so as to spare the radiosensitive
intestinal enterocytes from any radiation-induced damage (170). But, as discussed above, the roles of
MLN lymphocytes versus those in the GALT (not irradiated in this study) in GVHD responscs have not

yet been fully elucidated.
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Studics by Stangl et al, however, using both in vitro irradiation and in vivo whole-body irradiation of
the donor with 1000 cGy, failed to control HVG rcjection responses in a fully allogeneic rat SBT model,
although still ablc to achicve profound lymphopenia in the intestinal graft (and the donor) (171). They
feel that the small bowel in rats contains a large number of class II-positive, radio-resistant antigen-
presenting cells (macrophages, dendritic cells) which play a major role in the rejection process and which
are not defunctioned by the irradiation process. Furthermore, addition of CsA immunosuppression to
pre-transplant graft irradiation has not been shown to significantly improve survival in fully allogencic rat
or pig modcls, and in fact, may have a ncgative impact on survival when used in high doses (172,173).
Thus in fully allogencic SBT, graft irradiation pre-transplant appears to have no benefit. In addition, the
long-term nutritional consequences of intestinal irradiation (174) or possible disruption of the protective
barrier function of the bowel wall may clinically limit this procedure.

Chemical depletion of the lymphoid tissue responsiblc for GVHD, more specifically the
immunocompetent donor T-lymphocytes. has been experimentally more successful. Polyclonal
antilymphocyte serum (ALS) acts in such a manner, by profoundly depleting tissuc and peripherally
circulating lymphocytes (175). Schaffer ef a/ clearly demonstrated that pre-treatment of the donor with
ALS prevented the occurrence of GVHD with no negative effects on weight gain and absorption of dietary
nitrogen and energy in a onc-way GVHD rat SBT model (175). When used in conjunction with CsA,
neither GVHD nor HVG rejection were seen in a fully allogeneic combinations of SBT, and graft survival
was significantly prolonged (159,176,177). Similar studies using pre-transplant treatment of the donor
with R73, an anti-pan-T-cell monoclonal antibody, have revealed prolonged survival with curtailment of
GVHD in a unidirectional GVHD rat model (178). Again, this is associated with marked depletion of T-
cells in donor peripheral blood and mescnteric lymph nodes.

More recently, efforts have focused on the determination of the individual biological, functional and
immunogenic propertics of the various cell populations resident in the MLN and GALT. Indeed, these

may have diverse roles to play in the immunc intcractions occurring in HVG and GVHD reactions.
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In vitro studies have demonstrated the strong immunogenicity of the B-cell and dendritic cell populations
in the small bowel allografts, as compared to weaker immune responscs towards LP lymphocytes (179). It
would appear therefore, that the process of intestinal rcjection appears to be initially targeted to the PP
and MLN (180,181). Thus, efforts to reduce the immunogenicity of the allografts should perhaps be
directed towards these specific cell populations.

Over two decades ago, Ruiz and Lillchci suggested that. "when intestinal allotransplaatation is used
to maintain nutrition, in man, therc would scem to be no need to usc the entire small intestine of a
cadaver; 1 or 2 meters should be sufficicnt” (121). Subsequently, studies have shown that usc of
segmental intestinal allografts confers a significant immunologic advantage towards reducing the risk of
GVHD as well as host acceptance of the graft. Indeed, GVHD was not sccn when Kimura et al
transplanted 20 cm of proximal jejunum in a scmiallogzneic GVHD SBT rat model (182). In a fully
allogeneic model, similar allografts are rcjected by the host. however, with the administration of low-dosc
CsA, mean survival time (MST) was significantly prolonged to V1 days (183). This length of bowel.
which represents approximately 20% of the total intcstinal length, has been shown to be able to adapt and
allow for normal growth and development in rats, although extrinsic vitamin B12 administration is
necessary to avoid fatal megaloblastic anemia (183,184). In models of extreme SBS, rats who also lack
the ileocecal valve and colon may require longer lengths of bowel (40% of total length) to permit adequate
nutrition and growth (185). Similar results have been obtained by others in rats (186,187) and in large
animal models of dogs and pigs (188,189).

Segmental small bowel allografts offer several advantages besides the obvious immunological
consequences. Acute rejection episodes are less frequent, and, if they occur, are less dramatic than with
total SBT (188,189). Reduction of immunosuppression dosages can also be achicved with scgmental
allografts (183,190). More significantly, perhaps, is that application of this to clinical transplantation

may allow for use of living HLA-rclated donors. Indeed, in canine studics, MHC-matched scgmental



29

small bowel allografts underwent no rejection episodes with significantly improved survival compared to

mismatched transplants (191).

Immunosuppression of the Recipient: Allograft pretrcatment can diminish GVHD responses and
possibly reduce immunosuppression required, but has little effect on the host rejection of the graft itself.
Also, as discussed above, the rolc of GVHD in clinical SBT is still not well defined. Thus. most
therapeutic efforts in SBT have been dirccted towards the treatment of the host to permit initial acceptance
of the graft and induce long-term donor-specific tolerance. The mainstay of such treatments involves the
administration of immunosuppressive agents including various drugs and monoclonal antibodies targeted
to specific steps in the immune responsc (Figure 11-1). Other modalities include pre-transplant donor-

specific transfusions and co-transplantation of other "tolerogenic” organs such as the liver.

IMMUNOSUPPRESSIVE AGENTS FOR SBT

THE EARLY ERA OF IMMUNOSUPPRESSION

The carly era of experimental and clinical SBT utilized conventional immunosuppressive regimens
involving 6-mercaptupurine azathioprine, corticosteroids and antilymphocyte sera (ALS)
(115,121,122,192). However, outcomes were poor because of consistent rejection of the allografis.
Significant progresses in immunosuppression was obviously needed before SBT could become a realistic
option for the treatment of SBS.

CYCLOSPORIN

With the discovery of Cyclosporin A (CsA). the second era of immunosuppression for SIT began.
Indeed. it is with no doubt that the modern period of transplantation of all vascularized organs was
marked by the discovery of this powerful agent which has since become the mainstay of a wide range of
immunosuppressive regimens. Excellent reviews on the experimental development and uses of this drug

have been published. (193-193).
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CsA is a metabolic product of the fungus Tolvpocladium inflatum Gams, and has been widely used for
the ireatment of transplant rejection and autoimmunity. It has been shown to block T-cell activation.
primarily by preventing the production of lymphokines at the transcription level (196).

Mechanisms of Action

Innumerable studies have led to the elucidation of the molecular basis on which CsA exerts its
immunosuppressive effects (196-201). It acts as a prodrug, which complexes to a 15-17 kDa intraccllular
binding-protein (or "immunophilin"), termed cyclophilin. This complex then binds to and blocks its
phosphorylating function of calcineurin, an intracellular calmodulin-dependent protein phosphatasc.

Early in the allograft rejection response. antigen presentation to the T-cell scts off a scries of
intracellular signals to activate calcincurin. Calcincurin can then phosphorylate the cytoplasmic subunit
of a transcription factor for the interleukin-2 (IL-2) gene, NF-ATc. allowing it to translocate to the
nucleus and combine with its corresponding nuclear subunit, NF-ATn. The resultant functional
transcription factor, NF-AT, interacts with the I1-2 enhancer region, allowing for the genc's subscquent
expression. Thus, by its inhibition of calcincurin, CsA. inhibits I1-2 gene transcription upon activation of
T-cells during a rejection, thereby inhibiting the early activation phase of the immune responsc.

Further studics by Zipfel et al (202) have clucidated that CsA may also inhibit the expression of over
10 genes induced in vitro after mitogen activation, including IL-2, IL-3, IL-4, GM-CSF and IFN-y. They
hypothesize that these multiple genes, all required in the immunoactivity of stimulated T-cells, may sharc
common activation components required for induction and thercfore be commonly inhibited by CsA. In
addition, CsA appears to decrease the responsiveness of T cells to IL-2 stimulation by both inhibition of
IL.-2-receptor expression and other less well characterized mechanisms (203).

Animal Studies in SBT

It was a landmark study by Reznik et al which demonstrated prolongation of small bowel allografts in

the dog using CsA (117). Using a dosage of 25 mg/kg/d, intramuscular (i.m.) for 28 days, then orally

(p.0.), they were able to obtain a mean survival time (MST) of dogs given a total orthotopic SBT of 91
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days compared to 12.5 days scen in control animals. However, of the three animals who survived long
term (>200 days), two eventually succumbed to graft rejection, felt to be secondary to falling CsA levels.
Of the eight dogs which dicd carly (9 to 60 days post-transplant), none had any evidence of allograft
rejection. However, five developed fatal pneumonia, reflecting the increased susceptibility to infection
causcd by immunosuppression. Further studies by this same group emphasize the importance of early
parentcral administration of CsA; superior MSTs are obtained with early i.m. administration as compared
1o oral (204). This has becn confirmed by others and is felt to be duc to the dependence of CsA on bile
solubilization as well as a markedly erratic absorption in cases of intestinal dysfunction (205-207).

Since then. the rat model has become the prototypical animal model for SBT because of the
availability of inbred strains with which to study rejection responscs. In rats, CsA can prolong survival of
completely allogencic small bowel transplants with a wide array of doses including 20 mg/kg/d,
indefinitely. 15 mg/kg/d for 2 weeks, 15 mg/kg/d for 1 week followed by every alternate day for 4to 5
weeks. and § mg/kg/d for only 2 weeks (208-211).

Short-courscs of CsA appear to be able to induce tolerance, with long-term survival of the allografts
afier discontinuation of thc immunosuppression. This has been observed in rats and dogs after 28 days
and 3 months of treatment. respectively (207,209). It is felt that tolerance may develop in a similar
manner as observed in liver transplant recipients (212). By a dose-dependent inhibition of T-cell lineages,
CsA may suppress clonal expansion of (or may effectually eliminate) cytotoxic-T cells with a lesser effect
on T-suppressor cells, thereby inducing a long-lasting unresponsiveness after withdrawal of CsA
treatment. Indeed. such long-term effects of CsA on T-cell proliferation have been demonstrated in vitro
(213). Other investigators have hypothesized. however, that an unstable tolerance mechanism, dependent
on continuous exposure to alloantigen, or a serum factor mediating tolerance plays a role in the

development of tolerance (214).



Clinical Experiences with Cyclosporin in SBT

Until the advent of CsA, clinical expericnces with SBT had been universally unsuccessful. With its
good results in transplantation of other vascularizcd organs. however, it was an obvious new agent to be
trialed in clinical SBT.

The first reported casc of SBT utilizing CsA was by Cohen er al in Toronto (215.216). Their casc
involved a 26 year old, blood group A woman with SBS who reccived the entire small bowel from a 10
year old, blood group O male donor. Immunosuppression consisted of CsA, 2 mg/kg. and solumedrol
(30 mg) pre-operatively followed by CsA, 6 to 9 mg/kg/d in divided doscs for 3 days then a continuous
intravenous (i.v.) infusion of 4 mg/kg/d, and a tapering dosc of solumedrol (to 10 g, twice daily by POD
6). Unfortunately. however, the patient died rapidly by POD 11, with the graft revealing ongoing
rejection and the possible development of CsA-induced hepatotoxicity and ncurotoxicity.

The first successful isolated SBT under CsA was performed in Paris, France (124). Thiswasa 5
month female infant who underwent a total small bowel and cccal resection at birth, and rececived an
intestinal allograft from an anencephalic neonate in March of 1989. Immunosuppression consisted of pre-
and post- operative CsA and solumedrol with anti-thymocyte globulin (ATG) and azathioprine addcd
post-operatively. Despite 3 rejection episodcs, all successfully treated with OKT3, anti-IL-2-monoclonal
antibodies and ATG respectively, graft survival has persisted with reportedly normal digestive function.
At last report, 4 1/2 years later, the patient is growing and developing rormally while being maintained
on oral CsA and low-dose azathioprine and methylprednisolone (125). It must be noted, however, that
part of the success of this transplant is likely duc to the fact that the allograft came from an ancncephalic
neonate. Being relatively poor in CD3” lymphocytes, and having a shorter length with subscquently less
lymphoid tissue, such an allograft is less immunocompcetent, and specifically, markedly lcss able to mount
a GVHD response. In addition, the short duration of TPN required prior to transplantation resulted in a
relatively healthy recipient, with few TPN-rclated problems, hightlighting the importance of carly surgical

management in patients with SBS. Finally, the long-term CsA in this child has not induccd any rcnal
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dysfunction, although it has caused extensive hypertrichosis and severe gingival hypertrophy, contributing
1o eating problems; she subsequently requircs nocturnal supplementation of an otherwise totally enteral
dict. CsA peak whole blood levels arc maintained at 600-700 pg/L, and trough levels at 100-150 ug/L, by
radioimmunoassay (RIA).

The first successful SB/L transplant was also performed under CsA immunosuppression (126). Since
then other SB/L as well as MV, or cluster, transplants have been managed with CsA, however, unwanted
adverse cffects of immunosuppression such as the development of infections and malignancies are not
uncommon. To date, Grant et af report two successful SB/L transplants (wcll at 5 and 4 years) using CsA
(127). However, in this scrics, there was also one sole small bowel graft which was rejected at 14 days
and removed, onc SB/L paticnt who died of CMYV sepsis after 3 months, and two cases of cluster graft
transplants who succumbed to lymphoma at 9 and 7 months respectively under this agent. Foster e al
report similar results with two cases of MV transplantation under CsA: one patient eventually
succumbing to lvmphoma and the other doing well 5 months post-transplantation (136).

There have been nine attempted SBTs under CsA immunosuppression by Revillon et al in Paris
(116). Poor results, however, with only one long-term survivor, have led the investigaotors to conclude
that much improvement in immunosuppression is required before continuation of their SBT program
@17.

It must be noted that, overall. the number of cases employing CsA have been small, and few of these
have been done recently enough to enjoy the advances in other aspects of SBT that newer agents have
(technical, rejection monitoring, etc.). Thus, comparison of the efficacy of CsA to other agents in clinical
SBT cannot be appropriately made without controlled clinical trials.

Adverse Effects of Cyclosporin

Nephrotoxicity is generally considered to be the most significant toxic effect of CsA limiting its use.

This is a dose-related effect, and usually responds to a decrease in CsA dose. In both rodents and humans,

this appears to be caused by a dose-dependent increase in renal vascular resistance, a decrease in renal



blood flow and a decreasc in glomerular filtration rate (GFR) (218-221). 1t is hypothesized to be duc to
CsA-induced injury of renal endothelial cells. resulting in an increase in thromboxanc-A, and
prostaglandin I, release. As well.CsA may induce vasoconstriction by increasing endothelin synthesis and
cytosolic calcium, such that the contractile response of the renal vascular small muscle and mesangial
cells to vascconstrictor hormones is enhanced (220,222). These changes arc reversible upon withdrawal
of the drug; however, irreversible tubular structural and functional changes. possibly related to increased
intracellular protein degradation, can occur with chronic administration at high doses (218,223.224). In
addition, CsA's toxic effects on the renal tubules may lead to magnesium wasting, subscquently
contributing to its neurotoxic effects (225).

These vasoconstrictive effects are widespread and may lead to accelerated hypertension. One study
demonstrated clinically significant hypertension onsetting within 1 week post-transplantation and
reaching levels greater than 140/90 mmHg within 4 months, in 78% of paticnts immunosuppressed with
CsA (221). This was associated with an increase in systemic vascular resistance (SVR) and concomitant
decrease in cardiac index (CI).

Numerous other unwanted effects of CsA therapy have been observed (195.226,227). Ncurotoxicity is
frequently reported, and can occur in up to 20% to 36% of renal and liver transplant paticnts (228,229).
However, this usually develops in only the first three months of therapy, primarily involves only mild
tremulouness, and only rarely (1 to 2%) manifests as severe symptoms of paresthesias, depression,
somolence or seizures (229). Cerebral pathology can be scen on computed tomography with the
appearance of white-matter hypodensitics, suggesting increased water content in the brain (195).

Hirsuitism and gingival hyperplasia are also common, and can occur in up to 30% to 50% of patients
(125,229,230). The latter can be particularly troublesome in SBT as it may be associated with cating
difficulties as well as undesired cosmetic appearances (125). Gynecomastia can also occur.

CsA can have a profound effect on carbohydrate metabolism, with a 40% incidence of impaircd

glucose tolerance induced in liver transplant patients (231). Itis moderately diabetogenic sccondary to an



inhibition of insulin mRNA producticn and subsequent release of insulin from islet cells (195.232). It
may also incrcasc peripheral insulin resistance. resulting in persistent hyperglycemia (233,234). Other
metabolic effects include increases in serum cholesterol and uric acid levels (227).

A high risk of infectious complications is a unfortunate reality of any immunosuppressed statc. This
scems especially so in the SBT patient who is at risk for indwelling catheter (for TPN) infections, bactcrial
translocation from a rejecting graft, and CMV enteritis. Becausc of immunosuppression, such cascs may
develop into fatal sepsis. Immunosuppression also leaves the patient at risk for the development of
malignancics. Indeed. as discussed above. the development of PTLD is not uncommon in SBT patients
treated with CsA (127,136).

Gastrointestinal effects. including diarrhea. nausea, vomiting and abdominal discomfort, are also
comnion. However, they are usually attributed to the oil-based vehicle used in oral preparations, and can
be ameliorated by use of gelatin capsules (195).

Dosc-related hepatotoxicity is scen as manifested by elevated transaminases and y-glutamyltransferase
levels. The development of cholestasis with a subsequent reduction in fat absorption is common (233-
237). This adverse effect on bile secrction does not appear to be due to direct effects on liver function
enzymes, nor light or clectron microscopic hepatic architecture (235,236,238). Rather, it appears to be
sccondary to CsA's inhibitory effect on the ATP-dcpendent bile salt transporter in the liver canalicular
membrane (239-241). Nutritionally, this could affect the emulsification and subscquent absorption of
dictary fats.

Finally. allograft acceptance is not the only desired outcome of SBT; a functioning graft is essential.
The transplant process itself. by virtuc of dencrvation, disruption of lymphatics, and other lcss well
defined mechanisms, can have a profound effect on allograft function (242-250). It is therefore necessary
that the immunosuppressive regimens utilized for SBT have no or as little effect on bowel function as
possible. However. in addition to the hepatotoxic and cholestatic effects of CsA, this agent has been

shown to adversely aiter some aspects of small bowel physiology. Sigalct er al have shown that moderate
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doses of 15 mg/kg on alternate days reduces in vitro active uptake of glucose and passive uptake of long-
chain fatty acids (linolcic and stearic) in rats (251). At double this dosc. similar /n vitro effects are seen,
as well as a reduction in weight gain and in vivo nutrient absorption (212.2531.252). Earlier studics by
Collin et a/ have also shown a reversible reduction of in vivo glucose, alanine and lauric acid absorption
in autotransplanted dogs given CsA (253). These cffects may be partially due to CsA's effect on the Na'-
K*-ATPase glucosc cotransporter at the enterocyte level. as scen with renal tubular cells (227). which is
the main mechanism of glucose uptake in the small intestine (255.256).

CsA has also been observed 1o alter intestinal permeability. In normal rats it can induce an increase
in vivo permeability to {*'Cr]-EDTA. indicating an increased permcability of intraccllular tight junctions
(257). This may reflect a change in the composition of the enterocyte membranc by CsA which would in
turn alter nutrient uptake (258).

Changes in bowel morphology have been reported with this agent. Heeckt ef af observed smooth
muscle hyperplasia, with up to 2-fold increases in ccll numbers in the longitudinal and circular muscle
layers in normal rats treated with long-term CsA (259). However, on a functional level. carbachol-
stimulated contractile activity was not altered by this proliferation. Sigalet et af also observed an increase

in jejunal villus width and ileal villus height and width in rats treated with high dose CsA (252)

THE NEW ERA OF IMMUNOSUPPRESSION

The advent of CsA was certainly a milestonc in the transplant of all vascularized organs. including
the small intestine. However, as already discussed, the strong immunogenicity of the small bowel may
demand more specific and powerful immunosuppression regimens. without a concomitant increasc in
toxicity. Hence, over the past decade. there has been the development of a varicty of new
immunosuppressive agents with distinct and diverse modes of action in controlling allograft rcjection. By

understanding not only the immunological and clinical effects of these drugs, but also their celludar and
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molccular mechanisms of action, there is the potential to usc them in combination to act at varying points
in the immunological processes of allograft rcjection.

FKSo6

FK 506 (Tacrolimus) is a macrolide antibiotic, first disccvered in 1984 when isolated from cultures of
Streptomyces tsukubaensis (260). Itis a newer agent. presently used as an immunosuppressive agent in
experimental and clinical transplantation. /n vitro. FK506, like CsA, inhibits 1L-2 production and IL-2
mRNA synthesis. however, it appears to be almost 100 times more potent than CsA (261,262). In vivo, its
potency to suppress cell-mediated and humoral responscs is at least 10-fold greater than that of
CsA (202).

Mechanisms of Action

FK 506 has a different molecular structure from Cyclosporin, but appears to act by the same
mechanism (196-199). By binding to its corresponding intracellular immunophilin, FK-binding-protein
(FKBP). it also inhibits the phosphorylating activity of calcineurin. and subsequently, inhibits the
transcription of the IL-2 gene in immune-activated T-cells. It also inhibits the synthesis of mMRNAs of
other genes up-regulated during T-cell activation. including IL-3, IL-4. granulocyte-macrophage colony-
stimulating factor (GM-CSF). granulocyte-stimulating factor (GSF). tumor-necrosis factor-a. (TNF-av),
and interfzron (IFN)-y and -« (263). In addition, FK506 decreases the responsiveness of T-cells to I1.-2
stimulation by both inhibition of 1L-2-receptor expression and other less well characterized mechanisms
(203). Thus. like CsA. it acts in the activation phasc of the immunc response.

FK506 may also have some immunorcgulatory actions distinct from CsA (264). It appears to have an
inhibitory effect on B-cell function. Studies have shown that it inhibits cell proliferation of B-cells by
sclectively blocking the G- to Gy-phasc of the cell cycle. B-cells progressing from the Gy to S-phase are
also sensitive to the inhibitory action of FK506. Thesc actions are different from that of CsA which does

not suppress the proliferation of activated human B-lymphocytes (265).
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Animal Studies in SBT

With its success in inhibiting rejection of renal. cardiac and liver allografts (266-268), FRS06 has
been used in animal studies of SIT. Hoffman ef a/ from Pittsburgh were one of the first to demonstrate the
ability of FK306 to prolong survival of small intestinal allografts in rats (269). Using a dosc of 2 mg/kg/d
for 6 days then every alternate day for 24 days. a MST of 51 days was achicved. Howcever, 50% of the rats
eventually succumbed to chronic rejection. No acute rejection episodes. GVHD or toxic effects of FRS00
were noted. Further studies by this group using the same dosc, but for only 4 days, showed long-term
(greater than 180 days) functional graft survival in 5 of 5 fully allogencic transplanted rats with no signs
of rejection or GVHD; one rat eventually died from pnecumonia. however (270).

With experience, the toxicitics of FK306 were becoming realized. and lower dosage schedules
developed. Hatazawa ef al were able to obtain long-term survival in fully allogeneic transplanted rats
with doses of 1 mg/kg/d for 8 weeks (271). No signs of rejection or GVHD were noted. A much lower
dosage schedule, developed by the Pittsburgh group, 0.32 mg/kg/d for 13 days, significantly prolonged
allograft survival (greater than 175 days) in 80% of rats transplanted across a minor histoincompatibility
combinations and allowed for induction of donor-spccific unresponsiveness (DSU) as tested by skin
grafting after SBT (272). Across a major histoincompatible combination, however, allograft rejection
could only be delayed, but not prevented, and DSU could not be induced. Others have had similar results
with doses ranging from 0.1 to 0.5 mg/kg/d (273). In a onc-way GVHD modcl (Lew — LBNF|) GVHD is
not seen with these low doses, clinically or histologically (274).

Clinical Experiences with FKS06 in Transplantation of the Small Bowel and Other Organs

FK.506 has becn shown to be clinically successful in rescue therapy for failing liver grafts not
responding to conventional immunosuppressive therapy of CsA, OKT3, steroids and azathioprinc (275-
279). Complete or partial success rates have ranged from 50-81% (275,277). The better results occur in
paticnts with refractory acute rejection or "early” chronic rejection as opposed to long-standing chronic

rejection. Similar results have been published on a large serics of paticnts by the US Multicenter FK506
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Liver Study Group (280). Randomizcd trials comparing FK506 to CsA as primary therapy for liver
transplantation have been done. A large amount of this work has becn published from Pitisburgh, who
found a significantly prolonged graft survival and rejection-free period with FK506 (281). A serics from
Dallas, however, could find no significant differences between the two treatments (282).

Despitc the significant nephrotoxicity of FK506, it has been successfully utilized in renal
transplantation as both primary immunosuppressive therapy, and shown to be as efficacious as CsA (283-
285) and as “rescuc therapy" for ongoing acute rejection while on CsA immunosuppresion (286). As
primary therapy, it has been found to be equally effective as CsA in a controlled clinical trial, with no
significant differences in renal toxicity (285). FK506 has also been efficacious in preventing rejection of
other transplanted organs, including heart. lung. and pancreatic islets (227,287,288).

In pediatric transplantation of liver, kidney. heart, lung, and liver-islets, FK506 has been reported as
relatively "safc", despitc a 8% incidence of post-transplantation lymphoproliferative disorder (PTLD) in
one scrics (287). Others, however, have reported 74% and 22% incidences of major adverse effects and
PTLD, respectively, when FKS06 is used as "rescuc therapy” for uncontrollable acute rejection of liver
allografts under CsA primary immunosuppression (289). The most recent published series, by Rosh et al,
of pediatric patients recieving FK506 for primary and rescue therapy for liver transplantation, reported a
17% incidence of PTLD (3 of 17 children); one out of these three cases was fatal (290).

With these reported clinical results and the success of FK506 in animal models of SBT, it has been
used by several centers for immunosuppression of SBT alone, in combination with the liver, or as part of a
multivisceral graft. The Pittsburgh group has published the largest series, the most recent beinga 3 1/2
year accumulation of 61 cases (132,133). Immunosuppression was with FK506 (0.1 to 0.15 mg/kg/d, i.v.
or 0.3 mg/kg/d. p.o.) plus steroids, prostaglandin-E1 and occasionally azathioprine, with rejection
episodcs treated by increasing the FK506 dosc. steroid boluses or OKT3 (132). As described in an earlier
section. 22 patients received an isolated intestinal graft, 26 received a combined small bowel-liver graft

and 11 received a multivisceral organ graft. with a minimum follow-up of 2 months. One year graft



J0

survival rates were 70%., 73% and 80% for the SB. SB/L and MV grafts. respectively. However, overall,
the 24 month graft survival has been reported as only 53%. Fatal complizations included acute rejection
with sepsis. frequently worscned by CMYV infection. scpsis sccondary to technical failures or TPN catheter
infections, pncumonia and the development of PTLD. Thesc resulted in § deaths in the SB group (23%0).
10 in the SB/L group (38%) and 2 in the MV group (18%). Functionally, 34 paticnts are TPN-frec and 4
are on partial TPN only.

Grant et al reports two recent SB/L transplant paticnts (onc child and onc adult) treated with FR506
immunosuppression. Both are doing well at 6 months. however. follow-up is rclatively short up to this
time (127).

Thus. it would appear that FK506 can be successfully uscd in clinical SBT. Howcever, caution must
be maintained, as there is still relatively few long-term follow-ups and no rcal comparison can be drawn
with other more conventional agents such as CsA, as comparable large scrics have not been reported.
Adverse Effects

The toxicity profile of FK506 has been well studied. Because of its similar mechanism of action as
CsA, it appears to qualitatively have similar adverse effects.

Like CsA, FK306 can induce reversible nephrotoxicity (284,291-293). Scveral studics have been
recently published, comparing the nephrotoxic effccts of the two agents. Just as significantly as CsA,

FK 506 has been found to induce marked renal vasoconstriction, resulting in a significant decrease in
GFR in liver transplant patients (221). The mechanism by which this occurs is controversial, however.
Benigni et al have shown in vitro that unlike CsA, FK506 docs not induce endothelial release of
vasoactive mediators (TxA, PG and endothelin) and thus may have a different mcchanism by which it
exerts its effects (220). This is difficult to interpret, though, as this same group did not obscrve the in vivo
renal vascular hypertension, decrease renal blood flow and decreased GFR scen in human studies.

Conversely, Moutabarrik ef a/, and others, have shown that both agents have a stimulatory effect in vitro
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on endothelin secretion and nephrotoxicity is correlated with an increased production of thromboxane A,
(260,294).

McDiarmid et al found no significant differcnces in renal function between CsA and FK506-treated
liver transplantation paticnts as assesscd by serial mecasurements of GFR up to 360 days post-
transplantation (295). However, several studics have shown that clinically significant systemic
hypertension is seen less frequently with FK306 immunosuppression than CsA (221,227,291).
McDiarmid also noted such a trend, but the difference between the two treatments and the need for
antihypertensive medication was not significant (295). Finally, as with CsA, hyperkalemia secondary to a
type 1V renal tubular acidosis can also occur with FK506 (291).

Vasculitis in the heart of renal-transplanted dogs receiving FK506 has been observed, and is of some
concern (296). This appears to be most prominent when the dogs are given subtherapeutic doses of drug,
and can be suppressed by co-administration of CsA, thereby, improving immunosuppression. Thus, the
vascular toxicity induced by the agent may be potentiated by systemic immunological events of rejection.
Two large Japancse studics noted a significant incidence of cardiac symptoms in renal transplant patients
on FK506 (284). In the carlier study. with less stringent controls on serum levels, cardiac symptoms
developed in 27.8% of patients, including chest pain in 13.9% and an abnormal ECG in 5.6%. In the
later study. with whole blood trough levels maintained at 15-20 ng/mL, cardiac symptoms developed in
18.6% of paticnts, with 10% and 5.7% experiencing chest pain or abnormal ECG changes, respectively.
These findings may have negative implications on the use of FK506 in patients with pre-existing ischemic
heart discase.

The spectrum of neurotoxicity scen with FK506 also seems qualitatively similar to CsA (227,291).
Manifestations range from minor tremors, headaches, sleep disturbances, dysesthesias and mood changes
to major akinctic mutism, seizures, psychosis, encephalopathy, focal deficits and movement disorders
(292.297). Eidelman et a/ found a frequency of 20% of minor disturbances and 5.4% of major

manifestations in a large scries of transplant recipients on FK506, most of whom had received either a



liver or cardiac allograft (292). Thesc were more frequent during the i.v. phase of drug administration,
early on in the immunosuppressive regimen, and commonly associated with drug trough levels
significantly above the normal therapeutic level (293). Morc recently. Backman ef al reported a 68%
incidence of neurotoxicity in liver transplant recipients, with 35 of the 40 paticnts devecloping only
moderate to mild symptoms, not related to elevated plama levels of the agent (298). This is a much
higher incidence than that reported with CsA (228.229). Symptoms arc dosc-dependent. and usually
respond to a reduction or temporary withdrawal of the drug. Pathologically. imaging studies show
abnormalities of the cerebral white matter. central pontine myelinolysis or hemorrhage. similar to those
seen with CsA neurotoxicity (292,299).

New onsct diabetes mellitus has been reported with FK506 immunosuppression similar to thit scen
with CsA. Tabasco-Minguillan et al reported long-term insulin requirements in 39 paticnts recciving 52
orthotopic liver transplants in Pittsburgh (300). New onset diabetes requiring insulin administration
occurred in 9 patients (23%) by 3 months post transplant, and diminished to 5 paticnts (13%) by 2 ycars.
Another series of liver transplant recipients studied by the Pittsburgh group revealed a 36% ovcrall
incidence of insulin requircments (151 of 370 patients) which decreased to 12.1% requiring insulin on a
long-term basis (297). An earlier series comparcd the diabetogenic effects of FK506 with CsA in a
randomized clinical trial of primary liver transplantation and showed that the incidence of new-onsct
diabetes mellitus was similar in both groups, approximately 27% (281). More rccently, others have shown
the incidence of glucose intolerance and diabetes to be twice as great in FK506-treated liver transplant
patients compared to those receiving CsA (231). This diabetogenic cffect of FK 506 has been studicd by
Ueki ef al in a rat model (301). They have demonstrated ultrastructural changes and degranulation in
islet beta-cells, suggesting that FK506 may interfere with protein (insulin) synthesis.

Other metabolic side effects of FK 506 include hyperkalemia sccondary to renal dysfunction as well as

the development of hypercalcemia (291) and hyperuricemia (284). The incidence of hypercholesterolemia
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and hyperlipidemia is varied. It has been reported as minor and less frequent than scen with CsA by some
investigators (227,284,302) and the same as scen with CsA by others (291).

As with CsA, malignant and infectious complications can result from immunosuppression by FKS506.
However, data may be difficult to truly interpret as most patients receive immuncsuppressive protocols
involving other agents which may contribute to these complications. Fung et al examined a large scries of
paticnts from Pittsburgh on FK506 for both primary and rescuc therapy (297). A total of 16 patients out
of 1057 (1.5%) developed PTLD, S being fatal. The other nine were relatively mild forms treated with a
reduction in immunosuppression with or with out acyclovir, or with surgical resection. However, as
discussed above. children may be more susceptible to the development of PTLD under FK506, with an
incidence of 8% to 22% rcported in some serics (287,289).

CMV infections appear to be the most frequently scen opportunistic infections among transplanted
paticnts . In this same series. the incidence of CMV infections in FK506-treated patients was about 20%,
and is felt by the authors to be similar to that secn in transplanted patients on CsA (297).

Other less significant adverse effects include gastrointestinal symptoms ranging from minor cramps
and abdominal distention to nausea, vomiting and diarrhea (284). In some patients, however, these may
evolve into major diarrhea, malabsorption and malnutrition problems, not resolving to lowering of drug
dosages, and necessitating conversion to another immunosuppression regimen such as CsA. This has
been recently reported by Mor et al in three liver transplant patients with 'desirable’ FK506 plasma levels

of 0.5 to less than 5.0 ng/mL (303). Finally, hot fiushes, pruritis and alopecia are also seen in a few

patients (297).

RAPAMYCIN

Rapamycin (RAPA) is a macrolide lactonc. similar in structure to FK3506. It was first isolated over 15
vears ago as an antifungal antibiotic from Streptomyces hygroscopius, a soil bacterium from Rapa-Nui,

Easter Island. and was subsequently found to have immunosuppressive properties (199,304,305).
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Mechanisms of Action

Although it is structurally related to and binds to the same intracellular receptor as FKR506 (FKBP),
RAPA acts by a differcnt mechanism than cither FK506 or CsA (199,306-310). Howcver. like these
agents, its immunosuppressive actions arc T-lymphocyte-specific. CsA and FK506 exert their function by
inhibition of the production of IL-2 (and a limited sct of other lymphokines) required for T-cell i
proliferation and differentiation, thus inhibiting early events of T-cell activation. RAPA, however, docs
not interfere with IL-2 production nor IL-2 receptor expression, but rather, blocks the proliferative
response of activated T-cells to IL-2 and other cytokines (311).

Although a direct target for the action of the rapamycin-FKBP-cemplex has not been defined. it
appears to inhibit some biochemical event(s) necessary for the progression of IL-2-stimulated T-cells from
G- to S-phase (306,307). In vitro studies by Morice et al have shown that RAPA inhibits growth of an
IL-2-dependent cytotoxic T-cell line in the late Gy-phasc. just prior to cntry of the cells into the S-phase
(312). It is postulated that this inhibition is related to suppression of the latc G-phasc increase in piede
activity, normatly induced by cellular stimulation with 1L-2. P34¢d4¢2 jg the prototype cyclin-dependent
kinase involved in highly conscrved regulatory cascades which control both the G- to S-phase and G- 1o
M-phase transitions in cell proliferation. Inhibition of the activity of this kinase has been demonstrated in
both fibroblast (312) and myogenic cell lines (313).

The exact nature of how RAPA inhibits the activation of P34¢? is not yet understood. Studics
indicate that RAPA may target upstrcam events required for this process (312). Recently, RAPA has been
shown to inhibit IL-2 induced activation of the p70 S6 kinase in both T-cells, mast cclls and fibroblast cell
lines (314-316). P70 S6 kinase may be involved in the transduction pathway leading to p34d? activation
and S-phase commitment in T-cells (312). Altcrnatively, p70 S6 kinasc may be involved in an alternate
signalling pathway in the regulation of T-cells into S phasc. Activation of both kinases could therefore
result from separate pathways initiated by a common RAPA-inhibitable molecular event (312). Although

not vet fully understood, it appears that the immunosuppresive action of RAPA somchow rclates to its
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ability to inhibit late G1/S phasc transition of IL-2 activated T-cells. Interestingly. it may also be involved
in blocking signal transduction systems in non-lymphoid cells, such as myogenic and fibroblast cell lines
as discussed above.

By virtuc of their interactions with a common receptor site(s) on FKBP, RAPA and FK506 act as
reciprocal antagonists of IL-2 secretion and T-cell proliferation in vitro (306,308). In contrast, RAPA acts
synergistically with CsA in vitro to inhibit human peripheral blood lymphocyte function, including
proliferation, generation of allo-cytotoxic-T-lymphocytes in mixed lymphocyte culture (MLC) and
cytokine-driven proliferation of IL-6 or IL-2 dependent cell lines (317).

Animal Studies in Transplantation of the Small Bowel and Gther Organs

The success of RAPA in prolonging rat heart and bovine kidney allografts (3 18) has led investigators
1o examine its effccts in SBT, with a hope to develop much needed improved immunosuppressive
protocols for intestinal transplantation. Stepkowski et a/ were among the firsi to demonstrate RAPA's
ability to prolong survival of small bowel allograft recipients in a rat model (319,320). Using an i.v. dose
of 0.8 mg/kg/d for 14 days, MST was extended to 26.8 days compared to 10.0 days in untreated controls.
Further studics by this group used similar dosages to evaluate RAPA's effects in one-way rejection and
GVHD models in the rat (321). In the GVHD model, graft survival was prolonged to 21 days compared to
12 days in untrcated animals. In the HVG rejection model, allograft rejection was prolonged to 41 days
with RAPA compared to 12 days in controls. The authors thus proposc that RAPA protects small bowc!
allografts morc effectively against HVG than GVH immune responscs. Others have demonstrated similar
results in semiallogenic modcls of SBT (322).

The in vitro synergism between RAPA and CsA, discussed above, has been demonstrated in vivo in a
rat SBT model (323). Using low doses of both agents (RAPA, 0.2 mg/kg/d, i.v. and CsA, 2 mg/kg/d, s.c.
for 2 days. then p.o.). the MST of fully allogencic allografts was prolonged to 37 days as compared to 15
days and 16 days . respectively. when these drugs were used alone. Similar synergism has been

demonstrated in rat cardiac transplantation models (319,324).
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The use of RAPA in human trials has not yet been published, however, some large animal models
have been developed with other vascularized organ transplants. Calne er al (318) were among the first to
publish their results of significantly improved survival of pigs who received renal allografts under RAPA
immunosuppression (2 mg/kg/d. i.m. for 64 days). Three of ninc animals survived over 8 months. with
normal renal function. Five died after 7 to 9 weeks from interstitial pncumonitis, likely the result of
over-immunosuppression. Similar results have been recently published by Almond ef al, demonstrating
prolonged survival of renal-transplanted pigs with 0.25 mg/kg/d. i.m., with a major cause of mortality
being pulmonary infection (323).

Clinical Experiences with Rapamycin

Clinical trials with this agent are presently underway, but have not yet been published (326).
Adverse Effects

The toxicity profile of RAPA has not been as well established as CsA or FK506. It is not surprising
that, considering its similar intracellular protein-binding ability as FK.506, it also shares many common
adverse features.

Dogs fare poorly on RAPA, developing vomiting and diarrhea, with pathological ulcers throughout
the entirc gastrointestinal tract sccondary to an acute nccrotizing fibrinoid vasculitis of the arterioles and
small arteries, after daily oral doscs of 0.25-5 mg/kg (318,327). Similar lesions develop cven after a
limited course of 2 mg/kg/d on days 3-5 (318). Interestingly, vasculitis has also been shown to be a major
side effect of FK506 when used in dog renal transplantation (296). Furthermore, the G.1. vasculitis
induced by RAPA may actually be quite mild (as scen in nontransplanted dogs) and may be severely
aggravated by systemic immunological events of rejection (327). Correspondingly, synergistic, and thus,
more immunosuppressive, combinations of low-dosc RAPA with CsA reduced the frequency and scverity
of vasculitis as compared to low-dose RAPA alonc (327). Such vasculitic lesion are not scen in the

porcine model (325). It may be that this effect is a specics-specific reaction. Howevecr, preliminary



47

studies in primatcs demonstrate that, although RAPA is immunosuppressive in renal transplantation
models. severe G vasculitis may devclop. even at subtherapeutic doses (328).

These effects can lead to emaciation and death in dogs. In rats, although vasculitic GI ulcers have not
been reported. RAPA also has negative etfects on weight gain (329,330).

The renal effects of RAPA have been studicd in rats by DiJoseph 2t al (268). They found that at high
doses. significant renal dysfunction can develop in nontransplanted rats, although this appears to be
strain-specific. Histologically, mild to moderate necrotizing vasculitis and tubular atrophy is observed.
Whiting et al also noted a significant increase (albeit. minor) in scrum creatinine in rats treated with 1.5
mg/kg/d, i.p., for 14 days (330). More significantly. however, they observe a further dramatic increase
with a marked decrease in GFR when RAPA was administered in combination with CsA. They propose
that RAPA may potentiate the well established ncphrotoxicity of CsA when these agents are used in
combination. In renal transplanted pigs given low but therapeutic doses (0.25 mg/kg/d, i.m. for 30 days),
serum creatinine levels do not increase (3235).

RAPA may also be diabetogenic. Whiting demonstrated that in rats, RAPA causcs significant
increases in plasma and urine glucose levels (330). Moreover, as with its nephrotoxicity, the addition of
CsA. also known to be diabetogenic, potentiates this effect. They observed no histological abnormalities
in the pancreases of the treated rats, however, hypothesize that this may be due to the administration of
drug dosages below the level required to induce structural damage to the islet cells. These same
investigators also noted the development of focal myocardial necrosis in rats treated with RAPA; and
again, this effect was potentiated by CsA (but. not observed to occur with CsA alone) (330).

Other adverse effects of RAPA include an increased risk for bacterial infections (318,325,328). In
large animals, significant thrombocytopenia may develop. even at low doses (318,325). Finally, unlike
CsA and FK506. which have been shown to be hepatotrophic (227.331), RAPA significantly inhibits
hepatic regencration in rats in a dose-dependent manner. This was shown by Francavilla et al in rats who

had been treated with RAPA: where DNA synthesis in the organ, post-partial resection, was significantly
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inhibited relative to untreated controls (332). In a similar manncr. RAPA also inhibits kidney and
intestinal regeneration at doses as low as 0.3 mg/kg/d. i.v.. for four days (332). Consideration of these

negative effects in SBT may be warranted. especially if limited scgmental allografts are considered.

15-DEOXYSPERGUALIN

15-Deoxyspergualin (DSG) is an antitumor agent isolated from the fermentation broth of Bacillus
laterosporus, a soil bacterium isolated from a mountainous area in Japan. which has subsequently been
found to have immunosuppressive propertics (333.334). Its structure, a straight polypeptide guanidine
derivative, is quite diffcrent from those of the previous immunosuppressives discusscd. CsA. FR506 and
RAPA are cyclic polvpeptides. Likewise. its immunosuppressive effects arc also very different.
Mechanisms of Action

In vivo studies in rats by Suzuki ¢t a/ have suggested that DSG sclectively inhibits activated donor-
specific expanded lymphocyte clones at the onsct of rejection (335.336). They also demonstrated that
DSG may have no effect on suppresscr cells, thereby allowing them to progressively develop and maintain
a long-term state of immunologic unresponsivencss (335).

In vitro studies by Jiang et al showed that unlike CsA and FK506, which inhibit the carly phase of the
mixed lymphocytic reaction (MLR) (by inhibiting T-cell activation at the IL-2 production level), DSG acts
later, primarily by inhibiting the expression of IL-2 receptors. It also suppresses cytotoxic T-cell
generation (337). Similarly, Nichimurak ef a/ demonstrated that DSG was able to suppress diffcrentiation
and proliferation of alloreactive cytotoxic T-cells, but unlike CsA, did not inhibit I1.-2 production by T-
helper cells (338).

Other effects of DSG include antimonocytic activity, with decreased expression of MHC class 1
antigens, IL-1 production. free radical generation and secretion of hydrolytic lysosomal ecnzymcs by mousc
peritoneal macrophages and human monocytes (339). DSG may also impair humoral immunity, making

it a favorable agent to be used in xenografting (291,340).
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Unfortunately, however, unlike the CsA, FK506 and RAPA, no definitive molecular mechanisms of
action of DSG have been clucidated. It has been found to interact with a member of the Hsp70 family of
heat shock proteins, which may represent a new class of immunophilins (341). Like the immunophilin
isomerascs cyclophilin and FKBP, hcat shock protcins can act as "foldases”. which may represent a
common mechnism of action of these immunosuppressive agents.  Alternatively, like isomerascs. they
may act as carricr molccules to translocate DSG to the nucleus or other organelles where it muy elicit its
immunosuppressive actions. Heat shock proteins may to play other roles in the immune response. They
appear to be involved in the binding and stabilization of immunoglobulin heavy chains before binding of
light chains (342). They may also interact with the processing and presentation of MHC class 11
molecules (343). Indeed. there are several intriguing possibilities by which DSG may exert its
tmmunosuppressive actions,

Animal Studies with Deoxyspergualin in Transplantation of the Small Bowel and Other Organs

In animal models. DSG has been shown to prolong cardiac, renal hepatic, pancreatic and thyroid
allografts with a wide range of doses (291). Onc of the earliest animal studics demonstrated that doses of
6.25 mg/kg/d for 10, 20 and 30 days werc able to prolong rat skin graft survival in a dose-dependent
manner (344). In rodents. daily administration of 1 to 5 mg/kg/d. intraperitoneal. (i.p.), for 2 to 8 weeks
can effectively prolong the survival of cardiac and pancreaticoduodenal allografts (336,345.346). 1.25 or
5 mg/kg/d. i.p.. for 10 days has been also shown to prolong thyroid allograft survival in mice (347) while
2 mgkg q2 to 3 daily over a 2 week perioperative courese permits survival of pancreatic islets in rats
(348). In larger animals. much lower doses appear effective for rejection prophylaxis. Canine renal
allografts treated with prednisone and DSG at 0.8 mg/kg/d. i.v., for 10 days show prolonged survival with
little toxicity (349). Two to five times higher doscs arc required for rescue therapy, however (350).
Similar cfficacy is scen with this dosc in liver transplanted pigs (351).

As discusscd above. DSG inhibits T-cell proliferation by a mechanism distinct from that of CsA.

Subsequently. investigators have demonstrated the synergistic immunosuppressive actions of thesc two
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drugs. Gannedahl ez a/ demonstrated a 3-fold increase in graft survival in a rat cardiac allograft model
when DSG (2 mg/kg/d. i.p. for 9 days) was coadministered with CsA (10 mg/kg/d. p.o., for 9 days) as
compared to when these agents were administered individually (352.353).

With its known effect on inhibiting both cellular and humoral immunity. DSG has been investigated
in xenografting (340.354). Suzuki ef al demonstrated significantly prolonged hamster to rat heart
allograft survival to 4.6 days (controls. 3.3 days) using a dosc of 5 mg/kg/d using a constant 1.p. infusion
for 8 days (354). When recipicnts underwent a splencctomy in addition to the drug infusion, graft
survival was further extended to 10.9 davs. They had demonstrated a significant increase in the B-ccll
population in recipients after xenografting and thus, removal of the spleen facilitated a delay antibody
production against donor cells.

Limited studies have investigated the effect of DSG on SBT. However, Tanaka ¢f af were able to
demonstrate the ability of DSG, administered for 10 days post SBT (5 mg/kg/d, i.p.) to prevent the
development of cutaneous or lethal GVHD in a onc-way GVHD rat model (355). Morce recently, ina
swine SBT model, 3 mg/kg/d, i.v.. for onc week followed by maintenance therapy at half this dose.
allowed for significant prolongation of allograft survival, although it was not as cfficacious as
immunosuppression with CsA (350).

Clinical Experiences with Deoxyspergualin in Organ Transplantation

In a clinical scrics of renal transplant patients, DSG was able to reverse allograft acute scjection in 13
out of 15 patients (357). Okubo ef al looked at DSG as rescuc therapy for steroid-resistant rejection of
renal transplants (358). They found it to be as cqually cffective as conventional treatiment with OK'T3,
with a significantly lower incidence of adversc cffects. and proposed that it may be a worthwhiic
alternative for those paticnts who are OKT3 resistant. Similar results have been reported by others
(359,360). Dosages of 3 to 5 mg/kg/d for 7 days have been rccommended (359).

Success has also been achieved in pancreatic islet transplantation. Unlike CsA, FK506 and

prednisone, DSG does not appear to be associated with altered beta-cell function or glucose utilization in
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rats (361,362). This lack of diabctogenicity led Gores et al to utilized DSG (4 mg/kg/d for 10 days) with
CsA in clinical islet transplantation in two patients. Onc has had a significant reduction of insulin necd
and the other has remained independent of insulin for 4 months at the time of publication (363).

To date. there have been no published studics of DSG being used in animal or human SBT. However,
its successes in animal models of other vascularized organs and in clinical renal and islet transplantation,
its relatively low toxic profile. and its alternatc mechanism of action compared to more conventional
immunosuppressive agents makes it an attractive alternative to be investigated for use in SBT.

Adverse Effects

In rats. side effects of DSG include weight loss. bone marrow toxicity and infectious complications
(291). Doses of 5 mg/kg/d. i.m., were shown by Jindal ef a/ to be toxic to rats after 1-2 weeks of
treatment. with marked weight loss. patchy hair loss. lethargy, diarrhea. nosebleeds, sepsis and evidence
of respiratory distress (362). Mice treated with 5 mg/kg/d. i.p.. for 2 or more weeks also deveiop
significant but reversible weight loss as well as anemia, leukopenia and alterations of hematopoietic and
lymphoid tissucs (345.347,364). Larger animals such as dogs and swine appear to be more sensitive to
DSG with the development of severe gastrointestinal disturbances such as diarrhea, bleeding. and
emaciation, even in a minimaily immunosuppressive dose of 0.6 to 1.8 mg/kg/d. (349,351,365). However,
renal transplanted monkeys treated with 2 mg/kg/d and 6 mg/kg/d, s.c., developed only skin rashes,
appetitc loss and slight clevation in BUN (without a concomitant rise in creatinine); these effects
disappecared upon cessation of the drug (366).

The toxic effects of DSG in humans have been well described in a large series of renal transplant
patients being treated for rejection (359.360). Doses of 3 to 5 mg/kg/d were given over 5 to 10 days.
Adverse effects were generally dose-dependent.  Subjective complaints of facial numbness, G.L
disturbances (including abdominal distention. upper abdominal discomfort, epigastralgia and heartburn)
and headache occurred in 21-35 % of patients. Infectious complication of the respiratory tract, urinary

tract. oral cavity and skin occurred in 8-23% of paticnts. Infections with CMV were not seen. The most



significant effects were alterations of the hematologic system. occurring in 29-75% of paticnts. This
included the development of leukopenia in 29-75%. thrombocytopenia in 4-25%,, and crythrocytopenia in
8-36%. It took and average of 9.5 days to rcach the lowest white cell counts from the initiation of
treatment. In severe cases of leukopenia. cffective therapy (without discontinuation of the DSG) was
obtained with administration of granulocyte colony-stimulating factor (G-CSF). Nonc of these adverse

effects were severe enough to warrant discontinuation of the drug,

RS61443 (MYCOPHENOLATE MOFETIL)
Mechanisms of Action

Mycophenolate mofetil (RS61443) is a scmisynthetic prodrug. a derivative of the fungal antibiotic
mycophenolic acid (MPA). isolated from the mold Penicillin glaucum (357). Afier oral administration of
RS61443, it is rapidly hydrolyzed to releasc MPA, which sclectively inhibits two cnzymes required for de
novo biosynthesis of guanosine monophosphate: inosine 5'-monophosphate dehydrogenase (IMPDH), the
rate-controlling enzyme in the de novo biosynthesis of GTP, and guanosinc monophosphate synthetasc
(367-371). Unlike other cells which have a salvage pathway for purine synthesis, T- and B-cclis depend
on this de novo pathway. Thus, in the presence of RS61443. which sclectively depresses de novo purine
synthesis and therefore decreases intracellular guanine nucleotide pools, T- and B-lymphocytes can no
longer proliferate in response to an antigenic stimulus.

This reduction of intracellular GTP levels in T- and B-cells limits the availability of nuclcotides for
GTP protein functions in signal transduction and the biosynthcsis of glycoproteins and cell surface
receptors, thereby impairing the cellular activation process. This is consistent with the obscrved
unresponsiveness of T- and B-cells upon mitogenic activation (372). These in vitro observations include
inhibition of prolifcration of T- and B- cells and suppression of the B-cell memory responscs.

Inhibited biosynthesis of glycoproteins appcars to occur at the glycosylation phase. Allison et al were

able to demonstrate in vitro that mycophenolic acid is able to inhibit the glycosylation of adhesion
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molecules (373). The depletion of GTP pools prevents the formation of GDP-fucose and GDP-mannose,
intermediates in the transfer of fucose and mannose to dolichol phosphate-linked oligosaccharides and
then to proteins. Subscquently, this inhibits the binding of activated human lymphocytes to activated
human cndothelial cells. This interaction is required in the rejection response to allow leukocytes to
“stick" to and subsequently migrate between the endothelial cells into the perivascular connective tissue.
It is possiblc that MPA may also inhibit the intcraction between complementary adhesion molecules
acting in the immune response. An example would be the ICAM-1 and its complementary ligand, LFA-1.
When the interaction of these two molecules is block by anti-ICAM-1 and anti-LFA-1 antibodies,
prolonged survival of mice receiving cardiac allograft is observed, with no further immunosuppression
nceded (374). Any similar ncgative effect of MPA on the interaction of these molecules would enhance its
immunosuppressive properties
Animal Studies in Transplantation of the Small Bowel and Other Organs

Early animal studies using RS61443 in organ transplantation demonstrated that in rat heart allograft
models. doscs of 20 to 40 mg/kg/d. p.o., for S0 days, could produce significant graft survival in a dose-
dependent fashion (369). Moreover. it was also effective in reversing advanced allograft rejection, in the
same model, at doses of 30 mg/kg/d. In a canine renal allograft model, 40 mg/kg/d , p.o., prolonged graft
survival to 36 days (controls, 8.1 days), however, this dosc produced scvere gastrointestinal effects in the
animals (368). When the dose was halved and combined with low dose CsA and methylprednisolone,
allograft survival was prolonged to an average of 122 days, with 6 of 16 dogs continuing to survive over
150 days. A marked reduction in toxicity was also seen. Use of CsA plus methylprednisolone, alone, did
not induce any survival advantage. Similar results were obtained in a canine liver allograft model using
combined doses of RS61443 of 20 mg/kg/d and CsA at 5 to 10 mg/kg/d, with markedly prolonged graft
survival and minimal side effects (375).

Further demonstrations of the efficacy of RS61443 in combination with other agents have been

published. Combined with Brequinar sodium. a new immunosuppressive agent with a complementary



action to RS61443 (see below). significant prolongation of rat heart allograft survival has been
demonstrated with no adverse cffects scen (376).

With these promising results in transplantation of other organs. RS61443 has been investigated for
use in SBT. When used alone, prolonged administration of 25 mg/kg/d. i.p.. or a 6 day coursc of 30
mg/kg/d, p.o., effectively prevents GVHD while being unable to suppress HVG rejection in one-way and
two-way rat SBT models (377,378). D'Alessandro et al found that when administered with fully
therapeutic doses of CsA and methylprednisolone, 20 mg/kg/d of RS61443 markedly prolongs survival of
allogeneic 150 cm segmental allografts in dogs. whercas cither agent alone is inefTective (379.380). This
differs from the results seen in canine liver and renal transplantation. and rat cardiac allografis, where
combination with subtherapeutic doscs of CsA successfully prolong allograft survival (368,369,375).
This may reflect the greater immunogenicity of small bowel allografts as compared to other organs.
Therefore, the combined action of RS61443 and CsA or FK506 appears to be complementary rather than
synergistic, as no survival advantage of small bowel allografts is obtained when combining RS61443 with
subtherapeutic doses of CsA, although the recipicnts have a better clinical course, with better cating and
weight gain patterns than with either agent alonc (380,381).
Clinical Experiences

One of the first clinical trials with RS61443 utilized doses of 100-3500 mg/d, p.o., in combination
with low dose CsA (5-10 mg/kg), ALG and methylprednisolonc to trcat 44 primary renal allograft
recipients (382). Overall patient and graft survival were 100% and 95%, respectively, after 18 months. It
was generally well tolerated in all dose groups. Hemorrhagic gastritis was the onc major adversc cffect
noted in all groups, requiring drug discontinuation. Dosage reduction was required in 5 paticnts because
of persistent nausea and vomiting in two, diarrhea in onc, leukopenia in onc, and prolonged clevation of
liver function studies after hepatitis C infection in one. Nephrotoxicity was not seen. A similar Europcan
multicenter study was carricd out utilizing 400-2000 mg/d of RS61443 and 10-15 mg/kg/d of CsA,

maintaining a plasma trough level of 150-250 p/L (383). They, however, found no benefit of RS6 1443,
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In fact, patients receiving both drugs more often experienced more severe rejection responses and had a
markedly increase frequency of infections, especially bacterial. Other adverse effects, however, were
minor. The authors feel that the doses uscd may have been subtherapeutic, but caution that at high doses,
sidc cflects and infectious complications arc more prevalent.

RS61443 has also been investigated in a multicenter study as rescue therapy for refractory renal
allograft rejection using 2000-3000 mg/d (384). 1t was most efficacious when initiated in early rcjection,
when creatinine levels had not yet exceeded 4 mg percent, with a response rate of 79%. This agent was
cqually successful when used for treatment of refractory liver allograft rejection (385). Of 23 patients, 21
responded with either resolution of rjection or at least improvement of liver function. However, two of
thesc paticnts required cessation of therapy for persistent cholestasis, two required retransplantation (one
for chronic rejection and one for acute rejection), and one died from CMV/HSV/candida infection. There
were four patients with chronic rejection entered into the study, but none responded to the drug. The use
of RS61443 in chronic rejection thus appears less promising.

RS6 1443 has also proved effective in the management of cardiac allograft rejection (386). Thirty
paticnts. 26 on azathioprinc and 4 on cyclophosphamide, were treated with doses of 500 mg daily to 1500
mg twice a day. There was a 67% overall resolution of rejection. The least successful responses were
scen in the lowest dose group (500 mg daily), a response ratc comparable to that seen with azathioprine
alone.

Adverse Effects

In animal studics. RS61443-induced gastrointestinal effects. including gastritis, diarrhea and
anorexia. appear to be the most prominent, and are dosc-related (368). Except for a slight elevation in
alkalinc phosphatase. no hematologic abnormalitics, hepatotoxicities or nephrotoxicitics have been noted.

In human studies, as discussed above, hemorrhagic gastritis can occur along with other
gastrointestinal symptoms such as nausea and vomiting. sometimes requiring cessation of the drug

(382,384.386). Other less common side effects are the development of pancreatitis and CMV colitis
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(384). Some reports indicate an increased frequency of infections (383). As in animals. no significant
hepatotoxic or nephrotoxic effects are scen (386). More significantly. unlike CsA and FKS06 which are
associated with the development of PTLD. RS61443 may result in fewer inmmunosuppressive-related
malignancies. This is the result of its specific target to lymphocytes. with no substantial inhibition of
other cell lines. Subsequently. as most PTLDs develop from Epstein-Barr virus (EBV)-transformed B-

lymphocytes, RS61443 can actually block the proliferation of these EBV-transformed cell lines (387).

NEWER IMMUNOSUPPRESSIVE AGENTS
BREQUINAR SODIUM

The scarch for additional. more powerful and Icss toxic immunosuppressive agents continues in
fervor in the pharmaceutical industry. One of the more recently developed agents is Brequinar sodium
(BQR), a synthetic compound (quinoline carboxylic acid analoguc) originally developed as an antitumor
agent, but found to have powerful immunosuppressive actions (291,370,388). The action of BQR
parallels thac of RS61443, in that it irhibits the de novo pathway of pyrimidine synthesis via a
noncompetitive inhibition of the enzyme dihydroorotate dchydrogenase. Most cells have a salvage
pathway by which to synthesize uridine and cytidine, however, lymphocytes arc dependent on this
pathway for the synthesis of RNA and DNA. Thus, akin to RS61443, lymphocytes arc highly sensitive to
the actions of BQR, rendering it more specific, and thereby less toxic to other human cell lines.

Like RS61443, BQR acts later in the rcjection response when activated cells respond to antigen
challenge and begin to synthesize DNA for cell division. It is highly cflective in suppression of both
humoral and cell-mediated immunity. Its potent inhibition of antibody formation makes it attractive for
treatment of accelerated allograft rejection in already sensitized recipicnts as well as for usc in
xenotransplantation (388).

Glycosylation of adhesion molecules was discussed above in relation to inhibition by RS61443. BOQR

can also inhibit glycosylation by its depletion of UTP, required for the formation of UDP derivatives of
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glucose, galactose and the corresponding amincs (373). Transfer of onc of these units of UDP-GlcNac to
dolicholphosphatc is the first step in glycosylation.

In vitro studics by Jaffec et al clearly demonstrate these effects (389). BQR is able to suppress human
MIL.R morc cffectively than either CsA or azathioprine. It is also more potent than CsA in inhibition of
T-cell mediated augmented delayed-type hypersensitivity, similar to that seen with clinically presensitized
paticnts. In addition. it is able to inhibit the development of cytotoxic T-cells and suppress in vivo
antibody response to forcign antigens. Of specific interest is the observation of synergistic activity when
suboptimal doscs of BQR and CsA arc combined in suppression of the immune response in a mouse
contact sensitivity modcl.

Also of specific interest is the combined effects of BQR with RS61443. RS61443 depletes GTP while
BQR depletes UTP. Their effects would at least be expected to be additive at several stages of the immune
response (370). Firstly, at the glycosylation stage. Secondly, RS61443 has also been shown to deplete 5-
phosphoribosyl-1-pyrophosphate (PRPP). which is also required for the synthesis of UTP, hence
reinforcing BQR's effccts. Thirdly, BQR acts to deplete dTTP which is required for the reduction of GTP
to dGDP, hence reinforcing RS61443's actions.

Animal Studies in Small Bowel and Other Organ Transplantation

Initial studics of BQR in allografting showed it to be effective in prolonging heart, liver and kidney
allograft survival in rats (390). Treatment with 12 mg/kg, p.o., three times weekly, produced median
survivals of these organs of 45, 91 and greater than 100 days, respectively. Further studies demonstrated
tolerancc-induction acceptance of donor-specific hearts by long-term surviving liver recipients (391).
BQR's ability to reverse ongoing rejection was demonstrated by a three day course started 6 days post-
transplantation (after the onsct of moderate acute rejection), suggesting its potential suitability for rescue
therapy. Bone marrow suppression and diarrhea led to the demisc of some of these animals, however.

Further studies demonstrated BQR suppression of IgM and IgG antibody production in rats

transplanted with a cardiac allografts. 7 days aftcr having become presensitized with a skin graft from the



same donor (392). The greatest effect was scen with therapy given during both the sensitization and
effector phases, with significant prolongation of allograft survival comparcd to treatment during the
effector phase alone.

As described carlicr., the syncrgistic combination of RS61443 with BQR crcales a potent
immunosuppressive effect (376). Similarly. syncrgism between BQR and CsA has been demonstrated ina
rat cardiac transplant model (393.394). Combincd low doscs of BQR with subtherapeutic doses of CsA
resulted in significantly prolonged allograft survival comparcd to conirols. Neither of these drugs. at
these low doses, were effective when given alone. Interestingly, CsA was found to causc an increase in
the BQR levels, such that some of the observed synergism may be a reflection of thesc elevated levels.

This synergism has been shown to prolong graft survival in a onc-way rcjcction modet of SBT in the
rat (395). Combined doses of BQR, 2.5 mg/kg every third day, via the proximal cnterostomy. and CsA,
0.5 mg/kg/d, i.m., permitted a mean graft survival of 54 days beforc rejection ensued. with 2 of § animals
surviving long-term without any sign of r¢jection. Mean graft survival in nonimmunosuppressed animals
was only 8 days; and in rats trezied with BQR or CsA alone, mean graft survival was 10.4 and 11.8 days,
respectively. No toxicities were noted. however, when the BQR dosc was increased to 5 mg/kg. 4 of the 7
animals died from infectious complications.

Extension of these findings has led to the investigation of the combination of BOR with dual
immunosuppression of RAPA and CsA, two agents which, as discusscd carlicr (in the section on RAPA).
are also synergistic (319,323,324). Kahan and Stepkowski ef a/ (396,397) demonstrated that a low dosc
combination of CsA (0.5 mg/kg/d, i.v.) and RAPA (0.01 mg/kg/d. i.v.) significantly prolonged cardiac
allograft survival in rats by 5-fold, to 35 days, comparcd to untreated controls, whercas when administered
alone, neither of these drugs prolonged graft survival. Addition of BQR at low doses of 0.5 to
2.0 mg/kg/d, p.o., further prolonged graft survival up to 116.8 days. Pharmacological analysis showed
this to be a synergistic response.  This synergistic action may be explained by the different cffects of the

three drugs on the biochemical pathways of the rejection response. CsA inhibits the generation of 11.-2
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regulating carly activation genes during the G, phasc of the cell cycle. RAPA inducces cell cycle arrest in
the G, phasc and BQR inhibits nucleotide synthesis. hence blocking cells in the S-phase (397).
Clinical Studies

No human studics utilizing BQR have yct been published. Makowka ez al , however, published
preliminary studies of cardiac transplantation in primates (388). Allograft recipients were treated with
BQR, 2 or 4 mg/kg. p.o., 3 times per week, with or without low dose CsA, 2 mg/kg/d, i.m. This
combination of BQR and CsA significantly prolonged median allograft survival to 38 days compared to
untreated controls and those treated with CsA only.

Adverse Effects

In animals, bone marrow suppression, diarrhea and infectious complications are seen at higher doses
of BQR (up to 12 mg/kg. 3 times per week) as described above (391,395). Toxicologic studies have been
performed by Barnes ef a/ and showed that at 5 mg/kg/d, significant toxicities are associated with
tissues/organs that have a high rate of cell replication (398). Thesc include bone marrow suppression with
ancmia and leukopenia, cellular depression of lymphoid elements (thymus and spleen) and
gastrointestinal toxicity manifested in depressed epithelial growth and intestinal mucosal atrophy and
degeneration. Six percent of the rats died. Moreover, when CsA was co-administered (10 mg/kg/d), these
toxic effects were more severe and 69% died. When BQR was administered at 5 mg/kg every alternate

day, no toxicitics were observed, with or without the addition of CsA.

LEFLUNOMIDE

Leflunomide is an isoxazol derivative with an ability to suppress both T-cell and B-cell activity, likely
related to an inhibition of lymphocyte tyrosine kinase activity. It is hypothesized to prevent T-cell
proliferation primarily by inhibiting IL-2 signal transduction, resembling RAPA in its mechanism of
action (399). Leflunomide has been shown to prevent and reverse (rescuc) rejection of rat cardiac renal

and skin allografts with a low incidence of toxic effects (400-402).
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In rat cardiac transplant models, Leflunomide. § mg/kg/d. p.o., for 2 weeks. can prolong allograft
survival 4-fold to 28 days (400). The addition of low-dosc CsA further prolongs survival in a synergistic
fashion, to 33 days, significantly longer than with BQR or CsA alonc.

In rat SBT models, Leflunomide, S mg/kg/d for 10 days followed by cvery alternate day for 2 months,
results markedly long-term survival of greater than 150 days. with the development of partial tolerance. as
demonstrated by donor-specific skin grafting 100 days post-transplantation (403). Another study of SBT
in the rat utilized doscs of 5 mg/kg/d, p.o., for only 1 to 4 weeks, and found significant prolongation of
survival in all study groups, especially with the longest duration of treatment, with a MST of 34 days
compared to 10 days in untreated controls (404). The i.v. form of Leflunomide, A77, at 5 mg/kg/d
prolonged survival to 39 days with only 2 wecks of trcatment. Furthcrmore, when the same dosc of A77
was utilized in one-way HVG rejection and GVHD models, survival was prolonged to greater than 150
days in both, revealing this agent's efficacy in inhibiting both responses.

In view of these results and Leflunomidc's relatively low toxicity profile, it is indeed an agent to be

more closely studied as a potential candidate for use in SBT.

MULTIDRUG REGIMENS

Indeed, the problems encountered in SBT appear to be centered around the development of adequate
immunosuppressive regimens due to the high immunocompetency of the allografts and unfortunate high
rate of graft rejection observed. It is obvicus that the arsenal of immunosuppressive agents availablc for
clinical transplantation is enormous and powerful. However, each agent is not without its significant
toxicities. Our current understanding of the cascades of events involved in allograft rcjection and the
corresponding roles of these various immunosuppressives now permits the rational development of
immunosuppressive regimens utilizing combinations of agents with complementary and syncrgistic
actions. By more specifically targeting various steps in the immune response, lower doscs of these agents

may be applied, with a concomitant reduction in their individual toxicities. As discussed in the preceding
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scctions on various immunosuppressive agents, such rationale is already being applied in the development _
of such regimens, and appcears to hold great promise. Some of the morc intensely studied combinations
have alrcady been discussed, but it is beyond the scope of this writing to illustrate all of the multidrug
regimens currently under investigation. Thus, advances in SBT do not necessarily require the
development of morc powerful agents, but rather. therapy resulting in less toxicity to the recipient, and

with the least effects on allograft function.

OTHER METHODS OF IMMUNOMODULATION AND TOLERANCE INDUCTION FOR SBT

MONOCLONAL ANTIBODIES (MAbs)

Polyclonal antibedies include rabbit or equine antilymphocyte globulin (ALG) and antithymocyte
globulin (ATG). They have been utilized for years, in combination with other immunosuppressives, for
induction therapy or treatment of rejection responscs, in efforts to utilize lower and less toxic doses of
agents such as CsA. They act by opsinizing T-cells, leading to their removal from the circulation, thereby
obviating T-ccll mediated attack on the allograft (141). However, this action is relatively nonspecific.
Adverse effccts are common and include fever, leukopenia, anaphylaxis, serum sickness, rash pruritis,
hypertension, gastrointestinal upset and increased risk of infection (226). Aside from their use in
conventional immunosuppressive regimens, these agents have applicability to SBT in pretreatment of the
donor. As discussed above in the scction on "reduction of allograft immunocompetent cell load”,
pretreatment of the donor with ALS has been shown to deplete the lymphoid tissue of the allograft,
preventing the occurrence of GVHD in a rat SBT model (159,175,176).

A significant advancement in the cvolution of these agents has been the development of antibodics
directed specifically towards structural components of immunocompetent cells or other molecules that
mediate or sustain the rejection response: monoclonal antibodies (MAbs). Over the past years, a plethora
of such agents have been developed. and some excellent reviews have been published (141,291). A brief

outline will be presented here.
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The prototype monoclonal antibody. mousc OKT3, complexes with the CD3 receptor on the surfiace of
T-cells and blocks their function. It is most commonly used for the treatiment of rejection episodes. but
can also be uscd for induction therapy. However. it has many scrious limitations (141.226). Firstly, it
elicits a profound production of lymphokines. especially tumor necrosis factor (TNF) and 11.-2. resulting
in a characteristic first dosc responsc of chills. fever. myalgias, dyspnca. chest pain, and possibly severe
pulmonary edema. Sccondly. approximately 30% of paticnts develop anti-idiotypic antibodics. precluding
subsequent courses of OKT3 should rejection recur. Thirdly. the therapeutic effect of this agent may be
delayed for as long as 7 days, and there is a frequent rebound of rejection cpisodes upon completion of the
therapeutic course. Finally, OKT3 is associated with an incrcascd risk of viral infections (especially
CMV, which can be seen in up to 40% of patients) and development of lymphomas and other
malignancics. This latter complication is most significant when OKT3 is uscd in the pediatric transplant
population.

Other newer MAbs have been developed recently (291). BMA031 and TI0BY arc anti-T-cell receptor
(TCR) antibodies which have shown some promisc in being at least as cfTicacious as CsA in preventing
and reversing rejection responses. T10B9, specifically, is an IgM antibody and thercfore lacks binding to
monocyte F_ receptors which are responsible for lymphokine mediated toxicity. Other MADs directed
against the IL-2 rcceptor can inhibit the efferent phasc of the immune response by climinating or
suppressing the function and expansion of T-cclls responding to alloantigen. Clinical trials utilizing these
agents with more conventional therapy (CsA. ATG) have shown mixed results of cither cqual or slightly
improved efficacy in preventing rejection. Side cffects appear to be minimal. Anti-CD4 MABbs, dirccted
against CD4* cells, have also shown some promise. with fewer side effects. They act by inducing a state
of lymphocyte hypo-responsiveness to donor alloantigens. In a rat SBT modcl, Bowles ¢ al have
demonstrated that anti-CD4 MAbs can significantly delay. but not prevent, rejection with pre- and
post-transplant trcatment of the recipicnt (405). MAbs against lymphokines (such as TNF), act by down-

regulating the immune response and also appear cfficacious, with few side cffects.
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As discussed carlicr. adhesion molecules appear to be important in the immunc responsce. allowing
interaction between host immune cells and donor grafi cells. Intracellular adhesion molecule-1 (ICAM-1)
is found on the cell surface of most cells, including vascular endothelial cells, and mediates adhesion with
immunc cells through the lcukocyte function-associated molecule-1 (LFA-1) (141,142). Use of combined
therapy with anti-ICAM-1 and anti-LFA-1 MAbs shows some promisc. With no other
immunosuppression required. these have been shown to induce graft acceptance and host tolerance in
animal models of organ transplantation and in some initial clinical studies (142.374).

MAbs targeted against antigens on donors cells such as MHC class I and/or class II antigens have
also been shown to be powerful agents when adminitered as either donor pretreatment or host therapy
(291). To investigate the use of these agents in SBT, Stangl ef al (406) used two different monoclonal
antibodies directed specifically against rat class Il antigen. and macrophages and dendritic cells,
respectively. Small bowel allograft pre-treatment with these agents revealed a statistically prolonged graft
and recivient survival, Correspondingly. in vitro mixed lymphocyte culture studies also show the efficacy
of these monoclonal antibodies in preventing an immune response.

Unfortunately, most paticnts trcated with these MAbs eventually develop anti-mouse antibodies,
resulting in decreasing levels of agent and attenuated effects. Recently, there have been attempts to
construct hybrid human-mousc MAbs that combine human-type constant domains with mouse-derived
cpitope-specific domains (141). Therefore. fewer foreign amino acid sequences are presented to the host.
However clinically, mixed results have been observed and some investigators feel that the more

"humanized” forms have reduced affinity for antigen epitopes, although side effccts are minimized.

DONOR SPECIFIC TRANSFUSION (DST)

Pre-transplantation blood transfusion of donor blood to the recipicnt has been shown to suppress
rejectien of murine skin, heart and renal allografts. and has been employed clinically in renal

transplantation (407-409). The mechanism appears to involve modification of the immune response
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through the induction of splenic suppressor cells. and the gencration of anti-idiotypic antibodics. This
induces a state of specific "hyporesponsiveness” toward the donor (407). The concurrent administration of
an immunosuppressive agent such as CsA or RAPA appears 10 be necessary and sy nergistic. DST alone
has been frequently reported to be detrimental to allograft survival. probably by causing a slight
sensitization towards the donor.

In the rat model of SBT, Fectcau ¢f al have shown that significant allograft survival is not seen with
one DST given 24 hours prior to transplantation. with coadministration of low-dose CsA (410). In
contrast. a similar regimen of pre-transplant DST combined with low-dose CsA was sufficicnt in
significantly prolonging allograft survival in a rat cardiac transplantation model as compared to CsA or
DST alone (407). The authors hypothesize that the strong immunogenicity ol the simall bowel, as
compared to other vascularized organs. may inducc an immunological reaction too strong for one DS to
counteract. Similar results have been observed by other investigators (+11.412).

Interestingly, however, DST given 24 hours pre-transplant. dircctly into the portal venous system. in
combination with a short course of CsA docs prolong rat SBT altograft survival (MST of 70 days
compared to 9 and 14 days. respectively, with DST and CsA alone) (413). This may involve a process of
donor-specific antigen processing to result in inert circulating immunc complexes in a mechanism sinular
to that proposed for the induction of tolcrance by liver allografts (414). Conversely, low-dose FK 506 does
not induce immunologic tolerance associated with intraportal DST, and in fact. appears to abrogate any
beneficial effect (413).

Further studies have combined DST with pre-transplantation allograft irradiation and a short coursc
of CsA, demonstrating a significant prolongation of SBT survival (415). DST alone does not appear to be
able to control GVHD or rcjection, again, probably becausc of the large content of lymphoid tissue 1n the
graft intestinc. Allograft irradiation alonc has been shown to be inefficient in controlling HVG rejection
responses (as discussed earlier). The combined cffects, however, probably cmploying similar synergism as

seen between DST and CsA in other allograft modcls, appear sufficient to ensure prolonged survival.
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However. the clinical applicability of this process is questionable. especially in consideration of potential

long-term intestinal dysfunction sccondary to irradiation (174).

SIMULTANEOUS LIVER TRANSPLANTATION

Liver transplantation has been long-known for its protective effect in the prevention of rejection of
other organ allografts (416,417). It appcars to be able to induce a statc of donor-specific tolerance. The
mechanism of this is still not well understood, but may be related to an ability to release *HC-! antigens
in a soluble form. rendering them susceptible to combine with cyiotoxic antibodies to create inert
circulating immune complexes. The co-transplanted liver may also be abie to specifically absorb these
cytotoxic antibodics. At the same time. the liver can trap donor-reactive lymphocytes. specifically
cviotoxic T-cells reactive against donor class I antigens, and deplete them from the recirculating
lymphocyte pool (414,418).

The ability of liver co-transplantation to improve survival of clinical renal allografis (419) has led
investigators to look at its effects on SBT. Indeed the first successful SBT was performed with a
concomitant liver allograft {rom the same donor as described earlicr (126). However, the clinical
outcomes of large serics of isolated small bowel (SB) transplants compared to small bowel-liver
allotransplantation (SB/L) are not as clear cut as scen with renal-liver transplants.

The largest recently reported serics. from Pittsburgh. appears to show no significant graft survival of
SB/L over SB only transplantation (133). One-year patient and graft survival rates for SK/L versus SB
only transplant cases were 76% and 73% versus 91% and 70%. However, other confounding factors may
make the interpretation of thesc results difficult. For example, 77% (20 of 26) of SB/L cases were
pediatric patients while 32% (7 of 22) of SB only cases were children. Any survival disadvantage which
children nizy be susceptible to may affect these results. For example, many of these children are on
prolonged TPN prior to transplantation which may induce scrious metabolic and hepatic abnormalities

that can have negative effects on their overaii post transpiantation clinical ceurse.
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In contrasi, another scrics from London, Ontario reports that intestinal rejection appears to be
uncommon with simultancous liver grafting. However, these paticnts were morc prong to the
development of sepsis or lymphomas (127). More complete scrics with longer fotlow-ups will be

necessary to more conclusively determine the potential benefit of simultancous liver transplantation.

CONCLUSION

SBS certainly represcnts a challenge to the medical and surgical community. With the innunierable
problems associated with a short gut and the need for long-term TPN, there is a strong need for the
development of a cure for SBS: small bowel transplantation. Despite carly recognition of the technical
feasibility of SBT, cxperimentat and clinical successes have been greatly hindered by the inability to
develop adequate immunosuppressive protocols. Many promising agents have been shown to be cflective
in animal and clinical studies. but the toxicities associated with these powerful drugs limit their use.
Cyclosporin, ong of the first immunosuppressives to be used in the modern cra of orgin transplantation,
has shown some promise, and indeed has been utilized in the first successful isolated SB and SB/L.
transplants. The newer era of immunosuppression has led to the development of FK506, rapamycin, 15-
deoxyspergualin and RS61443. These more powerful agents, each with unique mechanisms of action and
unique toxic effects, have also shown some promisc in both experimental and clinical studics of SBT.
More so, the potential for rational development of multiagent regimens may provide cven strongey
immunosuppression, with a profound reduction of drug toxicites. The addition of other mndalities and
agents to cnhance immunosuppression, such as the usc of pre-and post-transplant monoclonal antibodics,
donor-specific transfusions and simultancous liver transplantation, especially in cases of SBS associated
with liver dysfunction or failurc, may also add to our cver growing arscnal of methods to prevent allograft
rejection. A much greater understanding of the immunological phenomena occurring in SBT and the
actions of these agents on the complexity of the immune responsc scen in humans will be needed before

further clinical advancemcents can be truly made.
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However, acceptance of a small bowel allograft by the recipicnt is not the only criteria for successful
SBT. In addition, the graft must be functional with respect to nutrient absorption in order to support
nutrition and growth of the host. As discussed carlicr. in the section on "cyclosporin”, the transplant
process itsclf, by virtuc of dencrvation. disruption of lymphatics, and other less well defined mechanisms,
can have profound cffects on allograft function (242-250). Thus, any further adverse effects induced by
the immunosuppressive agents employed should be minimized.

Few studics have looked at the cffects of cyclosporin and the newer agents being investigated for SBT
on nutrition and small bowel function. particularly as it relates to growth which is important when being
considered for use in the pediatric SBS population. In order to obviate the confounding effects of the
transplantation process. our laboratory has undertaken studies to investigate the effects of thesc agents on

growth, nutrition and small bowel function. both in vivo and in vitro, in normal juvenile rats.
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CHAPTER 1IN

CYCLOSPORIN

INTRODUCTION

Ever since Lillchei demonstrated the technical feasibitity of smail bowe! transplantation (SBF) (1),
there has been an increasing interest in this procedure as a cure for short bowel syndron.e. However, as
discussed in the introduction. most attempts at SBT have had a poor outcome due to lack ol adequate
immunosuppression protocols. Graft rejection or complications of inmunosuppression such as drug
toxicity, overwhelming scpsis and the development of post-transplantition lymphoproliferative disorders
continue to cause significant morbidity and mortality (2-4). The carly cra of experimental and chnical
SBT utilized conventional immunosuppressive regimens involving 6-mercaptupurine azathioprine,
cuiticosteroids and antilymphocyte sera (ALS) (5-8). With the discovery of cyclosporin A (CsA) and its
successes in other organ transplantation, howcver. it has now become a key agent for both experimental
and clinical SBT.

In a 1981 landmark study by Reznik et a/, it was demonstrated that CsA could prolong the survival of
small bowel allografts in dogs with chronic doscs of 25 mg/kg/d, intramuscular (i.m.) and per os (p.o.)
(9). Since then, the rat model has become the prototypical animal model for SBT because of the
availability of inbred strains with which to study rejection responses. In rats, CsA can prolong survival of
completely allogeneic small bowel transplants with a widc array of doscs ranging from 20 mg/kg/d
indefinitelv. to 15 mg/kg/d for just 2 weeks. to 15 mg/kg/d for | week followed by every alternate day for 4
to 5 weeks, (10-13) to 5 mg/kg/d for only 2 weeks (14, 15).

Allograft acceptance, however, is not the only requirement for the success of SBT. The absorptive

function of the transplanted intestine must also be adequate. Studics in the rat model suggest that the
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actual process of transplantation may adverscly afTect the uptake of electrolytes, glucose, glycine and other
nutrients, especially fat, by the disruption of Iymphatics. denervation and possibly changes in vilius
surface arca (12, 16-25). Adverse effects presumed secondary to immunosuppression have also been
demonstrated (17, 26, 27). However, these studies have been performed on transplanted bowel, either
isografts or allografts, such that any immunological or mechanical conscquences of transplantation may
confound the results, making the interpretation of effects directly attributable to immunosuppression
difficult to assess. Our group has previously shown that CsA ncgatively affects nutrient absorption and
increases intestinal permeability in normal (non-transplanted) bowel (28-30). This has prompted the

present study. where we wished to further examine these effects of CsA on small bowel function, in the

context of growth and nutrient absorption.

MATERIALS AND METHODS

ANIMALS

Juvenile male Lewis rats (275-300 g) were obtained from Charles River Canada, St. Constant, P.Q,,
and houscd in individual plexiglass cages with free access to water and standard lab rat chow (Lab Diet,
PMI Feeds. St. Louis, MO.) with an approximate composition of 23.0% protein, 4.5% fat, 6.0% fiber,
8.0% ash and 2.5% minerals. Day/night cycles were 12 hours and the temperature was maintained at
20 1: 2°C. Feed intake was monitored weekly, and body weight changes biweekly. Animal care was in
accordance with the guidelines of the Canadian Council of Animal Welfare (31). The experimental
protocol was approved by the Animal Welfare Committee of the University of Alberta.
EXPERIMENTAL GRCUPS

The CsA-treated animals (n=10) received a typical immunosuppression protocol of CsA, 15 mg/kg/d,
dissolved in medium chain triglveeride oil (MCT), injected subcutaneously (s.c.) into the nape of the neck
for 6 davs, followed by the same dose on alternate days for 5 more weeks. Previous studies in cur

laboratory have shown this dose and schedule to give therapeutic drug levels (9,12). Control animals
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received a corresponding volume/kg of the drug vehicle.. s.c.. on the same schedule. As discussed in
Chapter I of this thesis, the complete study undertaken was performed in two sets of experiments. This
subsequently provided two control groups against which the test group could be compared: “control 1"
(n=10) which was studicd alongside CsA in the first sct of experiments. and an overall control group of
n=20, consisting of "control 1" and "control 2". The latter (n=10) was utilized during the sccond sct of
experiments. Each contro! group was divided in half. with 5 animals recciving MCT oil, and 5 receiving
carboxymethylcellulose (CMC). the vehicle used with some of the other drugs studied.
DRUGS

CsA (Sandimmune®: a generous gift of Sandoz Pharmaceutical Corp., Montrcal) was dissolved in
MCT oil (Mead-Johnson, Ottawa, Ontario) to a concentration of 18 mg/ml, and sterilized by
microfiltration. It was prepared every four wecks and stored in the dark at 4°C. Drug concentrations
were prepared so that equivalent volumes (0.83 ml/kg) were injccted throughout the study. Control
animals received equivalent volumes per kg of the liquid vchicles, also sterilized by microfiltration.
IN VIVO NUTRIENT BALANCE STUDIES

After 33 days of treatment, the animals werc placed in individual metabolic cages, preconditioned for
3 days, and then underwent a 3 day balance study with daily mcasurement of food-intake and fecal
collection. Standard lab rat chow was given ad lib, with a composition as described above. Total
carbohydrate and fat content of feed and feces were determined using standard methods (32, 33). Bricfly,
feed and collected feces were completely desiccated in a frecze-dryer, and the percentage of water
determined directly by the change in total weight. Dricd feces were then ground into a powder, and 0.2 g
of sample used to determine the total encrgy content using a Gallenkamp Ballistic Bomb Calorimeter
(London, England). 0.25 g of sample was then rchydrogenated and the fat extracted into the solvent layer
of a 0.9% sodium-chloride-chloroform:methanol (2:1) extraction mixture. After a sccond extraction of the

aqueous layer, to ensurc completeness, the solvent was cvaporated off and the final contents weighed to
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determine the amount of total fat extracted. From these results, the percentages of energy and fat
absorption from feed intake were calculated dircctly.
HEMATOLOGICAL PARAMETERS

Serum electrolytes and creatinine were determined at sacrifice using a Beckman Astra-Eight
analyzer.
DRUG LEVELS

CsA whole blood levels were drawn after two weeks of drug therapy and at sacrifice. Peak levels
(drawn two hours post-injection) and trough levels (drawn 24 hours post-injection) were determined by
HPLC, which specifically measures only the parent drug (34).
IN VIVC INTESTINAL PERMEABILITY

In the fifth week of the study. animals were fasted overnight and then gavaged with 100 mg of
mannitol and 100 mg of lactulose in 2 ml of water during which time the animals were allowed free
access to water but not food. Urine was quantitatively collected and urinary recovery of each compound
was measured using high performance liquid chromatography and reported as both the percentage
recovery of the total oral dose of each carbohydrate probe, and the ratio of lactulose to mannitol recovered.
‘This latter measurcment is felt to best reflect the permeability of the bowel per unit surface area (35, 36).
VILLUS MORPHOMETRY AND DENSITY

At sacrifice, sections of jejunum and ileum from control and test animals were fixed in formalin and
mounted in paraffin blocks. They were cut so that both longitudinal and cross-sections of bowel were
obtained which were then stained with haematoxylin and eosin. As an indirect measurement of mucosal
surface characteristics. scctions of ileum and jejunum, for each group, were photomicrographed at a
magnification of 100X. Morphometric analyses were performed using an Image analysis system (Joyce
Locbl, Magiscan) (37). Image analysis systcms have been used to efficiently determine morphometric
parameters of large numbers of intestinal villi in scveral recent studics analyzing intestinal mucosal

architecture (38, 39). Parameters studied included villus length, as measured from the lamina propria,



101

width and overall sagittal section arca for 25 villi per histological section. Three sections from both the
jejunum and ileum for each test group and four sections from both the jejunum and ilcum of the controls
were analyzed. resulting in 75 to 100 villi being measured per group for cach region of small bowel. The
number of villi per microscopic ficld (at 20X magnification) were determined as a measure of villus
density.
IN VITRO GLUCOSE FLUXES AND ELECTROPHYSIOLOGICAL PARAMETERS

After 6 weeks of treatment, animals were sacrificed with an intraperitoncal pentobarbital overdose
and in vitro small bowel function studies were performed. Scgments of distal ilcum and proxinul
jejunum, taken approximately 2 to 3 cm from the ilcocecal valve and ligament of Trictz, respectively. were
quickly excised, rinsed with ice-cold normal Ringers solution, and stored in ice-cold Ringers gassed with
carbogen (5% CO, in O,) during the preparation for mounting onto Ussing chambers as previously
described (40, 41). Bricfly, the intestinc was split along the mesenteric border and segments of
approximately 2 cm were then quickly stripped of the scrosa and underlying muscle laycrs and then
clamped into Ussing chambers . This subsequently divides the chamber into mucosal and scrosal
compartments. Tissues were bathed on both sides by normal Ringers (Na*, 143 mM; K', 5 mM;
Ca?, 1.25 mM; Mg>* 1.1 mM; CI, 123.7 mM; HCO,, 25 mM; HPO, + H,PO,. 1.95 mM) with 20 mM
fructose, and gassed with carbogen to pH of 7.4. A circulating water bath maintained the chamber
temperature at 37°C. For measurement of unidircctional fluxes, 3-O-methyl-D-glucose (30McG) was
present at a concentration of 20 mM on both mucosal and scrosal sides and 5 1Ci of PH|-30MeG was
added to either the mucosal or scrosa!l side of the tissue. To ensure steady-state conditions, tissucs were
maintained under these conditions for 20 minutes. Previous studies have shown that glucose flux is
constant over this time period (41). Unidirectional mucosal-to-serosal (J,,,) and scrosal-to-mucosal (J,,)
fluxes were measured in paired tissues by collection of aliquots of incubation solution from cach side of
the chambers and determining the radioactivity in 2 Beckman LS5801 p-Scintillation Counter

(California). Tissue pairs were discarded if elcctrical conductance (sce below) varied by ~15%. Four
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consecutive 5 minute fluxes were determined. Tissue response to 5 mM theophyliine was used to confirm
viability at the completion of the experiment.

Elcctrophysiological parameters were monitored throughout. The spontancous transepithelial
clectrical potential difference (PD) was determined, and the tissue was clamped at zero voltage by
continuously introducing an appropriate short-circuit current (Ig) with an automatic voltage clamp (DCV
1000 World Precision Instruments. New Haven, CT), except for 3-5 scconds every 5 minutes when PD
was measured by removing the voltage clamp. Tissue conductance (G) was calculated from potential
difference and [, according to Ohm's law, wherce voltage (V) = current (I_) x resistance (R) and
conductance (G) is the reciprocal of R (40).

STATISTICAL ANALYSES

Data arc cxpressed as means * standard crror of the mean (SEM). Statistical analysis was performed
using a computcrized statistical package (SigmaStat Statistical Analysis System, Jandel Corporation).
Mecans between the two groups (controls vs treatment) were compared using the Student's t-test unless the
distribution was nonparametric (as determined directly by the program, using the Kolmogorov-Smirnov
test of normality. with a p-value of >0.03) in which case a distribution-free test comparing the medians is
morc appropriate, and was performed with a Mann-Whitney rank sum test. A p-value of <0.05 was
considered statistically significant. No statistically significant differences were determined between the
MCT and CMC trcatments, and in all but three sets of results (stool water content, lactulose/mannitol
permeability and villus morphometry). no differences were found between the two control groups ("control
1" and "control 2"). Subscquently, all control animals were combined into one control group with n=20.
In studics where the two significantly differed, the differences were assumed to be secondary to altered

laboratory processing of the samnles. and the CsA group was compared to its respective "control 1" group,
Yp 8 I grour p pe group

only.
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RESULTS
WEIGHT GAIN, FEED INTAKE & IN VTVO NUTRITIONAL BALANCE STUDIES

Body weight gain over the six weck period was not significantly affected in the CsA-treated animals
despite a significant 7% increase in feed intake compared to controls. Encrgy (keal) and fat absorption
were significantly reduced by 4% and 10%. respectively. These effects are tabulated 10 Table H1-1.
OTHER EFFECTS

Animals appeared well and active throughout the study. Neither significant diarrhea nor constipation
developed in these animals. Stool water content (3+4.7 = 1.3%) was increased by 13% relative to controls
(water content of 30.6 % 2.4%), but this was not statistically significant (p=0.168).
SERUM & HEMATOLOGICAL PARAMETERS

Serum K* was significantly increased by almost two-fold in the CsA-treated animals winle creatinine
was unchanged (Table I111-2). The samples were extremcely hemolyzed at the time of analysis, however,
and thus, this is unlikely a manifestation of drug-induced nephrotoxicity.
DRUG LEVELS

The blood samples obtained for drug levels were extremely clotted. Noncetheless, mean peak and
trough Icvels obtained afier two weeks of drug administration were 1804 + 637 ng/ml and 1919 4 758
ng/ml, respectively. At sacrifice, the pcak and trough levels were 1907 + 345 ng/ml and 2181 ng/ml,
respectively. The differences between Ievels at the different time periods were not statistically significant
(p=0.812 between peak levels and p=0.668 between trough levels).
IN VIVO BOWEL PERMEABILITY

CsA-treated animals demonstrated a 25% decreasc in mannitol recovery relative to controls.
However, because of a 15% decreasc (not statistically significant) in lactulose recovery, the

lactulose/mannitol ratio was comparable to the controls (Table 111-3).



104

VILLUS MORPHOMETRY AND DENSITY

Significant increases in villus width. height, and sagittal section arca were observed throughout the
bowel in the CsA-treated animals. compared to controls. This was reflected more in the jejunum, with
parameter increases of 18% to 46% (p<0.001 for all vatucs). increasecs of 9% to 14% were recorded in the
ilcum (p~0.03 for all values). Villus density. however, was unchanged. These changes are outlined in
Table 1§1-4 and displaved in Plates I and 2 (Appendix I).
IN VITRO 30MeG FLUXES AND ELECTROPHYSIOLOGICAL PARAMETERS

The cffects of CsA on in vitro 30MeG transmural fluxes are shown in Figure 4 and summarized in
Table 111-5. No significant difterences compared to controls were noted in the jejunum. In the ilcum.
however. a 52% increase in J_, was accompanied by a 33% increase in J.. with no subsequent change in

J .. This increasc in J__ corresponded with a two-fold increase in conductance and an associated 28%

net’

decreasc in 1 recorded in this region of small bowel.

DISCUSSION

As shown previously (28-30). CsA. alters various parameters of nutrition and small bowel function
when administered over a chronic dosing schedule. in normal (non-transplanted) rats. Significant
reductions in in vivo fat and energy absorption were observed. These changes were not due to a reduction
in mucosal surface area available for absorption. Rather, CsA had a hypertrophic effect on villus
morphometry in both the jejunum and ileum, with no change in villus density. This has been reported
previously (29). Interestingly, Heeckt ef al have recently reported that CsA induces a cellular hyperplasia
of enteric smooth muscle with no alterations of contractile function after 90 days of treatment (42). The
mechanisms of this may be related to the gingival nyperplasia known to be caused by CsA, which occurs

secondary to an increasc in the numbers of mucosal collagen fibroblasts with increased production of

collagen (43.44).
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The reduction in fat absorption may be sccondary to CsA's known cholestatic effects in rats which
could affect the emulsification and subsequent absorption of dictary fats (45-47). This adverse effect on
bile secretion docs not appear to be duc to direct effects on liver function enzymes, nor light or clectron
microscepic hepatic architecture (45.46.48). Rather. it appears to be sccondary to CsA's inhibttory eflect
on the ATP-dependent bile salt transporter in the liver canalicular membrane (49-51)

The decrease in total energy absorption we obscrved was small. and may be the result of o
combination of effects. It may be related in part to reduced active uptake of sugars by the small intestine
We have previously shown that chronic administration of CsA in rats can alter the apparent kinetics of
glucose uptake, resulting n a decrease of the V, and increasc of the K (29). Inhibition by CsA onthe
Na-, K*-ATPasc pump of the enterocyte basolateral membrane, similar to its cffects on the biliary
canalicular membrane (49) and renal tubular cells (52). may reduce active glucose uptake. However as
will be discussed below. active glucose uptake was not inhibited during i vitro 30MeG flux studies
Alternatively. it is possible that some degree of protein malabsorption may account for some of the caloric
loss in the stools. Although we did not look dircctly at protein absorption, and indeed. have found
previously that CsA has little cffect on protein absorption (28). others have found that CsA can produce 1
reversible reduction in neutral amino acid absorption during perfusion experiments in intestinal autografts
(26). Uptake of neutral amino acids by the enierocyte occurs in a similar manner as glucose, also dniven
by the electrochemical Na“ gradient maintained by the Na', K'-ATPasc at the basolateral mesmbrane (53)
It is possible. therefore. that CsA may inhibit this process of amino acid uptake and protein absorption

Looking directly at the in vitro glucosc fluxcs (Table 111-3), the control animals demonstsated
unidirectional and net glucose fluxes which were similar to those previou:ly described in normal Lewrs
rats (41). confirming that chronic injcction of the vehicles used did not have any significant cffects on the
flux or electrophysiological parameters studied. Treatment with CsA, however, induced increases in
unidirectional flux in both the mucosal-to-scrosal (J 3 and scrosal-to-mucosal (J, ) dircctions throughout

the bowel. but statistically significant in the ileum. only. These corroborate previous reports by our group
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(17). The reasons for these changes are still not understood. but may be secondary to alterations in
intestinal permeability (17,30). The increased conductance observed in the present study would support
this hypothesis. whereby an increase in back diffusion of glucose from the serosal to mucosal sides of the
bowel may result in a relative increasc of glucosc present at the brush border membrane. This, in turn,
may stimulate a sccond messenger system to induce up-regulation of active glucose transport and/or
increase paracellular movement of glucosc to the serosal side. resulting in enhanced glucose absorption

i 54).

The effects of CsA on intestinal permeability in these and other studies are mixed. The in vitro
increases in electrical conductance indicate that permeability may be increased, however. the in vivo
results arc more difficuit to interpret. Intestinal permeability is normally the result of two types of
pathways or physiologic brcaks in the intestinal epithelium: the transcellular pathway or trans-membrane
pores. and the paraccliular pathway, regulated by the tight junctions. The latter is felt to be the major site
for passive transepithelial permeation and implicated in changes in intestinal permeability (55). Larger
probes such as Lactulose (molecular weight 342). SICr-EDTA (mol wt., 292) and **Tc-DTPA (mol wt.
393) (56) permeate via gaps in the tight junctions. Smaller molecules such as mannitol (mol wt 182) can
traverse both the transmembrane pores and tight junctions (57), and when administered simultaneously
with a larger probe such as lactulose. can act as a marker for the rate of probe movement through the
gastrointestinal tract. such that the ratio of recovery of lactulose to mannitol would be a more accurate
indication of in vive permeability (35,36).

CsA treated animals demonstrated a decrease in recovery of both l2c* los: and maanitol probes
relative to controls. However, this may reflect an increase in gut motility, as suggested by the decrease in
mannitol absorption. The lactulose/mannitol ratio in the test animals was comparable to controls,
indicating no change in permeability and contrasting the in vitro increase in conductance. It also

contrasts with previous studies showing an increase in in vivo *'Cr-EDTA recovery in normal rats treated

with CsA (30).
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In order to resolve these inconuisiencics. further in vitro studies need to be done. looking at in vitro
permeability of thesc individual probes in Ussing chambers. Such studics would have the advantage of
avoiding apparent variations in permeability duc to in vivo variations in intestinal transit, mucosal water
flux, blood and lvmphatic flow. renal function and excretion and tissuc or luminal metabolism of the
probes (57).

Finally. the CsA whole blood Ievels must be commented on. The values obtained were certainly high,
being approximately four times greater than the reccommended trough values for humans (58.59). This
was somewhat surprising. though, as the same modc of drug preparation and administration, with
identical dosage and schedule. was utilized as had previously been reported by our laboratory, where CsA
levels were within a more appropriate range of 311 pg/ml (trough) to 368 pg/mi (peak) (28). Possible
explanations may involve processing of the blood samples, as they were extremely clotted at the time of
procurcment. Alternatively, the stock of CsA uscd was different than used previously by our laboratory as
was the method of drug analysis, which was previously by radioimmunoassay (28). Most importantly. no
significant toxicity's were scen as would be expected with a chronically toxic level. indicating that the true
drug concentrations were most likely below the toxic level.

In summary. CsA, at the dose used. had little affect on growth and animal weli-being in normal rats.
Nutrient absorption was significantly compromised with respect to fat and encrgy, however these changes
were small and not reflected by any changes in growth. They could not be accounted for by any reduction
in mucosal surface area, which was. instead. incrcased to a small degree secondary to villus hypertrophy
At the enterocyte level, no changes in net 30McG uptake occurred despite CsA's proposcd inhibitory
effect on Na-. K™-ATPase function at the basolateral membrane. CsA may have increased intestinal
permeability to a small degree, however, these changes were small, scen only in vitro, and did not result
in any decrease in net 30McG mucosal-to-scrosal flux. Barring the other adversc cffects known to be
caused by CsA, it could be considered as a potential agent to use in clinical small bowel transplantation,

recognizing these limits on nutrient absorption and the potential implications when uscd in a paticnt who
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may already be somewhat nutritionally compromised secondary to long standing short bowel syndrome

and the process of intestinal transplantation itsclf.
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Effects of Cyclosporin on Serum Electrolyte Values

I e PR
—— e

Na* K* Creatinine
(mmol/l) (mmol/1) (mmol/l)
— S S
Control 1 1427+ 09 93+09 0.63 £0.02
(n=10)
Cyclosporin 1363405 *4%1 17.6+12 *88%7T 0.43+£0.14  33%
(n=10) p0.001 p<0 00! p=0.11

Valucs arc means  SEM
* significant difference compares to controls (p<0.05); compared with student's t-test

o, values indicated relative to controls (T, increase: 3. decrease).



Table 111-3

Effects of Cyclosporin on In Vivo Intestinal Permeability

1t

Mannitol Lactulose Lactulose/
Mannitol
Control 1 3.77£0.22 1.40+0.11 0.41 +0.03
(n=10)
Cyclosporin 2RI +021  *25% 119+ 007  15%d 0434003 4%t
(n=10) p-0.013 p 011 p 066K

Data is presented as percent recovery of orally administered marker in urine: mean + SEM
* significant difference compared to controls (p<0.05); compared with student’s t-test
94 values indicated relative to controls (T, increasc: ¥, decrease).
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CHAPTER 1V

FK506

INTRODUCTION

Despite some of the clinical successcs obtained with CsA, most outcomes of SBT have been limited.
As previously discussed. the small bowel is extremely immunocompctent. and it is likely that this strong
immunogenicity demands more specific and powerful immunosuppressive regimens. Thus, numerous
attempts over the past decade have looked into the development of newer agents for use in SBT.

One of the more studied and clinically applied agents to date is FK506. As discussed earlier., its
proposcd mechanism of action is similar to CsA. however. it is 10-100 times more potent with respect to
suppression of in vitro and in vivo rejection reactions (1, 2). Because of this similar mechanism of action,
it also appears to qualitatively have similar adverse effects as CsA (3. 4).

Hoffman ef al from Pittsburgh were one of the first to demonstrate the ability of FK506 to prolong
survival of small intestinal allografts between strongly histoincompatible rats; strain combinations within
which even prolonged courses of CsA could not prevent acute rejection (35). Using a dose of 2 mg/kg/d for
6 days then 1 mg/kg on alternate days for a further 24 days, a mean survival time (MST) of 51 days was
achieved with no cases of acute rejection or grafi-versus-host-discase (GVHD). However, 50% of the rats
eventually succumbed to chronic rejection. No toxic effects of FK506 were noted. Further studies by this
group using the same dose. but for only 4 days (6). showed long-term (>180 days) functional graft survival
in 5 of 5 fully allogencic transplanted with no signs of rejection or GVHD. but these were of less
histoincompatibility: one rat eventually died from pneumonia.

With expericnce. the toxicity of FK306 was becoming realized. and lower dosage schedulcs

developed. Hatazawa et al were able to obtain long-term survival (>8 weeks) in fully allogeneic
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transplanted rats with doses of 1 mg/kg/d for 8 weeks (7). No sigans of rejection or GVHD were noted - A
much lower dosage schedule developed by the Pittsburgh group. 0.32 mg/kg/d for 13 days, sigmficant!y
prolonged allograft survival (>175 days) in 80% of rats transplanted across munor histoincompatibihity
strains and allowed for induction of donor-specific unresponsiveness (DSU) as tested by skin gralting atter
SBT (8). Across major histoincompatible combinations. however. allograft rejection could only be
delaved. but not prevented (MST of 38 days compared to 6.4 days in controls) and DSU could not be
induced. Othcrs have had similar results with doscs ranging from 0.1 to 0.5 mg/kg/d ()

With clinical successes in transplantation of other organs and somie successes in aninual models of
SBT. FK506 has been used by scveral centers for immunosuppression of SBT alone. in combunation with
the liver. or as part of a multivisceral graft (10, 11). However. wucquate nutritional function 1s itlso
imperative to the success of these allografts. Aside from known minor gastrointestinal side cffects
ranging from minor cramps and abdominal distention to nausca, vomiting and diarrhea (12), hittle work
has been published describing the absorptive capacity of the small bowel in these animal and chmceal
transplants on FK506. As CsA has been found to alter some aspects of nutrition and simail bowel
function. and since the spectrum of side effects of FK306 appear to be similar to that of CsA. we wished to
investigate what effects FK506 had. if any. on growth, nutrition and small bowel function i a manner

similar to our studics of CsA.

MATERIALS AND METHODS

ANIMALS

juvenile male Lewis rats (275-300 g) were obtained from Charles River Canada. St Constant, PO .
and housed in individual plexiglass cages with free access to water and standard fab rat chow (Lab Dict.
PMI Feeds. St. Louis. MO.) with an approximate composition of 23 0% protein. 4 8%, fat. 6 0%, fiber.

8.0% ash and 2.5% mincrals. Dav/night cycles were 12 hours and the temperature was mantained al
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20 + 2°C. Feed intake was monitored weekly. and body weight changes. biweekly. Animal carc was in
accordance with the guidelines of the Canadian Council of Animal Welfare (13). The experimental
protocol was approved by the Animal Welfarc Committec of the University of Alberta.
EXPERIMENTAL GROUPS

The FK506-trcated animals (n=10) received an immunosuppression protocol eyuivalent to that
described above, which is able to prolong allograft survival across major histoincompatible strains of rats.
FK 506, | mg/kg, suspended in carboxymethylcellulose, was injected subcutaneously (s.c.) into the nape of
the neck qd for 6 days. followed by 2 mg/kg on alternate days for S more weeks. Control animals received
a corresponding volume/kg of the drug vehicle. on the same schedule. As discussed in Chapter I of this
thesis. the complete study undertaken was performed in (two sets of experiments. This subsequently
provided two control groups against which the test group could be compared including "control 2" (n=19)
which was studicd alongside FK506 in the sccond set of experiments, and an overall control group of
n=20 consisting of "control 2" and "control 1" (n=10), which was utilized in the first set of experiments.
Each control group was divided in half. with 5 animals received carboxymethylcellulose (CMC), and 5
receiving MCT oil. the vehicle used with the CsA studies.
DRUGS

FK 506, a generous gift of Fujisawa USA. Deerficld, IL. was dissolved in one part normal saiine and
then further diluted with 9 parts CMC. to a final concentration of 4.8 mg/ml for the first 6 days and they
2.4 mg/ml, thereafter. It was freshly prepared every week and stored in the dark at 4°C. Drug
concentrations were prepared so that equivalent volumes (0.83 mVi/kg) were injected throughout the study.
Control animal reccived equivalent volumes per kg of the CMC vehicle.
IN VIO NUTRIENT BALANCE STUDIES

After 33 days of trcatment. the animals were placed in individual metabolic cages, preconditioned for
3 days. and then underwent a 3 day balance study with daily measurement of food-intake and fecal

collection. Standard lab rat chow was given ad lib, with a composition as described above. Total
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carbohydrate and fat content of feed and feces were determined using standard mcthods (14, 15). Bricfly,
feed and collected feces were completely desiccated in a freeze-dryver, and the percentage water determined
directly by the change in total weight. Dried feces were then ground into a powder, and 0.2 g of sample
used to determine the total energy content using a Gallenkamp Ballistic Bomb Calorimeter (London,
England). 0.25 g of sample was then rehydrogenated and the fat extracted into the solvent layer of o
0.9% sodium-chloride-chloroform:methanol (2:1) extraction mixturc. Afier a sccond extraction of the
aqueous layer, to ensure completencss, the solvent was evaporated ofT and the final contents weighed to
deterinine the amount of total fat extracted. From these results. the percentages of energy and fat
absorption from feed intake were calculated directly.
HEMATOLOGICAL PARAMETERS

Complete blood counts were determined on cach animal at sacrifice using a M430 Coulter Counter.
Electrolytes, creatinine and blood glucose levels were also determined using a Beckman Astra-Eight
analyzer.
DRUG LEVELS

FK 506 whole blood levels were drawn at sacrifice. Peak levels (drawn two to six hours post-
injection) and trough levels (drawn 24 hours post-injection) were determined by micro particlc enzyme
immunoassay (IM,®, Abbot Diagnostics, Chicago, IL).
HYPERREACTIVITY STUDIES

Subjective observations of increased aggression in the test rats was quantitated and compared with
controls using a modified version of a reactivity test for rats as described by Albert and Richmond (16).
Briefly. the animals' response to 6 test stimuli were rated on a scale of 0 to 3, with 0 indicating no
response and 3 indicating attack or highly aggressive responsc (vocalization and/or biting). Test itcms
were: (1) Presentation of a pencil just in front of the rat's snout; (2) A sharp tap on the back with a pencil;

(3) Prescntation of a gloved hand before the snout; (4) Gentle prods on the side of the rat's body with a
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blunt one inch diameter stick; (5) Attempted capture by the tail; and (6) Atiempted grasping around the
body. The total score was recorded, with a maximum reactivity score possible of 18.
IN VIVO INTESTINAL PERMEABILITY

One day following the balance studics, animals were fasted for 6 hours and then gavaged with
200 pCi of PTc-DTPA in 1.5 mlo of water. Urine was quantitatively collected over 20 hours while the
animals were allowed ad lib access to food and watcr. The percent urinary recovery of the labeled probe
was determined by simultancously counting aliquots of the original test solution and urines in a y-counter,
both having undergone the same period of radioactive decay.

On the following day. animals were fasted overnight and then gavaged with 100 mg of mannitol and
100 mg of lactulose in 2 m! of water during which time the animals were allowed free access to water but
not food. Urine was quantitatively collected and urinary recovery of each compound was measured using
high performance liquid chromatography and reported as both the percentage recovery of the total oral
dosc of cach carbohydrate probe, and the ratio of lactulose to mannitol recovered. This latter
measurement is felt to best reflect the permeability of the bowel per unit surface area (17, 18).
VILLUS MORPHOMETRY AND DENSITY

At sacrifice, scctions of jejunum and ileum from control and test animals were fixed in formalin and
mounted in paraffin blocks. They were cut so that both longitudinal and cross-sections of bowel were
obtained which were then stained with haematoxylin and eosin. As an indirect measurement of mucosal
surface characteristics, scctions of ilcum and jejunum, for each group, were photomicrographed at a
magnification of 100X. Morphometric analyses were performed using an Image analysis system (Joyce
Locbl, Magiscan) (19). Image analysis systems have been used to efficiently determine morphometric
parametcrs of large numbers of intestinal villi in several recent studies analyzing intestinal mucosal
architecture (20.21). Parameters studied included villus length, as measured from the lamina propria,
width and overall sagittal section area for 25 villi per histological section. Three sections from both the

jejunum and ileum for cach test group and four sections from both the jejunum and ileum of the controls



were analyzed, resulting in 75 to 100 villi being measured per group for cach region of small bowel. The
number of villi per microscopic field (at 20X magnification) were determined as a measure of villus
density.
IN VITRO GLUCOSE FLUXES AND ELECTROPHYSIOLOGICAL PARAMETERS

After 6 weeks of treatment. animals were sacrificed with an intraperitoncal pentobarbital overdose
and in vitro small bowel function studies were performed. Scgments of distal ilcum and proximal
jejunum, taken approximately 2 to 3 cm from the ilcocecal valve and ligament of Trietz, respectively. were
quickly excised, rinsed with ice-cold normal Ringers solution, and stored in ice-cold Ringers gassed with
carbogen (5% CO, in O,) during the preparation for mounting onto Ussing chambers as previously
described (22,23). Briefly. the intestine was split along the mesenteric border and scgments of
approximately 2 ¢m were then quickly stripped of the serosa and underlying muscle layers and then
clamped into Ussing chambers . This subsequently divides the chamber into mucosal and scrosal
compartments. Tissues were bathed on both sides by normal Ringers (Na*, 143 mM: K', 5mM;
Ca2*, 1.25 mM; Mg?* 1.1 mM: CI'. 123.7 mM; HCO,, 25 mM; HPO, + H,PO,. 1.95 mM) with 20 mM
fructose, and gassed with carbogen to pH of 7.4. A circulating water bath maintained the chamber
temperature at 37°C. For measurement of unidirectional fluxes, 3-O-methyl-D-glucose (30McG) wis
present at a concentration of 20 mM on both mucosal and serosal sides and 5 uCi of [*H]-30McG was
added to either the mucosal or serosal side of the tissue. To ensure steady-state conditions, tissues were
maintained under these conditions for 20 minutes. Previous studics have shown that glucose flux is
constant over this time period (23). Unidirectional mucosal-to-serosal (J,,,) and scrosal-to-mucosal (J,;,)
fluxes were measured in paired tissues by collection of aliquots of incubation solution from cach side of
the chambers and determining the radioactivity in a Beckman LS5801 (3-Scintillation Counter
(California). Tissue pairs were discarded if electrical conductance (sce below) varied by >15%. Four
consecutive 5 minute fluxes were determined. Tissuc responsc to S mM theophylline was uscd to confirm

viability at the completion of the experiment.
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Electrophysiological parameters were monitored throughout. The spontancous transepithelial
clectrical potential differcnce (PD) was determined, and the tissue was clamped at zero voltage by
continuously introducing an appropriate short-circuit current (I,)) with an automatic voltage clamp (DCV
1000 World Precision Instruments, New Haven, CT), except for 3-5 scconds every 5 minutes when PD
was measured by removing the voltage clamp. Tissue conductance (G) was calculated from potential
difference and I, according to Ohm's law, where voltage (V) = current (I_) x resistance (R) and
conductance (G) is the reciprocal of R (22).

ENTEROCYTE METABOLIC FUNCTION

At sacrifice, enterocytes were isolated from the distal jejunum, tested for viability and analyzed with
respect to mitochondrial substrate utilization and energy production as described elsewhere (24). Bricfly,
after isolation of the cells, aliquots were incubated for 60 minutes in the presence of either [**C]glucose or
2-]'“C]pyruvatc and the amount of each substrate utilized quantitated by the amount of [#]CO, released
(25). Lactate and pyruvate production was then determined from aliquots of cclls over a 60 minute
incubation period and reported as mg/h/mg protein. Finally, intracellular ATP levels were quantitated
after extraction from cell suspensions, using the luciferase/Luciferin assay kit (Sigma Diagnostics) in a
Lumat lumnometer.

STATISTICAL ANALYSIS

Data arc expressed as means + standard error of the mean (SEM). Statistica’ analysis was performed
using a computerized statistical package (SigmasStat Statistical Analysis Systetn, Jandel Corporation).
Mecans between the two groups (controls vs treatment) were compared using the Student's t-test unless the
distribution was nonparametric (as determined directly by the program, using the Kolmogorov-Smirnov
test of normality. with a p-value of >0.05) in which casc a distribution-free test comparing the medians is
more appropriate, and was performed with a Mann-Whitney rank sum test. A p-value of <0.05 was

considered statistically significant. No statistically significant differences were determined between the



MCT and CMC treatments, and in all but three scts of results (stool water content. lactulose/mannitol
permeability and villus morphometry), no diffcrences were found between the two control groups
("control 1" and "control 2"). Subsequently. all control animals were combined into one control group
with n=20. In studies where the two significantly differed . the differences were assumed to be sccondary
to altered laboratory processing of the samples. and the FKS06 group was compared to its respective

"control 2" group, only.

RESULTS
WEIGHT GAIN, FEED INTAKE & JV VIVO NUTRITIONAL BALANCE STULIES

The rate of weight gain over the six week period was significantly reduced, by 79%, in those animals
receiving FK506 as compared to controls (p<0.001) despite a significant 9% increasc in feed intake
(p=0.002). These effects are tabulated in Table 1V-1.
IN VIVO NUTRITIONAL BALANCE STUDIES

Energy absorption (kcal) was significantly reduced in the FK506-treated animals by 14.5% comparcd
to controls, and fat absorption decreased by 20% (p<0.001 for both values) (Table 1 V-1).
OTHER GASTROINTESTINAL EFFECTS

The treated animals developed significant diarrhea, as manifested by a 113% increasc in stool water
content compared to controls (p<0.001).
SERUM & HEMATOLOGICAL PARAMETERS

Serum K* was increased by 32% and serum creatinine by almost two-fold. Ncither of thesc results
reached statistical significance, however, because of large standard errors. “he mean random scrum
glucose was comparable to controls. The animals developed significant ancmia and lcukopenia, with
RBC, hemoglobin and hematocrit significantly reduced by 9-13% compared to controls, and WBC by

32%. These results are presented in Table 1V-2.
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DRUG LEVELS

At sacrifice, the peak and trough levels were 39.08 + 8.83 ng/ml and 24.68 £3.10 ng/ml,
respectively.
HYPERREACTIVITY TESTING

Marked aggressive behavior and hyperrcactivity was observed in the FK506 animals within 1 week of
beginning the drug injections. This appeared to peak at about 2 or 3 weeks (subjective observation), and
then slowly began to abate. Testing at 5 weeks revealed a significantly increased hyperreactivity score
(mcan score of 6.2 + 0.7) compared to controls (mean score of 3.0 £ 0.3, p<0.05).

IN VIVO BOWEL PERMEAB!LITY

Percent recovery of Tc-DTPA was significantly increased by 94% in the FK 506 group compared to
controls (Table 1V-3). Permeability to both lactulose and mannitol was increased by over two-fold.
Surprisingly, however, the lactulose/mannitol ratio was significantly reduced by 16% compared to control
animals.

VILLUS MORPHOMETRY AND DENSITY

FK506 induced no significant changes in villus morphometry or density throughout the small bowel
compared to controls (Table 1V-4).

IN VITRO 30MeG FLUXES AND ELECTROPHYSIOLOGICAL PARAMETERS

The effects of FKS06 on in vitro 30MeG transmural fiuxes arc summarized in Table 1V-5. In the
jejunum, J__ was significantly increased by 90%, with a 92% increase in J,.. This resulted in a 80%
increase inJ_. In the ileum, an almost three-fold (164%) increase in J, was insufficient to compensate
for the four-fold (278%) increase in J__. Subscquently, there was a loss of all net uptake, reflected in a
significant 39% reduction in 1. Large increases in electrical conductance. by 89% in the jejunum and

260% in the ileum corresponded to these changes in J_ throughout the bowel.



ENTEROCYTE METABOLIC FUNCTION

Entcrocytes isolated from animals treated with FK506 produced 54% less CO, when incubated in the
presence of 20 mM D-glucosc as compared with entcrocytes isolated from control animals. The relcase of
14CO, from cells incubated in the prescnce of [#C]-pyruvate was used as a measure of mitochondrial
function. Cells isolated from the FK506-treated animals demontrated a 50% decrease in CO, production
compared to the control animals. There was no difference in lactate or pyruvate production, however.
Finally, mean ATP levels were decreased by 33% in the FKS06 group relative to controls. These
differences were all statistically significant. Taken together, this data indicates a reduced mitochondrial
respiratory capacity in the enterocytes of the FK506-treated animals. These results are tabulated in

Table IV-6.

DISCUSSION

Significant effects on animal growth, well-being. nutricnt absorption and in vitro small bowel and
enterocyte function were induced by treatment with FK506. It must be noted that the dose utilized,

2 mg/kg on alternate days, is relatively high compared to current FK506 regimens in both animal and
clinical studies. However, in the rat model, it appears to be the dosc required to permit highly
immunogenic allograft acceptance between major histoincompatible rat strains (i.e. ACl »>Lewis) (5,8).
Similar high doses have also been required for other "difficult-to-transplant” organs such as renal
subcapsular pancreatic islet allografts (26).

Indeed, over the past two years, because of the discovery of numerous toxicitics of this agent, dosages
have been significantly reduced, and it is felt that carcful monitoring of FK506 plasma levels is necessary
to reduce these toxic effects (4,27-29). However, some adverse effects such as minor ncurological
disturbances, hyperkalemia and hypertension may not bc as dependent on scrum trough levcels (4,30).
Also, despite maintenance of FK506 plasma levels between the recommended 0.2 and 5.0 ng/ml (30), sidc

effects including nephrotoxicity, hyperkalemia, hypertension, seizures, tremors, glucose intolerance and
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gastrointestinal disturbances are frequent (31). In our studies, serum trough levels were 5 to 10 times
higher than these recommendations.

Significant toxicity was noted in the treated animals, consisting of increased creatinine and K* jevels,
anemia, lcukopenia, ncurotoxicity (manifested as hyperreactivity and aggression) and diarrhea. However,
as noted above, many of these adverse effects can occur despite appropriate serum trough levels, and are
not nccessarily dependent on the dosc utilized.

Weight gain was significantly inhibited in animals receiving this agent, despite a significant 9%
increase in feed intake. This has also been described by others in rats treated with 3 mg/kg/d, s.c., for 35
days (32). and 4 mg/kg/d. p.o. for 34 days (33). Similar effects have been described in monkeys treated
with 1 mg/kg/d (27). The chronic administration of this agent likely plays a role in that short-term
(4 day) FK 506 therapy of comparable dosage was found to have no effect on growth or nutritional status
in a rat transplant model (6).

This adverse weight gain can only be partially accounted for by the 20% and 14.5% decreases in fat
and energy absorption observed, respectively. Based on calculations of energy available for growth after
basal metabolic rcquirements are considered. this is reduced by only 16.5% relative to controls; this is
proportionally far less than the marked decrease in weight gain (34). These calculations are outlined in
Appendix 111 and discussed further in chapter VIII

As villus morphometry and density appears to be maintained in these animals, decreased nutrient
absorption is unlikely to be secondary to any decrease in mucosal absorptive area. Like CsA, fat
malabsorption sccondary to FK506 may be the result of induced cholestasis (35-37). Indeed, FK506
appears to have similar effect as CsA on bile flow in dogs, inducing a chloride-rich choleresis (38, 39).
More recently, however, a cholestatic effect of FK506 has come under scrutiny, with the finding that
inhibition of ATP-dependent bile salt transport. the proposed mechanism of CsA-induced cholestasis,
requires FK506 concentrations which are similar to CsA concentrations (40). However, because of the

known 10-100 times increased potency of FK506 and therefore, lower doses used, it is unlikely that this
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mechanism is in play in animal models and clinical situations. |A 50% inhibition in rats requires FKS00
concentrations in the range of 7 to 8 pg/ml which are 1000-fold higher that recommended serum levels of .
the drug (40)].

Decreased energy absorption in these animals is likely multifactorial. As will be discussed below. in
vitro net uptake of 30MeG was obliterated in the ileum of thesc animals. Although the jejunum is
normally responsible for the majority of carbohydrate absorption. we also observed significant changes in
30MeG fluxes in this region of the bowel. Also, it may be possible that other aspects of carbohydrate
digestion, not specifically tested in these studies (i.c. enyzymatic hydrolysis of dissacharides), may be
affected in these animals. Alternatively, it is possible that some degree of protein malabsorption may
account for some of the caloric loss in the stools. Although we did not look dircctly at protein absorption,
and indeed, have found previously that CsA has littlc effect on protein absorption (41), others have found
that CsA can produce a reversible reduction in ncutral amino acid absorption during perfusion
experiments in intestinal autografts (42). This could potentially also occur with long-term FK 506
treatment.

Looking directly at the in vitro glucose fluxes (Figurcs 3A and 3B and Tables 5A and 5B), the control
animals demonstrated unidirectional and net glucose fluxes which were similar to thosc previously
described in normal Lewis strain rats (23), confirming that chronic injection of the vehicles used did not
have any significant effects on the flux or clectrophysiological parameters studied. Treatment with
FK 506, however, induced significant increases in unidirectional flux in both the mucosal-to-scrosal and
serosal-to-mucosal directions, throughout the bowel. It was most significant, however, in the ilcum.
These effects are similar to that seen in the ileum with long-term treatment with CsA (discussed in the
preceding chapter), however, occur to a much larger degree. The reasons for these changes are still not
understood, but may be secondary to alterations in intestinal permeability (43, 44). T he proportionally
increased conductance in both the jejunum and ileum would support this concept, whereby an incrcasc in

back diffusion of glucose from the serosal to mucosal sides of the bowel mucosa may result in a rclative
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increase of glucosc present at the brush border membrane. This, in turn, may stimulate a second
messenger system to induce upregulation of active glucose transport and/or increase paracellular
movement of glucose to the serosal side.. resulting in cnhanced glucose absorption (45). This would occur
at a large cnergy expense to the enterocyte, potentially having a negative effect on other nutrient
absorption or processing dutics.

The effects of FK506 on intestinal permeability in these and other studies arc mixed. The 2 to 3-fold
increases in electrical conductance, in vitro indicate that permeability is largely increased. /n vivo, 2-fold
increases in #Tc-DTPA, lactulose and mannitol recoveries were also observed. However, it is possible
that these increases may reflect a profound increase in gut motility, allowing longer exposure time of the
probes to the transcellular pores and intracellular tight junctions, rather than an absolute increase in
intestinal permeability. Indeed. the lack of an increase in the lactulose/mannitol ratio suggests this.
Unfortunately, as explained in the previous chapter, in vivo permeability studies may be fraught with
confounding variables of variations in intestinal transit, mucosal water flux, blood and lymphatic flow,
renal function and excretion and tissue or luminal metabolism of the probes (46).

Many of the cffccts scen may be related. however, to the profound effects on mitochondrial energy
metabolism observed. Studics investigating the effects of FK506 on mitochondrial metabolism are scarce.
FK.506 has been shown to induce significant mitochondrial swelling in beta cells of pancreatic isografts
(32). In addition, recent indirect evidence of altered mitochondrial function has been suggested by Krentz
et al (47). They found a significant increase in the of serum ratio of 3-hydroxybutyrate:acetoacetate in
clinically stable liver transplant recipients on long-term FK506 or CsA, relative to healthy control
subjects. Since the circulating concentration of acetoacetate is dependent on the intramitochondrial
concentration ratio of NAD+:NADH via the 3-hydroxybutyrate dehydrogenase reaction (48, 49), this
increased ratio implics a more reduced hepatic intramitochondrial redox state in these patients, which
may represent a subtle defect of mitochondrial function in the hepatic allografts. This could potentially be

the result of the immunosuppression as the authors observed significantly low fasting blood lactate levels
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in these patients, as compared to hyperlactatemia scen in chronic liver discase. arguing against
dysfunction of the hepatic grafts as the causc of the altered kctone metabolism.  Furthermore, Henke ¢f of
have found that FK506 (and CsA) can induce respiratory dysfunction in renal mitochondria respiration in
the rat and inhibit net uptake of ATP (50). However, unlike CsA. this occurs at in vitro concentrations
which are significantly higher than FK306 concentrations found in vivo.

One can speculate as to the widespread effects these alterations in encrgy metabolisin may have on
growth and small bowel function. Energy is required for all ccllular processes. including protein
synthesis. Thus. any encrgy deficit may ncgatively affect these processes and inhibit the overall
maintenance of body cell mass as well as cells with rapid turnover, such as the hematopoictic system.
This may also account for the possible increasc in bowel permeability. as the functional integrity of
intraepithelial tight junctions appears to be strongly dependent on cnergy (51).

In summary, FK506. at the dose uscd, has significant adverse effects on growth and animal well-
being in the normal rat. Nutrient absorption is significantly compromised with respect to fat and cnergy.
however these changes are unlikely to entirely account for the severely impaired weight gain observed. At
the small bowel 'evel, significant energy wastage may be occurring in an attempt to maintain adequate
nutrient uptake while compensating for a profound increase in intestinal permeability. Finally, altcrations
in mitochondrial energy production may have more widespread cffects on the animals than at the
enterocyte level alone. Although these studics need to be repeated utilizing lower doses of FK 5006, they
indicate the potential for small bowel dysfunction, malabsorption and impaired growth with FK5006,
which may become especially relevant when administered to patients with already bordcrline nutritional

status, such as small buwel transplant rccipients.
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CHAPTERYV

RAPAMYCIN

INTRODUCTION

Rapamycin (RAPA) is a macrolide lactone which was initially isolated as an anti-fungal agent, but
has been since shown to be a powerful immunosuppressive agent in vitro and in vivo (1-3). Althoughiitis
structurally related to FK506 and binds to the same intracellular protein, its mechanism of action is
different (4-6). Since the late 1960's, RAPA has been found to be successful in significantly prolonging
the survival of cardiac. renal and hepatic allograft survival in a number of animal models (7-14). Clinical
trials with this agent are presently underway, but have not yet been published (15).

With thesc successes in transplantation of other vascularized organs, RAPA has come under
investigation for use in small bowel transplantation (SBT). Stepkowski et al were among the first to
demonstrate its ability to prolong survival of small bowel allograft recipients in a rat model (8, 10). Using
an i.v. dose of 0.8 mg/kg/d for 14 days, mecan survival time (MST) was extended to 26.8 days compared to
10.0 days in untreated controls. From semiallogeneic transplant models, it has been shown that RAPA is
more effective at protecting small bowel allografts against host-versus-graft (HVG) rejection responses
than against graft-versus-host-diseasc (GVHD) (11, 16).

More recently, significant synergism between RAPA and CsA has also been demonstrated in vitro
(242) and in vivo in a rat heart allograft model (8, 9). A similar effect has been recently demonstrated
with small bowel allografts, where a two week course of combined subtherapeutic doses of CsA and RAPA

(0.2 mg/kg/d. i.v.) cffectively prolonged the MST of untreated animals or animals treated with either

agent alone, by 2 to 4-fold (12).
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But, what of RAPA's adverse effects? In rats, carly studics revealed that RAPA impairs weight gain,
but these effects were minimal and only scen with very high doscs of 50 mg/kg/d. i.m (7). Morc recently,
however, much lower doses of 2 mg/kg/d. i.v. and 1.5 mg/kg/d. i.p. have been shown to negatively affect
weight gain, from complete inhibition of growth to a 44% impairment, depending on the specics of rat
(18, 19). Also, although not reported in rodent models, RAPA can causc severe gastrointestinal
disturbances in larger animal models of dogs and primates. even at relatively low doses. These effects
include vomiting, diarrhea and the development of severe vasculitic ulcers throughout the gastrointestinal
tract (7, 20, 21).

With its powerful immunosuppressive actions and promising synergism with CsA, RAPA may indced
be a potential candidate for use in SBT. However, since the success of the transplant also depends on
adequate functioning of the graft to maintain nutrition and growth, thesc adverse effects need to be further
assessed in order to definc its role in SBT. The purpose of this study. therefore, is to assess growth,

nutrition and small bowel function, both in vive and in vitro, in normal rats treated with RAPA .

MATERIALS AND METHODS

ANIMALS

Juvenile male Lewis rats (275-300 g) were obtained from Charles River Canada, St. Constant, P.Q.,
and housed in individual plexiglass cages with free access to water and standard lab rat chow (Lab Dict,
PMI Feeds, St. Louis, MO.) with an approximate composition of 23.0% protcin, 4.5% fat, 6.0% fiber,
8.0% ash and 2.5% minerals. Day/night cycles were 12 hours and the temperature was maintained at
20 +2°C. Feed intake was monitored weekly, and body weight changes, biweekly. Animal carc was in
accordance with the guidelines of the Canadian Council of Animal Welfarc (22). The experimental

protocol was approved by the Animal Welfare Committee of the University of Alberta.
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EXPERIMENTAL GROUPS

RAPA was suspended in carboxymethlycellulose (CMC) and administered to the test animals (n=10)
at a dose of 2 mg/kg/d, injected subcutaneously (s.c.) into the nape of the neck for 6 days, followed by the
same dosc on alternate days for 5 more weeks. Control animals received a corresponding volume/kg of
the drug vehicle, s.c., on the same schedule. As discussed in Chapter [ of this thesis, the complete study
undertaken was performed in two scts of experiments. This subscquently provided two control groups
against which the test group could be compared: “control 1" (n=10) which was studied alongside RAPA
in the first sct of experiments, and an overall control group of n=20, consisting of "control 1" and “contro}
2" the latter (n=10) utilized during the sccond set of experiments. Each control group was divided in
half, with 5 animals receiving CMC, and S receiving MCT oil, the vehicle used with the RAPA studies.
DRUGS

RAPA (a gencrous gift of Wyerth-Ayerst. New Haven, CT) was freshly prepared each day before
injecting. An appropriate weight was first dissolved in a defined volume of 95% ethanol using a 40°C
water bath, and then suspended in CMC (Sigma, St. Louis, MO.) (final vehicle composition of 9:1
CMC:cthanol) by sonication for 2 minutes, with a final concentration of 2.4 mg/ml. Drug concentrations
were prepared so that equivalent volumes (0.83 ml/kg) were injected. Control animals also received
equivalent volumes per kg of the liquid vehicles.

DRUG MONITORING

Whole blood RAPA levels were drawn after two weeks of drug administration by internal jugular vein
puncturc. Both peak (2 hours post-dose) and trough (24 hours post-dose) levels werc obtained. Blood was
drawn into tubes containing anticoagulant, and analyzed by high performance liquid chromatography
(HPLC) as described previously (14).

IN VIVO NUTRIENT BALANCE STUDIES
After 33 days of treatment. the animals were placed in individual metabolic cages, preconditioned for

3 days. and then underwent a 3 day balance study with daily measurement of food-intake and fecal



collection. Standard lab rat chow was given ad /ib, with a composition as described above. Total
carbohydrate and fat content of feed and feces were determined using standard mcthods (23, 24). Briefly,
feed and collected feces were completely desiccated in a freeze-dryer, and the percentage water determined
directly by the change in total weight. Dricd feces were then ground into a powder. and 0.2 g of sample
used to determinc the total energy content using a Gallenkamp Ballistic Bomb Calorimeter (London.
England). 0.25 g of samplc was then rehydrogenated and the fat extracted into the solvent fayer of a
0.9% sodium-chloride-chloroform:methanol (2:1) extraction mixture. After a sccond extraction of the
aqueous laver, to ensure completeness. the solvent was evaporated off and the final contents weighed to
determine the amount of total fat extracted. From thesc results, the percentages of energy and fa
absorption from feed intake were calculated dircctly.
IN VIVO INTESTINAL PERMEABILITY

In the fifth week of the study. animals were fasted overnight and then gavaged with 100 mg of
mannitol and 100 mg of lactulose in 2 ml of water during which time the animals were allowed free
access to water but not food. Urine was quantitatively cotlected and usinary recovery of cach compound
was measured using high performance liquid chromatography and reported as both the pereentage
recovery of the total oral dose of each carbohydrate probe, and the ratio of lactulosc to manaitol recovered.
This latter measurement is felt to best reflect the permeability of the bowel per unit surface area (25, 26).
VILLUS MORPHOMETRY AND DENSITY

At sacrifice, scctions of jejunum and ileum from control and test animals werc fixed in formatin and
mounted in paraffin blocks. They were cut so that both longitudinal and cross-sections of bowel were
obtained which were then stained with hacmatoxylin and cosin. As an indirect measurement of mucosil
surface characteristics, sections of ilcum and jejunum, for cach group, were photomicrographed at a
magnification of 100X. Morphometric analyses were performed using an Image analysis system (Joyce
Loebl, Magiscan) (27). Image analysis systems have been used to efficiently determine morphometric

parameters of large numbers of intestinal villi in scveral recent studics analyzing intestinal mucosal
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architecture (28, 29). Parameters studied included villus length, as measured from the lamina propria.
width and overall sagittal section arca for 25 villi per histological section. Three sections from both the
jejunum and ilcum for cach test group and four scctions from both the jejunum and ileum of the controls
were analyzed. resulting in 75 to 100 villi being measured per group for each region of small bowel. The
number of villi per microscopic field (at 20X magnification) were determined as a measur - of villus
density.
IN VITRO GLUCOSE FLUXES AND ELECTROPHYSIOLOGICAL PARAMETERS

After 6 weeks of treatment. animals were sacrificed with an intraperitoneal pentobarbital overdose
and in vitro small bowel function studies were performed. Segments of distal ileum and proximal
jejunum, taken approximately 2 to 3 cm from the ileocecal valve and ligament of Trictz, respectively, were
quickly exciscd. rinsed with ice-cold normal Ringers solution, and stored in ice-cold Ringers gassed with
carbogen (5% CO, in O,) during the preparation for mounting onto Ussing chambers as previously
described (30, 31). Briefly, the intestine was split along the mesenteric border and segments of
approximately 2 cm were then quickly stripped of the serosa and underlving muscle layers and then
clamped into Ussing chambers . This subsequently divides the chamber into mucosal and serosal
compartments. Tissues were bathed on both sides by normal Ringers (Na“, 143 mM; K*, 5 mM; Ca”,
1.25 mM: Mg 1.1 mM; CI-, 123.7 mM; HCO;. 25 mM; HPO, + H,PO,. 1.95 mM) with 20 mM fructose,
and gassed with carbogen to pH of 7.4. A circulating water bath maintained the chamber temperature at
37°C. For measurement of unidircctional fluxes, 3-O-methyl-D-glucose (30MeG) was present at a
concentration of 20 mM on both mucosal and serosal sides and 5 1Ci of [*H]-30MeG was added to either
the mucosal or scrosal side of the tissue. To ensure steady-state conditions. tissues were maintained under
these conditions for 20 minutes. Previous studics have shown that glucose flux is constant over this time
period (31). Unidirectional mucosal-to-serosal (J,,,0) and serosal-to-mucosal (J,)) fluxes were measured in
paired tissues by collection of aliquots of incubation solution from cach side of the chambers and

determining the radioactivity in a Beckman LS5801 B-Scintillation Counter (California). Tissue pairs
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were discarded if electrical conductance (see below) varied by >15%  Four consecutive S minute fluxes
were determined. Tissuc response to 3 mM theophylline was used to confirm viability at the completion
of the experiment.

Electrophysiological parameters were monitored throughout. The spontancous transepithelial
electrical potential difference (PD) was determined. and the tissuc was clamped at zcro voltage by
continuously introducing an appropriate short-circuit current (1) with an automatic voltage clamp (DCV
1000 World Precision Instruments. New Haven, CT). except for 3-5 scconds every S minutes when P
was measured by removing the voltage clamp. Tissue conductance (G) was calculaied from potential
difference and I according to Ohm's law. where voltage (V) = current (I, ) x resistance (R) and
conductance (G) is the reciprocal of R (30).

STATISTICAL ANALYSES

Data are expressed as means + standard error of the mean (SEM). Statistical analysis was perforied
using a computerized statistical package (SigmaStat Statistical Analyvsis System, Jandel Corporation).
Means between the two groups (controls vs treatment) were compared using the Student's t-test unless the
distribution was nonparametric (as determined directly by the program. using the Kolmogorov-Smirnov
test of normality, with a p value of >0.05) in which casc a distribution-free test comparing the medians is
more appropriate, and was performed with a Mann-Whitney rank sum test. A p-value of <0.05 wis
considered statistically significant. No statistically significant diffcrences were determined between the
MCT and CMC treatments, and in all but three sets of results (stool water content, lactulose/masinitol
permeability and villus morphometry). no differences were found between the two control groups
("control 1" and "control 2"). Subsequently, all control animais were combined into one control group
with n=20. In studies where the two significantly differcd , the differences were assumed to be sccondary
1o altered laboratory processing of the samples, and the RAPA group was compared to its respective

"control 1" group, only.
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RESULTS
WEIGHT GAIN, FEED INTAKE & /N VIVO NUTRITIONAL BALANCE STUDIES

Rate of weight gain over the six week period was significantly impaired in the treated animals, with a
73% reduction relative to control animals. Feed intake was significantly reduced. but only by 6% relative
to controls. These cffects are tabulated in Table V-1.

OTHER GASTROINTESTINAL EFFECTS

The treated animals developed moderately inspissated stools, with a significant 33% decrease in stool

watcr content compared to controls (p=0.0035).

DRUG LEVELS

Mean peak and trough levels of RAPA obtained after two weeks of drug administration were 52 9
ng/ml and 24 * 2 ng/ml, respectively.
VILLUS MORPHOMETRY AND DENSITY

Except for a small, albeit significant. 12% increase in villus height, jejunal villus morphometry and
density showed little change relative to controls. In the ileum. however, the villi appeared markedly
blunted. with mean height and width significantly reduced by 18% and 16%, respectively. This resulted
in a 36% decreasc in mean saggital section area. Although the villus density did increase by 19% in this
region of bowel, this did not reach statistical significance (p=0.187). These results are shown in
Table V-3 and displaved in Plate 2 (Appendix I).

IN VIVO BOWEL PERMEABILITY

RAPA -treated animals demonstrated significant decreases in both mannitol and lactulose recoveries,
by 49% and 30%, respectively. The lactulose/mannitol ratio, however, was not significantly altered.
(Table V-2).

IN VITRO 30MeG FLUXES AND ELECTROPHYSIOLOGICAL PARAMETERS
The effects of RAPA on in vitro 30MeG transmural fluxes are summarized in Table V-4. No

significant differences compared to controls were noted in the jejunum except for a 65% increase in 1. In
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the ileum, the unidirectional J_, was decreased while the J_ was increased. both insignificantly, however.

Nonctheless. this resulted in a significant obliteration of J , to zcro.

DISCUSSION

The marked weight loss occurring in the treated animals indicates significant toxicity of RAPA at the
dose used. Similar weigh loss effects have been described by others. A dosc of 2 mg/kp/d. i.v. severely
affects weight gain, from complete inhibition of growth to a 73% impairment (18). A lower doscof 1.8
mg/kg/d. i.p. had a lesser effect. but still decreased weight gain by 44%. relative to control animals (19).
Unfortunately. the optimal dose of RAPA in the rat model of SBT has not yet been determined.
Stepkowski ef al were able to achieve significant prolongation of allografts with doscs of 0.8 mg/kg/d. i.v
for 2 weeks, but once the agent was discontinued, rejection ensucd (8,10,12). Lower doscs of 1 mg/kg on
alternate days. i.m., for 1 week, were incffective (32). More recently, as developed from experience with
CsA and FK.506, it has been determined that maintenance of appropriate blood concentrations of the drug
are more important for therapeutic efficacy in order to optimize RAPA's usc . In caninc islet and rabbit
cardiac transplantation models, it has been determined that maintenance of trough concentration between
10-60 pg/L allows for optimal prolongation of graft survival while minimizing toxicity (21). Although
these optimal levels may be species-specific, similar levels were obtained in our study

This profound effect on weight gain could not be completely attributed to the small, albeit significant,
6% decrease in feed intake in the treated animals. Nor is it likely to be the result of a 5% reduction in fat
absorption while energy absorption was unchanged. Except for a small increase in villus height, villus
size and density were comparable to controls in the jejunum of treated animals. As the jejunum is the
major site of nutrient absorption in the small intestine. the impaired weight gain is also unlikely to be the
result of changes in mucosal surface arca of the ileum.

The marked villus blunting observed in the ileum has not been previously described. Interestingly,

however, Francavilla et a/ have shown that RAPA significantly inhibits small intestinal regeneration after
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a 40% rescction, excluding the jejunum (33). Our studies indicated a ileum-specific effect, however,
further studies, perhaps looking at RAPA's cffects on regeneration of scgmental resections from varying
regions of the bowel, may clarify this. As the ileum is not the primary site of nutrient absorption, these
changes arc unlikely to be the primary cause of the severe effect scen on weight gain. However, a negative
cffect on enterocyte function in the ileum is suggested by the significant oblitcration of net glucose uptake
in this region of bowel. The ileum is responsible for bile salt uptake as part of the enterohepatic
circulation, and enterocyte dysfunction in the region may thereby reduce tie bile acid pool and contribute
to the fat malabsorption observed (34). Alithough anemia was not cbvious in these studies, future studies
should investigate vitamin B12 absorption, a function also specific to the ileum.

Changes in intestinal permeability secondary to RAPA are difficult to assess in these studies. Both
mannitol and lactulose recoverics were significantly decreased. However, with no change in
lactulose/mannitol ratio. relative to controls, this suggests that these results are more likely secondary to
rapid transit of the probes through the small intestine rather than direct changes in permeability. The lack
of significant changes in electrical conductance in both the jejunum and ileumn supports this conclusion.

Indeed. except for the changes already noted in the ileum, the poor weight gain in the RAPA-treated
animals was not fully attributable to any of the small bowel functions we studied. In the jejunum, we
asscssed enterocyvte function by in vivo 30MeG uptake studies. Neither mucosal-to-serosal flux (J_.), nor

net flux (J,.) were significantly altered. There was a significant 65% increase in mean I, recorded.
However. this did not correspond to any of the flux data or other electrophysiological parameters, and is
therefore unexplainable at this time.

The adverse effect of RAPA on weight gain in these animals, rather than being due to a change in
intestinal function, may be related to the proposed mechanism of action of this agent. Upon combining
with its known intracellular binding-protein, the FK506-binding-protein (FKBP). This rapamycin-FKBP

complex strongly inhibits the activation of the 70 kd S6 protein kinase (p70 S6), which is presumably

involved in regulation of protein synthesis (35-37.38). Although most studies have investigated this



action with respect to the role of p70 S6 in the signaling pathway of T-ccll activation (37). RAPA has also -
been found to be able to inhibit cell proliferation of other cell lings. such as mast cells (3R), fibroblasts
(35) and myocytes (39). Therefore, it could potentially have more global effects with respect to protein
synthesis required for the maintenance of overall body cell mass.

In summary, RAPA severcly impairs weight gain. This cannot be entircly explained by decreases in
feed intake. nor a small decrease in fat absorption. At the small bowel level, although significant villus
blunting occurs in the ileum, no adverse effects are noted in the jejunum. Functionally, net glucose uptake
appears to be obliterated in the ileum whilc this function of the enterocyte was unchanged in the jejunum.
Finally. the relationship of RAPA's proposed mechanism of action--inhibition of p70 56 protcin hinase--to
its effects on growth, structural and intestinal function needs to be established before considering it for

transplantation of the small intestine.
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Table V-2

Effects of Rapamycin on In Vivo Intestinal Permeability

————————————————— e e S e
—_— S

Mannitol Lactulose Lactulose/
Mannito!

e—————————————————— A e e P e e e e e e
—_—

Control 1 3.77+0.22 1.40 £0.11 0.41 +0.03
(n=10)

Rapamycin 1.94£0.26 *49%1 0.98+0.12 *30%4 048 £0.04 1%t
(n=10) p<0.001 p 0027 p 00K

Data is presented as percent recovery of orally administered marker in urine; mean + SEM.
* significant difference compared to controls (p<0.05); compared with student's t-test.
9 values indicated relative to controls (T, increase: d, decreasc).
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CHAPTER VI

DEOXYSPERGUALIN

15-Deoxyspergualin (DSG) is a potent immunosuppressive agent. originally developed as an
antitumor agent (1). Not only is it structurally different from cyclosporin A (CsA). FK506 and
rapamycin, but it appears to effect its immunosuppressive actions fater on in the rejection cascade,
primarily by suppressing proliferation and diffcrentiation of activated T-lvmphocytes as well as impair
humoral immunity (2-6). In animal models. DSG has been shown to prolong cardiac. renal hepatic,
pancreatic and thyroid allografts with a wide range of doses (7-15). More recently, DSG has been utilized
in the treatment of acute rejection in clinical renal allografts (16-18) and has proven successfui as
induction therapy for pancreatic islet transplantation (19). DSG appears to be most cffective. however,
when used in combination with CsA. where the synergistic effect of the two agents is significantly morce
effective in prolonging rat cardiac and pancreaticoduodenal allograft survival than cither agent alone
(10,20,21).

To date, limited studies have been published investigating the cfficacy of DSG on SBT. Howcever,
Tanaka et al were able to demonstrate its ability to prevent the development of cutancous or lethal GVHD
in a one-way GVHD rat model when administered for 10 days post SBT (5 mg/kg/d. i p) (22). Morc
recently, in a swine SBT model, 3 mg/kg/d, i.v., for 1 week followed by therapy at half this dosc, allowed
for significant prolongation of allograft survival, although it was not as cfficacious as immunosuppression
with CsA (23).

In rats, side effects of DSG include weight loss, bone marrow toxicity and infectious complications
(4). Doses of 5 mg/kg/d. i.m. were shown by Jindal et af 1o be toxic to rats after 1-2 wecks of treatment,

with marked weight loss, diarrhea. patchy hair loss, lethargy, noscbleeds. sepsis and evidence of
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respiratory distress (24). Mice treated with2.510 5 mg/kg/d. i.p. for 2 or more weeks also develop
significant but reversible weight loss as well as anemia, leukopenia and alterations of hematopoietic and
lymphoid tissues (9, 11, 25). Larger animals such as dogs and swinc appear to be more sensitive to DSG
with the development of severe gastrointestinal disturbances such as diarrhea, bleeding, and emaciation.
even in a minimally immunosuppressive dose of 0.6 to 1.8 mg/kg/d. (13, 15, 26).

In humans, toxic effects appeared to be dose-dependent, including facial numbness, headache,
infectious complications, and most significantly, alterations of the hematopoietic system with leukopenia,
thrombocytopenia, and erythrocytopenia. occurring with doses of 3-5 mg/kg/d over 5-10 days (17).
Subjective complaints of gastrointestinal disturbances, including abdominal distention, upper abdominal
discomfort, epigastric pain and heanburn: are also described (18). None of these adverse effects, however,
are usually scvere enough to warrant discontinuation of the drug 17).

To date, there have been no published studics of DSG being used in clinical SBT. However, its
successes in animal models of other vascularized organs and in clinical renal and islet transplantation and
its alternate mechanism of action compared to more conventional immunosuppressive agents and its
versatility in organ transplantation. makes it an attractive alternative to be investigated for use in SBT.
However, the observed toxicities of weight loss, gastrointestinal disturbances and diarrhea suggest caution.
We felt. thercfore, that it is important to look more closely at these effects, specifically assessing

nutritional indices and in vive and in vitro small bowel function.

MATERIALS AND METHODS

ANIMALS

Juvenile male Lewis rats (275-300 g) were obtained from Charles River Canada, St. Constant, P.Q.,
and housed in individual plexiglass cages with frec access to water and standard lab rat chow (Lab Diet,
PMI Feeds, St. Louis, MO.) with an approximate composition of 23.0% protein, 4.5% fat, 6.0% fiber,

8.0% ash and 2.5% mincrals. Day/night cycles were 12 hours and the temperature was maintained at



161

20 + 2°C. Feed intake was monitored weekly. and body weight changes. biweckly. Animal care was in
accordance with the guidelines of the Canadian Council of Animal Welfare (27). The experimental
protocol was approved by the Animal Welfare Committee of the University of Alberta.
EXPERIMENTAL GROUPS

The test animals (n=10) received subcutaneous (s.c.) injections into the nape of the neck of DGS
suspended in carboxymethylcellulose (CMC). 2 mg/kg qd for 6 days, followed by 2 mg/kg on alternate
days for 5 more weeks. Control animals reccived a corresponding volume/kg of the drug vehicle, on the
same schedule. As discussed in the "Introduction" of this thesis. the completc study undertaken was
performed in two sets of experiments. This subsequently provided two control groups against which the
test group could be compared including "controi 2" (n=10) which was studied alongside DSG in the
second set of experiments. and an overall control group of n=20 consisting of "control 2" and "control 1"
(n=10). which was utilized in the first set of experiments. Each coutrol group was divided in half, with 5
animals CMC. and 5 receiving MCT oil, the vehicle used with the CsA studics.
DRUGS

DSG, a generous gift of Bistol-Meyers Squibb Pharmaceutical Rescarch Institute. CT. was dissolved
in one part normal saline and then further diluted with 9 parts CMC (Sigma, St. Louis, MO.), to a final
concentration of 3.6 mg/ml. It was freshly prepared every week and stored in the dark at 4°C. Drug
concentrations were prepared so that equivalent volumes (0.83 mi/kg) were injected throughout the study.
Control animal received and equivalent volume per kg of the CMC vchicle.
HEMATOLOGICAL PARA .IETERS

Complete blood counts were determined on each animal at sacrifice using a M430 Coulter Counter.
Electrolytes. creatinine and blood glucose levels were also determined using a Beckman Astra-Eight

analyzer.
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HYPERREACTIVITY STUDIES

Subjective obscrvations of incrcased aggression in the test rats was quantitated and compared with
controls using a modified version of a rcactivity lest for rats as described by Albert and Richmond (28).
Bricfly, the animals' responsc to 6 test stimuli were rated on a scale of 0 to 3, with 0 indicating no
response and 3 indicating attack or highly aggressive response (vocalization and/or biting). Test items
were: 1) Presentation of a pencil just in front of the rat's snout. 2) A sharp tap on the back with a pencil;
3) Presentation of a gloved hand before the snout; 4) Gentle prods on the side of the rat's body with a blunt
one inch diameter stick: 5) Attempted capture by the tail: and 6) Attempted grasping around the body.
The total score was recorded. with a maximum reactivity score possible of 18.

IN VIVO NUTRIENT BALANCE STUDIES

After 33 days of treatment, the animals were placed in individual metabolic cages, preconditioned for
3 days, and then underwent a 3 dayv balance study with daily measurement of food-intake and fecal
collection. Standard lab rat chow was given ad lib, with a composition as described above. Total
carbohydrate and fat content of feed and feces were determined using standard methods (29,30). Briefly,
feed and collected feces were completely desiccated in a freeze-dryer. and the percentage water determined
dircctly by the change in total weight. Dried feces were then ground into a powder, and 0.2 g of sample
used 10 determine the total energy content using a Gallenkamp Ballistic Bomb Calorimeter (London,
England). 0.25 g of sample was then rchydrogenated and the fat extracted into the solvent layer of a 0.9%
sodium-chloridechloroform:methanol (2:1) extraction mixture. After a second extraction of the aqueous
layer. to ensure completeness. the solvent was evaporated off and the final contents weighed to determine
the amount of total fat extracted. From these results. the percentages of energy and fat absorption from

feed intake were calculated directly.
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IN VIVO INTESTINAL PERMEABILITY

One day following the balance studics, animals were fasted for 6 hours and then gavaged with
200 pCi of ®Tc-DTPA in 1.5 ml of water. Urine was quantitatively collected over 20 hours while the
animals were allowed ad lib access to food and water. The percent urinary recovery of the labeled probe
was determined by simultancously counting aliquots of the original test solution and urines in a y-counter.
both having undergone the same period of radioactive decay.

On the following day. animals were fasted overnight and then gavaged with 100 mg of mannitol and
100 mg of lactulose in 2 ml of water during which time the animals were allowed free access to water but
not food. Urine was quantitatively collected and urinary recovery of cach compound was measured using
high performance liquid chromatography and reported as both the percentage recovery of the total oral
dose of each carbohydrate probe, and the ratio of lactulose to mannitol recovered. This latter
measurement is felt to best reflect the permeability of the bowel per unit surface arca (31.32).
VILLUS MORPHOMETRY AND DENSIT ¢

At sacrifice, sections of jejunum and ileum from control and test animals werc fixed in formalin and
mounted in paraffin blocks. They were cut so that both longitudinal and cross-sections of bowel were
obtained which were then stained with hacmatoxylin and eosin. As an indircct mecasurement of mucosal
surface characteristics, sections of ileum and jejunum, for cach group, were photomicrographed at a
magnification of 1002{. Morphometric analyses were performed using an Image analysis system (Joyce
Loebl, Magiscan) (33). Image analysis systems have been used to efficiently dctermine morphometric
parameters of large numbers of intestinal villi in several recent studies analyzing intestinal mucosal
architecture (34,35). Parameters studied included villus length, as meusured {rom the lamina propria,
width and overall sagittal section area for 25 villi per histological scction. Three scctions from both the
jejunum and ileum for each test group and four scctions from beth the jejunum and iicum of the controls

were analyzed, resulting in 75 to 100 villi being measured per group for cach region of small bowel The
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number of villi per microscopic field (at 20X magnification) were determined as a measure of villus
density.
IN VITRO GLUCOSE FLUXES AND ELECTROPHYSIOLOGICAL PARAMETERS

After 6 weeks of treatment, animals were sacrificed with an intraperitoneal pentobarbital overdose
and in vitro small bowel function studies were performed. Segments of distal ilcum and proximal
jejunum, taken approximately 2 to 3 cm from the ilcocecal valve and ligament of Trietz, respectively, were .
quickly excised, rinsed with ice-cold normal Ringers solution, and stored in ice-cold Ringers gassed with
carbogen (5% CO, in O,) during the preparation for mounting onto Ussing chambers as previously
described (36,37). Briefly, the intestine was split along the mesenteric border and segments of
approximately 2 cm were then quickly stripped of the serosa and underlying muscle layers and then
clamped into Ussing chambers . This subsequently divides the chamber into mucosal and serosal
compartments. Tissues were bathed on both sides by normal Ringers (Na*, 143 mM; K*, 5§ mM; Ca®,
1.25 mM: Mg2* 1.1 mM; CI, 123.7 mM: HCO,, 25 mM: HPO, + H,PO,, 1.95 mM) with 20 mM fructose,
and gassed with carbogen to pH of 7.4. A circulating water bath maintained the chamber temperature at
37°C. For measurement of unidircctional fluxes, 3-O-methyl-D-glucose (30MeG) was present at a
concentration of 20 mM on both mucosal and serosal sides and 5 uCi of [?H]-30MeG was added to either
the mucosal or serosal side of the tissuc. To cnsure steady-state conditions, tissues werc maintained under
these conditions for 20 minutes. Previous studies have shown that glucose flux is constant over this time
period (37). Unidirectional mucosal-to-scrosal (J,,,,) and serosal-to-mucosal (J ;) fluxes were measured in
paired tissues by collection of aliquots of incubation solution from each side of the chambers and
determining the radioactivity in a Beckman L85801 B-Scintillation Counter (California). Tissue pairs
were discarded if electrical conductance (sce below) varied by >15%. Four consccutive 5 minute fluxes
were determined. Tissue response to 5 mM theophylline was uscd to confirm viability at the completion

of the experiment.
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Electrophysiological parameters were monitored throughout. The spontancous transepithelial
electrical potential difference (PD) was determined. and the tissue was clamped at zero voltage by
continuously introduciig an appropriatc short-circuit current (I,) with an automatic voltage clamp (DCV
1000 World Precision Instruments, New Haven, CT). except for 3-S scconds cvery § minutes when PD
was measured by removing the voltage clamp. Tissue conductance (G) was calculated from potential
difference and I according to Ohm's law, where voltage (V) = current (1)) x resistance (R) and
conductance (G) is the reciprocal of R (37).

ENTEROCYTE METABOLIC FUNCTION

At sacrifice. enterocytes were isolated from the distal jejunum. tested for viability and analyzed with
respect to mitochondrial substrate utilization and energy production as described clsewhere (38). Briefly,
after isolation of the cells, aliquots were incubated for 60 minutes in the presence of cither [MClglucose or
2-[MC]psTuvate and the amount of each substrate utilized quantitated by the amount of {"|CO, released
(39). Lactate and pyruvate production was then determined from aliquots of cells over a 60 minute
incubation period and reported as mg/h/mg protein. Finally, intracellular ATP levels were quantitated
after extraction from cell suspensions. using the lucifi rase/Luciferin assay kit (Sigma Diagnostics) in a
Lumat lumnometer.

STATISTICAL ANALYSIS

Data are expressed as means + standard crror of the mean (SEM;). Statistical analysis was performed
using a computerized statistical package (SigmaStat Statistical Analysis System, Jandc! Corporation).
Means between the two groups (controls vs treatment) were compared using the Student's t-test unless the
distribution was nonparametric (as determined directly by the program. using the Kolmogorov-5Smirnov
test of normality, with a p value of >0.05) in which case a distribution-free test comparing the medians is
more appropriate. and was pe” rmed with a Mann-Whitney rank sum test. A p-value of <0.05 was

considered statistically significant. No statistically significant differences were determined between the



166

MCT and CMC treatments, and in all but three scts of results (stool water content, lactulose/mannitol
permeability and villus morphometry), no differences were found between the two control groups
("control 1" and "control 2"). Subsequently. all control animals were combined into one control group
with n=20. In studies where the two significantly differed , the differences were assumed to be secondary
to altered laboratory processing of the samples, and the DSG group was compared to its respective

"control 2" group, only.

RESULTS
WEIGHT GAIN, FEED INTAKE & /N VIVO NUTRITIONAL BALANCE STUDIES

The rate of weight gain over the six week period was significantly reduced, by 26%, in those animals
receiving DSG. Feed intake, however, was comparable to controls. These effects are tabulated in
Table VI-1.
IN V1VO NUTRITIONAL BALANCE STUDIES

Fat absorption was significantly decreased by 12% (p<0.021) relative to controls. Energy absorption
(kcal) was not altered (Table VI-1).

OTHER EFFECTS

The treated animals developed mild but significant diarrhea, as manifested by a 34% increase in stool
water content compared to controls (p<0.001). Alopecia, most marked over the facial region, was noted
after two to three weeks of therapy, and progressed until the end of the study.

SERUM & HEMATOLOGICAJ. PARAMETERS

Serum creatinine was significantly increased by 45% although K+ levels were comparable to controls.
Likewise. random serum glucose levels were not altered. The animals developed anemia and leukopenia,
with RBC, hemoglobin and hematocrit significantly reduced by 25-32% compared to controls, and WBC

by 43% (Table VI-2).
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HYPERREACTIVITY TESTING

Moderately aggressive behavior and hyperreactivity was observed in the treated animals afier 2 to 3
weeks of drug administration, and persisted until sacrifice. Testing at 5 weeks revealed a significantly
increased hyperreactivity score (mean score of 4.8 + 0.5) compared to contrals (mean score of 3.0+ 0.3,
p<0.03).
IN VIVO BOWEL PERMEABILITY

Percent recovery of °Tc-DTPA was increased by 66% in the DSG animals, this valuc almost reaching
statistical significance (p=0.55). Permeability to both lactulosc and mannitol, however, were comparable
to controls, as was the lactulose/mannitol ratio (Table VI-3).
VILLUS MORPHOMETRY AND DENSITY

A 13-14% decrease in mean saggital scction area of the villi in both jejunal and ilcal scctions was
noted in the DSG group, indicating a small but significant reduction in overall villus sizc. There weie no
significant changes, however, in villus density (Table VI-4).
IN VITRO 30MeG FLUXES AND ELECTROPHYSIOLOGICAL PARAMETERS

Electrical conductance was significanily increased by 33% in the ilcum as shown in Table VI-5. This
" was associated with a 6% increase in scrosal-to-mucosal 30MeG flux (J)) and 12% increasc in mucosil-
to-serosal flux (J_.). However, none of the changes in 30MeG fluxes reached statistical significance.
ENTEROCYTE METABOLIC FUNCTION

Enterocytes isolated from animals treated with DSG produced 61% less CO, from glucose when
incubated in the presence of 20 mM D-glucose as compared v-ith enterocytes isolated from controls. The
relcase of *CO, from cells incubated in the presence of [“CjpyTuvate and [“Clglucosc was used as a
measure of mitochondrial function. When compared to controls, cells isolated from the DSG-treated
animals demonstrated a 73% decrease in CO, production when incubated with labeled pyruvate. There

was no difference in lactate or pyruvate production, however. Finally, mean ATP levels were decreased by
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40% relative to controls. Taken together, this data indicates a reduced mitochondrial respiratory capacity

in the enterocyies of the DSG-treated animals. These results are tabulated in Table VI-6.

DISCUSSION

In normal rats. at the dose used, DSG induced a moderate 26% impairment of weight gain. This has
been reported by others in rats and mice, although using two to four times higher doses (1 1,4,24,25), and
in large animals using comparable doses (13,15.26). Interestingly, however, primates appear relatively
unaffected. even at prolonged administration of 2-6 mg/kg/d (40).

The reduced weight gain could not be explained by any reduction in feed intake, which was
comparable to controls. Some increased caloric utilization secondary to the hyperreactive behavior may
be involved. Moreso, however, it may be the result of the observed decreasc in fat absorption. Fat
malabsorption with DSG has not been previously described in the literature. Absorption of fat is
dependent on several processes (41). In these studies, fat malabsorption is unlikely to be due to any
impairment of mechanical digestion since therc was no effect on absorption of energy. The decrease in
villus sagittal section arca was small, and therefore it is unlikely to be entirely due to a change in mucosal
surface arca available for absorption. Impairment of hepatic function or biliary secretion of bile acids
could be involved. However, although moderate increases in hepatic transaminase levels have been
reported after 1 week of treatmeat with DSG, no effect on bilirubin levels have been observed (24). The
significant increase in electrical conductance of the terminal ileum, as a reflection of increased
permeability, suggests some disruption of the integrity of this region of the small intestine. However,
30MeG uptake, as a reflection of enterocyte function, was not impaired. Further studies are needed to
determine if reuptake of bile acids by the ileum may be affected. however, as this could result in a net
decrease in the bile acid pool and therefore induce fat malabsorption.

Other adverse effects of DSG included severe impairments of the hematopoietic system, which is

known 1o be the most significant toxicity of this agent (17.25). This has been shown to be secondary to a
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suppression of proliferation and diffcrentiation of immature bone marrow cells, in vivo and in vitro (2).
Its effects, however, are cytostatic, not cytolytic. and is unlikely to be a scrious disadvantage of DSG if
used for short-term treatment only. Alopecia in rats has also been reported (25). Neurotoxicity has not
been previously described with DSG, but may be reflected in the hyperreactive and aggressive behavior
noted. Alternatively, it may be a reflection of otherwisc difficult to diagnose gastrointestinal disturbances,
which have been reported in dogs and humans (26,17). Finally. the mild diarrhca noted may be osmotic
in nature, secondary to fat malabsorption.

With respect to small intestinal and enterocyte function. no significant changes in 30McG fluxcs
were observed in either the jejunum or ilcum. Possible increased permeability of the ilcum is suggested by
the significant increase in in vitro electrical conductance and increased **Tc-DTPA recovery, in vivo.
However, in vivo lactulose and mannitol recoveries were not altered. Further studies utilizing various
probes in vitro need 1o be studied, to avoid confounding variables which can affect studics in intact
animals, as discussed in preceding chapters (42).

The marked impairment of mitochondrial energy production by enterocytes also has not been
previously described. One can speculate as to the widespread effects these alterations in energy
metabolism may have on growth, animal well-being and small bowel function. Encrgy is required for
most cellular processes, and this effect may explain somce of the cytostatic actions of this agent on the
hematopoietic system as well as maintenance of other cells undergoing rapid turnover such as cpithelial
cells (explaining the alopecia observed) and intestinal mucosa (reflected in the small but significant
decrease in villus size throughout the bowel). In addition, the impaired weight gain may partly be a
reflection of a global inability to maintain bedy cell mass. Finally, this may also account for the possible
increase in bowel permeability, as the functional integrity of intracpithelial tight junctions appears ! be
strongly dependent on encrgy (43).

In summary, DSG, at the dosc used, has significant adversc cffects on growth and aninmal well-being

in the normal rat. Fat absorption is significantly compromised, and may account for some of the impaired
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weight gain observed. At the small bowel level, a slight increase in intestinal permeability may be
induced in the ilcum, but this effect is small and not associated with any significant effects on enterocyte
function with respect to glucose uptake. Significant toxicities of the hematopoietic system need to be
considered. However, as others have demonstrated these to be cytostatic in nature, they need not rule out
the use of DSG as short term therapy, especially in view of its significant synergistic immunosuppressive
effects with CsA. Finally, the alterations in mitochondrial energy production need to be further
investigated, specifically looking at the reversibility of these effects and results with short-term therapy of
DSG. Taken together, with little dircct effect on small bowel function, our results suggest that DSG may
be a potential candidate for use in SBT, likely in synergistic combination with another agent such as CsA.

However, considerably morc work must be done investigate its adverse effects on fat malabsorption and

weight gain.
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CHAPTER VI

RS61443

INTRODUCTION

RS61443 (mycophenolate mofetil) is a semisynthetic prodrug. a derivative of the fungal antibiotic
mycophenolic acid (MPA). isolated from the mold Penicillin glaucum (1). 1ts modc of
immunosuppressive action appears to lic in its ability to sclectively depress de novo putine synthesis in
lymphocytes, subsequently inhibiting their proliferation and differentiation (1-6). The depletion of purine
nucleotide pools also depresses the production of adhcsion molecules required for the interaction of
lymphocyte with their target cells and other components of the immune rejection response (7, 8).

With its markedly different mechanism of action compared o other immunosuppressives, RSO1443 15
extremely efficacious in complemenuting or enhancing the actions of other agents within drug combination
protocols. It has been shown that 20 mg/kg/d, p.o. in combination with cyclosporin A (CsA) and steroids
or with brequinar sodium can prolong the survival of rat heart allografts (2. 9). Similar doses of RSO61443
and CsA markedly prolong survival of canine liver allografts with minimal side cfects (10). In human
trials, oral doses of 100-3500 mg/d have been successfully utilized in place of azathioprine for induction
and prophylaxis immunosuppression in renal transplant recipients also receiving CsA, with markedly less
toxicity than occurs with azathioprine (11). Similar efficacy is seen with RS61443's usc as "rescue”
therapy in treating rejection of human cardiac, liver and renal transplants (12-14).

The efficacy of RS61443 in other organ transplantation models led to its investigation as a promising
agent to be used in SBT. When used alone. prolonged administration of 25 mg/kg/d, i.p. successfully
prevents graft-versus-host-diseasc (GVHD) but not host-versus-graft (HVG) rejection in a semiallogencic

rat SBT model (15). Similar results have been found by others (16). When administered with therapeutic
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doscs of CsA and prednisone, however, RS61443 at 20 mg/ke/d markedly prolongs survival of fully
allogeneic canine segmental small bowel allografts. whereas either drug alon~ is ineffective (17). The
combined action appears to be complementary rather than synergistic, as usc of RS61443 with
subtherapeutic doses of CsA or FK506 does not lend any allografi sunvival advantage, although the
recipients have a better clinical course, with better eating and weight gain patterns than with CsA or
FK506 alone (17,18). This differs from the results seen in rat cardiac transplantation, where RS61443
and subtherapeutic doscs of CsA successfully prolong allograft survival (2). This may reflect the greater
immunogenicity of small bowel as opposed to cardiac allografts.

Some investigators feel. therefore, that higher doses of RS61443 are required for SBT. However,
scrious dosc-dependent toxic effects have become associated with this agent. Thesc primarily ii.volve the
gastrointestinal tract and include nausca. vomiting, diarrhea. castritis and anorexia, as seen in renal
transplanted dogs receiving doses of 40 mg/kg/d. In humans. higher doses may occasionally produce
hemorrhagic gastritis or other gastrointestinal symptoms such as nausea, vomiting and diarrhea,
somctimes requiring cessation of the drug (11.12.14). Implications of these effe~is on the nutritional
capacity of the bowel have not been reported. However, they suggest the possibility that RS61443 may
further jeopardize the nutritioral and absorptive function of an already compromised small bowel
allograft. Therefore. before being scriously considered for use in SBT, these effects of RS61443 on the

bowel. especially as they relate to the nutritional and absorptive capacity of the intestine, must be further

defined and understood.

MATERIALS AND METHODS

ANIMALS

Juvenile male Lewis rats (275-300 g) werc obtained from Charles River Canada, St. Constant, P.Q.,

and housed in individual plexiglass cages with free uwcess to water and standard lab rat chow (Lab Diet,
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PMI Feeds. St. Louis. MO.) with an approximate composition of 23.0%0 protein. 4 5% fat, 6.0% fiber.,
8.0% ash and 2.5% minerals. Day/night cycles were 12 hours and the temperature was maintained at
20 + 2°C. Feed intake was monitored weekly. and body weight changes, biweekly. Animal care was in
accordance with the guidelines of the Canadian Council of Animal Welfare (19). The experimental
protocol was approved by the Animal Welfare Committee of the University of Alberta
EXPERIMENTAL GROUPS

RS61443 was suspended in carboxymethlycellulose (CMC) and administered to the test animals
(n=10) at a dose of 25 mg/kg/d. injected subcutancously (s.c.) into the nape of the neck for 6 days.
followed by the same dose on alternate days for 5 more weeks. Control animals received a corresponding
volume/kg of the drug vehicle, s.c., on the samc schedule. As discussed in the "Introduction” of this
thesis, the complete study undertaken was performed in two sets of experiments This subsequently
provided two control groups against which the test group could be compared: “control 1" (n= 10) which
was studicd alongside RS61443 in the first set of experiments. and an overall control group of n=20,
consisting of "control 1" and "control 2", the latter (n=10) utilized during the sccond sct of experiments.
Each control group was divided in half. with 5 animals recciving CMC, and 5 receiving MCT oil, the
vehicle used with the CsA studies.
DRUGS

RS61443 (a generous gift of Bristol-Myers Squibb, Scattle, Washington) was freshly prepared cach
day before injecting. An appropriate weight was first dissolved in a defincd volume of 95% cthanol using
a 40°C water bath, and then suspended in CMC (Sigma, St. Louis, MO.) (final vchicle composition of 9:1
CMC:ethanol) by sonication for 2 minutes, with a final concentration of 30 mg/mi  Drug concentrations
were prepared so that equivalent volumes (0.83 ml/kg) were injected. Control animal also received

equivalent volumes per kg of the liquid vchicles.
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DR{ G MONITORING

Whole blood RS61443 levels were drawn after two weeks of drug administration by internal jugular
vein puncture and at sacrifice by dircet cardiac puncture. Both peak (2 hours post-dose) and trough (24
hours posi-dose) levels were obtiained. Blood was drawn into tubes containig anticoagulant, and analyzed
by high performance liquid chromatography (HPLC) as described previousty (20).
IN VIVO NUTRIENT BALANCE STUDIES

Afier 33 days of treatment, the animals were placed in individual metabolic cages, preconditior.ed for
3 days, and then underwent a 3 day balance study with daily measurement of food-intake and fecal
collection. Standard lab rat chow was given ad /ib, with a composition as described above. Total
carbohydrate and fat content of fecd and feces were determined using standard methods (21,22). Briefly,
feed and collected feces were completely desiccated in a frecze-dryer, and the percentage water determined |
dircctly by the change in total weight. Dricd feces were then ground into a powder, and 0.2 g of sample
used 1o determine ihe total energy content using a Gallenkamp Ballistic Bomb Calorimeter (London,
England). 0.25 g of sample was then rehydrogenated and the fat extracted into the solvent layer of a
0.9% sodium-chloride-chloroform:methanol (2:1) extractior mixture. After a second extraction of the
aqucous layer, to ensure completeness, the soivent was evaporated off and the final contents weighed to
determine the amount of total fat extracted. From these results, the percentages of energy and fat
absorption from feed intake were calculated directly.
IN VIV INTESTINAL PERMEABILITY

In the fifth week of the study, animals were fasted overnight and then gavaged with 100 mg of
mannitol and 100 mg of lactulose in 2 ml of water during which time the animals were allowed free
access to water but not food. Urine was quantitatively collected and urinary recovery of each compound
was measured using high performance liquid chromatography and reported as botk: the percentage
recovery of the total oral dose of each carbolydrate probe. and the ratio of lactulose to mannitol recovered.

This latter measurement is felt to best reflect the permeability of the bowel per unit surface area (23,24).
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VILLUS MORPHOMETRY AND DENSITY

At sacrifice, sections of jejunum and ilcum from control and test animals were fixed in formatin and
mounted in paraffin blocks. They were cut so that both longitudinal and cross-scctions of bowel were
obtained which were then stained with hacmatoxylin and cosin. As an indirect mcasurcment of mucosal
surface characteristics, sections of ileum and jejunum, for cach group. were photomicrographed at a
magnification of 100X. Morphometric analyses were performed using an Image analysis system (Joyce
Loeb!, Magiscan) (25). Image analysis systems have been used to efficiently determine morphometric
parameters of large numbers of intestinal villi in scveral recent studics analyzing intestinal mucosal
architecture (26,27). Parameters studied included villus length, as measured from the lamina propria,
width and overall sagittal section area for 25 villi per histological section. Three sections from both the
jejunum and ileum for each test group and four sections from both the jejunum and ileum of the controls
were analyzed, resulting in 75 to 100 villi being measured per group for each region of small bowel. The
number of villi per microscopic field (at 20X magnification) were detcrmined as a measurc of villus
density.
IN VITRO GLUCOSE FLUXES AND ELECTROFHYSIOLOGICAL PARAMETERS

After 6 weeks of treatment, animals were sacrificed with an intraperitoncal pentobarbital overdose
and in vitro small bowel function studies were performed. Segments of distal ileum and proximal
jejunum, taken approximately 2 to 3 ¢cm from the ileocecal valve and ligament of Trietz, respectively, were
quickly excised, rinsed with ice-cold normal Ringers solution, and stored in icc-cold Ringers gassed with
carbogen (5% CO, in O,) during the preparation for mounting onto Ussing chambers as previously
described (28,29). Briefly, the intestinc was split along the mesenteric border and scgments of
approximately 2 cm were then quickly stripped of the scrosa and underlying muscle layers and then
clamped into Ussing chambers . This subsequently divides the chamber into mucosal and scrosal
compartments. Tissues were bathed on both sides by normal Ringers (Na®, 143 mM; K*, 5 mM; Ca”',

1.25 mM: Mg 1.1 mM, CF, 123.7 mM; ECO,, 25 mM; HPO, + H,PO,, 1.95 mM) with 20 mM fructose,



and gassed with carbogen to pH of 7.4. A circulating water bath maintained the chamber temperature au
37°C. For measurement of unidircctional fluxes, 3-O-methyl-D-glucosc (30MeG) was present at a
concentration of 20 mM on both n.ucosal and scrosal sides and 5 pCi of [*H}-30MeG was addced o either
the mucosal or serosal side of the tissue. To ensure steady-state conditions, tissues were maintained under
thesc conditions for 20 minutes. Previous studies have shown that glucose flux is constant over this time
period (28). Unidirectional mucosal-to-scrosal (J,,,.) and serosal-to-mucosa’ Q,.,,) fluxes were measured in
paired tissucs by collection of aliquots of incubation solution from each side of the chambers and
determining the radioactivity in a Beckman LS5801 B-Scintillation Counter (California). Tissue pairs
were discarded if electrical conductance (see below) varied by >15%. Four consccutive 5 minute fluxes
were determined. Tissue response to 5 mM theophylline was used to confirm viahility at the completion
of the experiment.

Elcctrophysiological parameters were monitored throughout. The spontancous transepithelial
clectrical potential difference (PD) was determined, and the tissve was clamped at zero voltage by
continuously introducing an appropriate short-circuit current (I,) with an automatic voltage clamp (DCV
1000 World Precision Instruments, New Haven, CT). except for 3-5 seconds every 5 minutes when PD
was measured by removing the voltage clamp. Tissue conductance (G) was calculated from potential
difference and I according to Ohm's law, where voltage (V) = current (1)) x resistance (R) and
conductance (G) is the reciprocal of R (28).

STATISTICAL ANALYSES

Data arc expressed as means =+ standard error of the mean (SEM). Statistical analysis was performed
using a computerized statistical package (SigmaStat Statistical Analysis System, Jandel Corporation).
Means between the two groups (controls vs treatment) were compared using the Student's t-test unless the
distribution was nonparametric (as determined directly by the program, using the Kolmogorov-Smirnov
test of normality. with a p vatuc of >0.03) in which case a distribution-free test comparing the medians is

more appropriate. and was performed with a Mann-Whitney rank sum test. A p-value of <0.05 was
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considered statistically significant. No siatistically significant differences were determined between the
MCT and CMC treatments, and in all but three sets of results (stool water content. lactulose/mannitol
permeability and villus morphometry), no differences were found between the two control groups
("control 1" and "control 2"). Subsequently. all controt animals were combined into one control group
with n=20. In studies where the two significantly differed . the differences were assumed to be secondary
to altered laboratory processing of the samples. and the RS61443 group was compared to its respective

"contro!l 1" group. only.

RESULTS
WEIGHT GAIN, FEED INTAKE & IN VIO NUTRITIONAL BALANCE STUDIES

Body weight gain over the six weck period was 12% less than controls, but this did not rcach
statistical significance. Feed intake, and in vivo absorption of fat were unchanged. Energy (kcal)
absorption was increased by 2%, and although this was statistically significant. the increment is extrenicly
small. These effects are tabulated in Table VII-1.
OTHER EFFECTS

Animals appeared well and active throughout the study. The animals developed mildly inspissated
stools, however, with stool water content of 23.9 + 1.5% which was 22% less than quantitated in the
control animals (30.6 + 2.4%). This was statistically significant (p=0.04).
DRUG LEVELS

Mean peak and trough levels obtained after two weeks of drug administration were 5113 + 165 ng/ml
and 1591 + 391 ng/ml, respectively. At sacrifice, the peak and trough levels were 4034 £ 590 ng/mi and
1177 + 262 ng/ml, respectively. The differences between levels at the different time periods were not
statistically significant (p=0.326 between peak levels and p=0.333 between trough levels). Mcan overall

peak and trough levels were thus 4342 £ 454 ng/ml and 1384 + 207 ng/ml, respectively.
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VILLUS MORPHOMETRY AND DENSITY

Significant increases in villus width, height. and sagittal section arca werc observed in the jejurium of
the treated animals. compared to controls. as seen in Table VII-3 and Plate 2 (Appendix I). This was
associated with a 32% reduciion in number of villi per 20X magnification field. Villus size and deusity
were unchanged in the ileum. however.

IN VIVO BOWEL PERMEABILITY

RS61443-treated animals demonstrated a significaut 36% decrease in mannitol recovery relative to
controls. However, because of a 26% decrease (not significant) in lactulose recovery. the
lactulose/mannitol ratio was comparable to the controls (Table VII-2).

IN VITRO 30MeG FLUXES AND ELECTROPHYSIOLOGICAL PARAMETERS

The effects of RS61443 on in vitro 30MeG transmural fluxes are summarized in Table V1I-4. In the
jejunum, a 25% decrease in J_ resulted in a 80% decrease of J . This corresponded with a 32% decrease
inl_. A reversal of these effects were scen in the ilcum, where J__ was increased by 34% accompanied by
a 2-fold increasc in J_ and a 51% increase in 1. There were no significant changes in J;, or electrical

conductance as compared to controls.

DISCUSSION

The optimal dosc of RS61443 for SBT in the rat model has not been determined. Previous studies
have utilized doses ranging from 20-30 mg/kg/d. p.o. (16-18), to 25 mg/kg/d, i.p (15). In this study, the
drug was administered i.m.. to more closely simulate a post-operative regimen where the small bowel may
not rcliably absorb an oral dosage. As with most agents, whole blood levels of the drug are perhaps more
important than actual dosages. in order to achicve consistent therapeutic levels and avoid toxicitv. Whole
blood peak and trough levels in the treated rats averaged 4342 + 454 pg/lL and 1384 £ 413pg/L,
respactively, Although the peak fevels are approximately two-fold greater than those obtained by

D'Alessandro ef af in successful canine heterotopic small bowel transplantation (17) and the desired
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trough levels have not been reported extensively in the literature. we did not note any significant toxicity's
in the test animals. Indced, RS61443 induced no significant adverse effects on growth or well-being in
the test animals. Nutrient absorption was also virttally unchanged compared to controls.

At the level of the small bowei. a significant increase in villus size was observed in the jejunum.
However, villus density was decreased. 1f it is assumed that a villus is a cylinder, the mean surface arca
can be calculated using the equation: 7s> + 2nrh, where r is the radius and equivalent to one Lalf of the
measured width and h is the height. Using this cquation. the mean surface arca of the control 1 group
equals 26.9 x 104 um? and that of the RS61443 animals cquals 37.8 x 104 um”. This latter value
represents a 41% incrcase in mean surface arca. Since the villus density in this region of the small bowel
decreased by 32% relative to the control group. it can be assumed that the overall mucosal surface arca in
the sections of jejunum analyzed was not greatly different between the test and control animals. Of
course, however, intestinal villi are not absolute cylinders and these calculations cannot preciscly
determine their true surface area (30). Howcever, they provide an estimate and indicate that the
proportional increase in villus surface area may, at the least, approximate the decrease in density, such
that the conclusion remains the same. These effects of RS6 1443 on mucosal architecture have not been
previously described, and the mechanism by which this occurs is clusive.

The integrity of the bowel, as reflected by permeability studies with in vive probes and m vitro
electrical conductance calculations was also unchanged in the treated animals. Of note, however, was the
significant decrease in forward mucosal-to-serosal flux of 30McG in the jejunum. The explanation for
this can only be speculated as such an effect has not been previously reported in the literature. It may be
that the morphological increase in villus siz¢ was not associated with a proportional increase in glucose
transporters. Subsequently, the decrease in villus density may have resulted in a nct reduction of glucose
transporters available. Studies to assess this directly, such as the determination of (*H]phlorizin binding

to glucose transporter sites may clarify this (31). No changes i1 carbohydrate absorption occurred in vivo,
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however, likely because of functional adaptation by the ilcum, where equivalent increases in mucosal-to-
serosal and net 30MeG fluxes were observed.

In summary, RS61443, at the dosc usc. had little effect on growth. animal well-being and nutrient
absorption in normal rats and is likely safc to usc in SBT. Its effect on the jejunum in decreasing active
30McG uptake has not been previously described and is difficult to explain. Its association with the
observed altered villus morphometry and density. however, favors an cxplanation based on decreased
density of glucosc carriers. This may be a region-specific effect. Therefore, although efficacious in
animal models of small bowel transplantation, further studics on thesc functional effects of RS61443 on
nutrient absorption need to be done, especially if considering this agent for use in transplantation of

segmental allografts of the jejunum. as could be performed with living-related donors.
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Effects of RS61443 on In Vivo Intestinal Permeahility

—W

Mannitol Lactulose Lactulose/
Mannitol
W
Control 1 3.77+£0.22 1.40+£0.11 0.41+£0.03
(n=10)
RS61443 242+033 *36%93 1.03+£0.15 26%! 043002 3%T
(n=10) p=0.005 p=0.086 p=0.197

Data ‘. _ resented as percent recovery of orally administered marker in urine; mean + SEM.

* significant difference compared to controls (p<0.05); compared with student's t-test.
% values indicated relative to controls (1, increase; 4, decrease).
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CHAPTER VIII

CONCLUSIONS:

THE EFFECTS OF NOVEL IMMUNOSUPPRESSIVE AGENTS ON GROWTH,
NUTRITION AND SMALL BOWEL FUNCTION IN NORMAL RATS:
ANALYSIS OF THEIR ROLES IN SMALL BOWEL TRANSPLANTATION

Considering the strong immunogenicity of the small bowel and the relatively poor outcomes of
clinical small bowel transplantation (SBT) to date, it is obvious that new immunosuppression protocols
need 1o be established. However, the use of more powerful agents can be associated with increased
toxicity to the host and the already compromised transplanted organ. It is vital, therefore, to closely study
the effects of these agents in order to utilize them clinically in a rational, scientific manner.

Our initial goal at the onset of these studies was to examine the effects of cyclosporin (CsA) and
newer immunosuppressive agents on growth, nutrition and small bowel function in rats. The preceding
papers have looked at these factors in detail as well as discussed possible mechanisms by which these
effects may occur. These will be reviewed here, drawing comparisons and contrasts between the various
agents studicd. As yet unanswered questions will be posed and possible further investigations required in
order to address them, will be proposed. Finally, the potential roles of these agents in immunosuppression
for SBT will be discussed.

EFFECTS OF IMMUNOSUPPRESSION ON GROWTH AND NUTRIENT ABSORPTION

As was clearly demonstrated in chapters 111 through V11, effects long-term administration of the

various agents, at the doscs used. have variable effects on overall growth in normal rats. CsA and

RS61443 resulted in no significant changes, whereas the other agents impaired weight gain.
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Deoxyspergualin (DSG) resulted in a moderate impairment, by 26% relative to controls, while FK506 and
rapamycin (RAPA) had more profound cffects. impairing growth by 79% and 73%, respectively (Table
VIII-1, Figure VIII-1).

Growth depends on a complex assimilation and utilization of nutrients, encrgy. vitamins and
minerals, over and above requircments for homeostasis and maintenance of ongoing physiological
processes and body cell mass (1). Simplified. we can consider encrgy only, with the energy availablc for
growth being equivalent to the intake and absorption of nutricnt encrgy less the sum of normal basal
metabolic energy requirements and additional metabolic and physiologic cnergy demands on the
organism. Thus, alterations in weight gain can be effected by changes in any onc or morc of these
parameters. Our studies have looked at various aspccts of these functions, focusing primarily on nutrient
intake and absorption, both in vivo and in vitro at the functional intestinal and enterocyte levels. Where
then, in this equation, do thesc agents have their cffects?

The studies outlined in chapter 111 demonstrated that despitc inducing significant decreascs in encrgy
and fat absorption, by 4% and 10%, respectively. CsA had no obvious adverse effects on weight gain
compared to controls (Table V1II-1, Figure VIII-1). If we assume that the energy available for growth is
the net difference between the total encrgy consumed and absorbed, and the cnergy required for basal
metabolic requirements, then, by comparing the results of the test animals to the normal controls, we can
deduce the potential impact of altered nutrient absorption patterns on growth (2). From this, wc can also
calculate the amount of energy required to maintain a normal rate of weight gain (expressed as cnergy
required for a graru of weight gain). For clarity, these calculations are outlined in Appendix II of this
thesis.

The results of these calculations indicate that the CsA-treated animals were able to compensate for
decreased total energy absorption by increasing their feed intake, such that the daily encrgy available for
growth was actually 8.7% greater than that of controls. However, upon calculating the weight gain

expected, based on energy available for growth, these animals only gaincd weight at a rate of 86% of



199

expected. Thus, they may have also been experiencing additional metabolic and physiologic demands to
account for this discrepancy. Where this excess encrgy was utilized can only be speculated on. It may
have been used to promote the observed villus hypertrophy/hyperplasia of the bowel mucosa.
Alternatively, as will be discussed in greater detail below, active uptake of nutrients (30MeG) in the
ileum of thesc rats was relatively inefficient; the enterocytes may have needed to "burn more calories”
than normal in order to maintain a normal net substrate uptake.

The negative impact of CsA on fat absorption, as an isolated component of total nutrient energy
available for growth, was obvious. Indeed, despite an increase in feed intake. daily energy available from
fat, alonc, was still less (by 3.4%) than control values and suggest that the decrease in total energy
available is primarily the result of this fat malabsorption. It is important to note that these animals were
on a relatively low-fat dict (4.7% of the weight of dried feed). With a more physiologic diet such as 20-
40% fat composition. the average fat content of North American diets in man (3), the impact of fat
malabsorption on decreased energy available for growth would be obviously amplified.

As discussed in chapter 111, the cffects of CsA on fat malabsorption have been well described and
appear to be related to its negative effects on bile secretion (4,5). This affects fat emulsification and
subsequent absorption, and may also affect the absorption of fat-soluble vitamins. Specific effects on net
in vivo protcin and carbohydrate absorption were not examined in these studies, although other
investigators have found that CsA can produce a reduction in neutr.” amino acid absorption in vivo (6).
Future studics need to look at CsA's selective effects on absorption of each of these components of
nutrition.

The FK506-treated animals demonstrated profound alterations in growth and nutrient absorption
(Table VIII-1, Figure VIII-1). From our calculations in appendix I1, it would appear that the energy
available for growth was reduced by 16.5% relative to controls. This can be only partially accounted for
by a 11% decrease in calorics available from fat. As will be discussed below, FK506 induces profound

altcrations on small intestinal integrity, active uptake of nutrients, and enterocyte energy metabolism--
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processes which could thereby negatively alter fat. carbohyvdrate and protein absorption.  As proposed with
CsA. specific in vivo studies of protein and carbohydrate absorption need to be performed.

Unlike CsA., the mechanism of FK506-induced fat malabsorption has not been entirely clucidated. As
discussed in chapter IV, a cholestatic effect of FK506, similar to that induced by CsA, has been debated.
In vitro studies arguc against the clinical significance of this (7). However, in vivo, choleritic effects of
FK 3506 in dogs resembles that of CsA (8,9). These observations combined with FKS06's similar molccular
mechanism of action and similar toxicity profile to CsA suggest that, like CsA, it may have a cholestatic
role to play in the fat malabsorption obscrved. /n vivo studics of bile salt production and sccretion in rats,
similar to those already done with CsA, need to be performed.

Weight gain was impaired by 79% in thesc animals. As discussed above. encrgy available for growth
is equivalent to the intake and absorption of nutricnt energy less the sum of normal basal mctabolic energy
requirements and any additional metabolic and physiologic encrgy demands on the organisni. As total
energy available for growth was reduced by only 16.5% in thesc animals, it would appear that additional
energy demands were being imposed. Indced. these animals gained only 25% of what would be expected,
based on their caloric energy available for growth, further indicating that they expericnced additional
encrgy demands. Significant hyperreactivity was observed in these animals, with an obvious increase in
caloric expenditure. As will be discussed below, absorption of nutrients by the small bowel may be
inefficient, resulting in increased work and subsequent encrgy utilization, by the enterocyte. Itis therefore
possible that other inefficient and energy-costly metabolic processes my be induced by long-term
administration of FX506. Furthermore, at the cellular level, conversion of substrates into cnergy was
shown to be adversely affected by FK3506. It would therefore appear that there may be several
mechanisms by which this agent imposes excess energy demands and/or incfficient cnergy utilization in
these animals.

RAPA also severely impaired weight gain in the test animals (Table VHI-1, Figure VIII-1). Encrgy

available for growth was decreased by 19% relative to controls. Unlike the FK506-treated rats, this was
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not primarily the result of decreased absorption of nutrients, but largely duc to a small but significant 6%
decrease in feed intake. Although not reflected in the total energy, fat absorption was decreased by 5%.
This has not becn previously reported as an cffect of RAPA, but in view of its adverse effects on function
of the ilcum, it may be the result of altered enterohepatic circulation of bile salts as theorized in chapter V.

Similar to FK506, the severe 73% impairment in rate of weizht gain in the RAPA-treated rats cannot
be entirely explained by this reduction in encrgy available for growth. This actual rate of weight gain was
only 33% of expected, based on the calculated energy available for growth, indicating that additional
metabolic and/or physiologic demands were expericnced by these animals. This will be discussed in
greater detail below, but may be related to RAPA's negative effects on intracellular protein synthesis.

Dcoxyspergualin induced a moderate 26% impairment of weight gain relative to the control animals
(Table VIII-1, Figure VIII-1). Despite a 12% decrease in fat absorption, the calculated total energy
absorption, and therefore, energy available for growth, was only minimally affected. Fat malabsorption
has not been previously reported with this agent and, as discussed in chapter V1, its mechanism can only
be speculated on.  As with the three agents discussed above. this may be the result of processes specific to
fat absorption. Moderatc alterations in liver function have been reported previously with DSG, although
significant hepatotoxicity has not been associated with this agent (10). Alternatively, a moderate increase
in permeability, and thercfore some loss of intestinal integrity, of the ileum was observed in our studies,
which could potentially interrupt the enterohepatic circulation of bile salts. Finally, the negative effect on
energy production within enterocytes (discussed in more detail, below) may also occur at the biliary
canalicular level, inhibiting bile salt secretion. which is an active, energy-dependent process. Further
studies to look at these variou~ components of fat absorption need to be performed.

Since poor weight gain in the DSG-treated animals was not due to a decrease in energy available for
growth, like the FK506 and RAPA-treated group. additional metabolic and/or physiologic demands may
be involved. Indeed. they only gained 73% of the weight expected. based on calculations from the energy

available for growth. The significant hyperreactive behavior was likely associated with an increased
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caloric energy expenditure. The proportional degree to which this contributed to the excess energy
utilization, however, would be difficult to determinc in this animal modcl. In addition, as seen with
FK306, conversion of substrates into encrgy at the enterocyvie level was significantly impaired by
treatment with DSG. Inefficient encrgy metabolism on a more global scale may also have resulted in
significam "wastage” of energy available for growth.

RS61443 was the most benign agent studied with respeet to growth and nutrient absorption, resulting
in only a minimal increase in energy absorption relative to controls (Table VIII-1. Figure VIL-1). Upon
calculating the energy available for growth, this was increased. by 1 1%0: the change in weight gain,
however, was not statistically significant. Noncthelcss, this actual weight gain was only 78% of what was
expected, as calculate by the energy available for growth. suggesting the presence of additional metabolic
or physiological energy demands.

As these animals appeared very healthy and normally active throughout the study, and since RS61443
has a relatively low toxicity profile in rats, it is difficult to determine where this energy was utifized.
Perhaps. as a result of RS61443's mechanism of action in blocking purinc synthesis in lymphocytes, the
necessity of all non-lymphoid cells to utilize a salvage pathway for purine synthesis may have cost excess
energy on a global cellular scale. Jn vitro studics of the energy costs of these two pathways to purine
synthesis, both with and without the presence of RS61443, would be fascinating,

EFFECTS OF IMMUNOSUPPRESSION ON SMALL BOWEL FUNCTION

Maintenance of the structural and functional integrity of the small intestine is vital to the support of
adequate nutrient digestion and absorption, and subscquent growth of the animal. These processes can
become altered at various levels. Mucosal surface arca for absorption depends on maintenance of mucosal
structure, primarily at the villus level. The integrity of the intestine can also be challenged by increases in
permeability or "leakiness” of the intercellular tight junctions between cnterocyles, allowing alrcady
absorbed ions and solutes to diffuse back into the intestinal lumen. Many aspects of nutricnt absorption

depend on active uptake by the enterocyte. Hence, any adverse effects of these immunosuppressive agents
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on these specific energy-dependent processcs, or on the physiological "well-being" of the enterocyte may
impair thesc processes. We have seen in the preceding five chapters that various in vivo and in vitro
parameters become altered with long term administration of thesc immunosuppressive agents. How they
aficr the overall nutritional processes of the small intestine needs to be understood in order to anticipate
potci:iial effects on organ function if used in SBT.

Cyclosporin

Cs~., perbaps, has been the most intensely studied of these agents, by both our laboratory and others.
As was described in chapter 111, villus hypertrophy developed throughout the small intestine in these
animals. with no significant alterations in villus density. indicating an increase ,n os zrall mucosal surface
arca (Table VIII-4, Plates 1 and 2). Similar effects on villus size and other components of the bowel wall
have been described by others as a result of CsA administration (1 1.12). What is the mechanism by which
these structural alterations occur and how do they correspond to the observed decreases in in vivo energy
and fat absorption?

Thesc changes may represent an adaptive response of the bowel to enhance nutrient uptake and
therefore energy absorption. in response to decreased energy (and fat) absorption and/or increased
metabolic demands. The signals for these possible adaptive processes have been discussed in chapter [1.
They may be hormonal, thereby affecting the bowel as a whole, as reflected in the villus hypertrophy seen
throughout the intestine. Alternatively, the presernce of increased concentrations of unabsorbed nutrients
at the brush-barder membrane may have induced this response. The possibility of this is somewhat
conflicting when we consider each region of the bowel separately, however, ands .ar< applicabie
primarily to the distal bowel in this model. In the ileum the in vitro results revealed significant increased
back diffusion of 30MeG from the serosal to mucosal sides of the bowel (Table VIII-5B, Figure VIII-3B).
This appeared to stimulate an adaptive response of the mucosa and enterocyte, possibly to the presence of
increascd levels of unabsorbed glucose. to upregulate active uptake of substrate in a mucosal-to-serosal

direction in order to maintain a normal net uptake (13). Indeed. in the ileum, where adaptive responses
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are typically more pronounced (14,15). we did obscrve a significant increase in active glucose uptake: the
morphologic changes in this region of the bowe! may therefore reflect an adaptive process to overall
decreased nutrient absorption. Phlorizin-binding studies or usc of antibodics specific to the glucose
transporter may specifically detect alterations in numbers of glucosc transportcrs, in order to correlate
them with changes in morphology (16).

In addition, fat malabsorption, with the increased presence of unabsorbed lipid in the bowel, may
have had a similar effect in these studics. Indced. increased levels of fat in the dict have been found by
Thomson e al to influence intestinal uptake of passively and actively transported solutes. such as glucose,
with a corresponding increase in villus height in the ileum only (17).

As ciscussed earlier, it is important to note that the animals in these studics were fed a low fat (+.7%)
diet. Thus, the proportional contribution of fat malabsorption to the ‘adaptivc’ responses observed, may be
minimal. It would be important to study these effects using a more physiological dict, with fat
concentrations in the range of 20% to 40% of total caloric intake, where one would subscquently cxpect an
augmentation of these adaptive effects. This would make the applicability of thesc obscrvations to clinical
situations more valid, as this would simulate the fat concentrations of a typical North American dict (3).

Alternatively, but less likely, this may be a purely morphological cffect, rather than physiological
adaptive response to the effects of CsA. This is would not be entirely surprising as it has become well
established that morphologic and functional changes of the intestinal mucosa can occur independently
(14). The increased villus size may be a reflection of CsA-induced fibroplasia in the connective tissuce
components of the villus, similar to that secn in CsA-induced gingival hyperplasia (18).

At the enterocyte level, the observed decrease in overall energy absorption may be the result of
inhibition of CsA on the Na*, K~-ATPase pump of the enterocyte basolateral membranc. Because of
CsA's marked hydrophobicity, it is felt to be able to alter the phospholipid content and fluidity of

membranes, and may thercby secondarily alter the activity of membranc-bound proteins such as the
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Na*,K'-ATPasc or the sodium-glucosc co-transporicr (11,19). Indeed, similar effects have been described
on the biliary canalicular membranc and rcnal tubular cells (4,5,20).

Other observed physiological changes induced by CsA in the ileum are interesting. The in vitro
integrity of the mucosa, as a barricr to back diffusion of alrcady absorbed solutes, appears to be
compromised, as reflected in the significant two-fold increase in electrical conductance (Table VIII-5B).
However, the in vivo results are more difficult to interpret (Table VIII-3, Figure VIII-2). As discussed in
chapter 111, the CsA treated animals demonstrated a decrease in recovery of both lactulose and mannitol
probes relative to controls, suggesting a decrease in intestinal permeability. However, instead, this may
reflcct an increasc in gut motility, as suggested by the decrease in mannitol absorption. Indecd, the
lactulose/mannitol ratio in the test animals was comparable to controls, indicating no change in
permeability and contrasting the in vitro increasc in conductance.

Conflicting results with in vivo intestinal permeability studies are not uncommon. CsA-induced
increascs in in vivo intestinal permeability have been reported previcusly, and, in fact, is a mechanism by
which transplant rejection can be monitored for (21,22). Sigalet et a! demonstrated increased urinary
recovery of orally administered probes of varying sizes in normal rats treated with CsA. However, the
changes were not consistent between differing strains of animals, and the ratios of recoveries of larger
probes to smaller molecules (such as lactulose/mannitol) were also difficult to interpret (21).

In order to resolve these inconsistencies, further in vitro studies need be done, looking at permeability
of these individual probes in Ussing chambers. Such studies would have the advantage of avoiding
apparent variations in permeability due to in vivo variations in intestinal transit, mucosal water flux, blood
and lymphatic flow, renal function and excretion and tissue or luminal metabolism of the probes (23).

Where. then. does CsA exert its actions in altering growth and the nutritional function of the small
intestine. It would be naive to assume ihat only one mechanism is occurring to account for all of the
observed changes. As alrcady discussed above, varying effects on morphometry, permeability and nutrient

uptake are observed with this agent, all with potentially different mechanisms. These effects may result in -
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adaptive processes which could incur large energy costs and may account for some of the excess
physiological energy demands calculated to have been experienced by these animals. Other interactions
between CsA and intestinal function are possible. CsA has been shown to reduce the vascularity of the
intestinal microcirculation, similar to its arteriolar vasoconstriction cffects in the kidney (24-26). The
resultant hypoxia of the enterocytes may adversely affect their cellular processcs as well as maintenance of
intestinal permeability by maintaining the functional integrity of the intercellular tight junctions. More
recently, CsA has been found to inhibit respiration and ATP transport in renal mitochondria as a
component of its nephrotoxic effects. Unlike its actions on the Na', K'-ATPasc pump. which are
hypothesized to be a result of its ability to intercalate within the phospholipid bilayer of the intestinal
basolateral membrane, this effect on mitochondrial functions is felt to occur via its intracellular binding
protein, cyclophilin. It has been proposed that cyclophilin maintains a nonspecific inner membranc
permeability pore of the mitochondria in an open configuration (28). Binding of CsA to cyclophilin
prevents this interaction and may inhibit ATP transport, Ca?*/Piinduced mitochondrial swelling and Ca*'
release. which may then contribute to the drug's nephrotoxicity (25). Similar in vitro studics of entcrocytes
may indicate whether these processes occur in and may be potentially toxic to smnll intestine.
FK506

We have seen from the results of our studies with FK506 that, in addition to significant toxic cffccts
not related to the gastrointestinal system, this agent, at the dose utilized, can inducc significant alterations
in small intestinal integrity and function. As discusscd above, it is likely to also have morc global cffects,
as the 16.5% decrease in calculated energy available for growth, cannot fully account for the profoundly
impaired weight gain of the treated animals.

Indeed, a loss of integrity of the small intestine was clearly shown in our in vitro studies by the
marked increase in electrical conductance and "backwards" scrosal-to-mucosal flux of 30MeG,
throughout the bowel, most pronounced in the ileum (Tables VIII-5A and 5B, Figures VIII-3A and 3B).

Again. as with the CsA studics, the in vivo intestinal permeability studies produce a more mixed picture
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(Table VIII-3, Figurc VIII-2). Corresponding with an increase in permeability, two-fold increascs in ®Tc-
DTPA. lactulosc and mannitol recoverics were observed. However, it is possible that these increases may
reflect a decrease in gut motility, allowing longer exposure time of the probes to the transcellular pores
and intracellular tight junctions, rather than an absolutc increase in intestinal permeability. Indeed, the
lack of an increase in the lactulose/mannitol ratio would suggest this. Unfortunately, as explained
previously, ir vivo permeability studics may be fraught with confounding variables of variations in
intestinal transit, mucosal water flux. blood and lymphatic flow, renal function and excretion and tissue or
Juminal metabolism of the probes (23). /n vitro studies to measure the passage of these probes, directly,
need to be performed.

As described in chapter 1V, increased permeability may account for the profound back-flux of
30MeG. In turn, this may stimulated an adaptive process of the mucosa, with ar upregulation of active
glucose transport and/or increase paracellular movement of glucose to the serosal side (13), resulting in
the proportionally enhanced forward flux observed. Again, corresponding to the effects on electrical
conductance, these changes were most pronounced in the ileum. Although our in vitro studies suggest
that the full adaptation of active uptake may have occurred in the jejunum, in that net 30MeG uptake was
at least maintained, the in vivo results of overall decreased encrgy absorption suggest the contrary.
Significant to thesc cffects is the large energy expense to the bowel that this "cycling" of substrate between
the mucosal and scrosal surfaces may have cost. This could potentially have other negative effects on
nutricnt digestion, absorption or processing. not otherwise directly investigated in these studies.

The most significant finding from these studics, however, is the profound decrease in energy
production by the enterocyte mitochondria in the FK 506-treated animals (Table VIII-6, Figure VIII-4).
Similar alterations of mitochondrial energy metabolism have been reported by others in hepatocytes and
renal cells (28.29). The stage at which this occurs, in the process of substrate utilization and subsequent
ATP production, can only be speculated on. Our results indicate that the decrease in both glucose and

pyruvate substrate utilization, as measured by CO, production, is approximately proportional to the
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decrease in ATP production. Thus, it would appcar the FKS06 exerts its cffects carly in this process. at or
between steps involved in uptake of substrate into the mitochondria and subsequent CO, production via
the tricarboxylic acid (TCA) cycle (30). More detailed studics. perhaps looking at the rates of production
of various components of these reactions. such as acctyl-CoA and the numerous constituents of the TCA
cycle, may further delineate FK506's sitc of action.

This adverse effect of FK506 on cnergy production is fascinating. As described above, alterations of
mitochondrial energy production are also scen with CsA. However, the molecular mechanisms by which
this occurs is likely different. Like CsA, FK506 inhibits respiration and ATP net transport in renal
mitochondria (27). However, this is not rclated to any alterations in the cyclophilin-dependent open s*ate
of the nonspecific inner membrane permeability pore of the mitochondria as are induced by CsA. Indced,
unlike CsA, FK506 has no effects on Ca®'/Pi*-induced swelling of renal mitochondria (27).

Decreased energy availability to the entcrocyte was not evident functionally in the in vitro 3I0OMceG-
flux studies performed. In fact, as discussed above, markedly clevated cnergy utilization by the
enterocytes may be ongoing in an attempt to counteract loss of net substratc uptake sccondary to incrcased
permeability. Decreased encrgy, however, may explain the increase in intestinal permcability. Mandcl et
al have shown that the functional integrity of intraepithelial tight junctions is strongly dependent on
energy (31). Interestingly, Bjarnason ef a/ have demonstrated similar effects with the nonstcroidal anti-
inflammatory drug (NSAID), indomethecin. In human subjects, urinary excretion of [°'/Cr]EDTA is
increased, indicating increased intestinal permeablity, in vivo (32). At the cellular level, this is associated
with an uncoupling of oxidative phosphorylation within the enyterocytes (33,34). Similar to the results
found in our studies, the authors also postulate that the incrcased permeability effects arc sccondary to the
resultant loss of intercellular tight junction integrity, which is an encrgy-dependent process (35). Specific
studies such as thosc outlined in this thesis, to see if these changes would lead to similar alterations in

glucose fluxes as seen with FK506 have not been published, but would be very interesting.
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Encrgy is also required for most other cellular processcs, including protein synthesis. Thus, any
energy deficit may negatively affect these processes and inhibit the overall maintenance of body cell mass.
This may be cspecially so with cells characterized by rapid turnover, such as the hematopoietic system, as
reflected in the ancmia and leukopenia observed in the treated animals (Table VIII-2).

These effects of FK.506 on energy metabolism need to be further studied. Itis likely that they occur
globally as opposed to being isolated to the enterocyte as studied here. Similar studies using cell cultures
of various cell populations need to be done. Whether this is an acute effect of FK506 or occurs only after
chronic administration needs to be studied in order to determine if this agent can be safely used for
induction and/or maintenance immunosuppressive therapy. Finally, if FK506 does act globally, its effects
on the cnergy metabolism of the organism as a whole needs to be studied. This could be done through the
determination of the respiratory quotient in FK506-trcated animals, as a measure of oxidative energy
production (3).

FK 506 is indeed an interesting agent. With a similar proposed mechanism of action as CsA, it has
also been found to have a similar toxicity profile. However, at the molecular level of these adverse effects,
these two agents appear to have marked differences. immunologically, they bind to different intracellular
proteins, yct exert the same effect on IL-2 production. Both affect mitochondrial energy production,
although likely acting at different sites (27). Both inhibit ATP-dependent bile-salt transport in hepatocyte
canalicular membranes, but unlike CsA, FK506 requires concentrations to do so which are 1000-fold
higher than recommended clinical serum levels (7). Unlike CsA, which is extremely hydrophobic and
potentially able to act by altering the fluidity and phospholipid content of membranes and membrane-
bound protcins, FK506 lacks these biochemical properties (36).

Rapamycin

As discussed carlier, RAPA's adverse effects on weight gain cannot be explained by a decrease in

nutrient absorption; the primary cause of the 19% reduction in energy available for growth appears to be

related to a reduction in feed intake. The effects of this agent on the small intestine correiate well with
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this, being small and isolated to only the ileum. As shown in chapter V, RAPA induces significant
alterations in villus morphology resulting in a decrease in mucosal surface area in this region of the bowel
(Table VIII-4, Plate 2). Functionally, this correlates with an obliteration in net uptake of 30MeG (Table
VII1-5B, Figure VIII-3B) and may be related to impaired enterohepatic circulation of bile salt resulting in
moderate fat malabsorption.

Unlike CsA and FK 506, which may directly affcct enterocyte function by alterations in active nutrient
uptake processes or enterocyte cnergy metabolism, RAPA's adverse cffects may be directly related to its
immunological mechanism of action. As discussec. in chapter I1. RAPA is felt to impair activation of
protein kinases involved in the late G1/S phasc transition of IL-2 activated at-cclls. It has also been found
to block these signal-transduction systems in non-lymphoid cclls (37,38). Similarly, it may adverscly
affect the morphological and subsequent functional aspects of the small intestine. Indeed. Francavilla er
al demonstrated that RAPA significantly inhibits small intestinal regencration aficr a 40% resection,
excluding the jejunum, as described in chapter V (39). /n vitro studics looking at RAPA's cffects on
protein synthesis and growth of enterocytes, in ccll culture, may show this morc clearly.

Our studies indicated a ileum-specific effect, however, further studics, perhaps looking at RAPA's
effects on regeneration of scgmental resections from varying regions of the bowel, may be needed to
substantiate this. In addition, although the development of anemia was not obvious in thesc animals,
future studies should investigate vitamin B12 absorption, a function also specific to the ilcum.
Deoxyspergualin

Like Rapamycin, DSG negative effects on weight gain were unlikely to be primarily a rcsult of
alterations in small intestinal function. As discusscd above, despite a 12% decreasc in fat absorption, the
calculated total energy absorption, and therefore, encrgy available for growth, was only minimally affected
in these animals This corresponds well to the minimal and nonspecific cffects observed in both the in
vivo and in vitro studics of intestinal function. Except for moderate increases in permeability to *Tc-

DTPA and electrical conductance of the ilcum (the former only barely reaching statistical significance)
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(Table VIII-3, Figure VIII-2), all other study results on the small bowel itself were small and insignificant.
The 75% impairment of weight gain relative to what would be expected, based on calculated energy
availablc for growth, however, indicates other metabolic and/or physiological energy demands are being
imposed on these animals.

DSG's effects on energy production by the enterocyte were somewhat surprising, but may explain this
poor growth obscrved in the test animals (Table VIII-6, Figure V1II-4). As discussed earlier, energy
available for growth is equivalent to the intake and absorption of nutrient encrgy less the sum of normal
basal metabolic encrgy requirements and additional metabolic and physiologic encrgy demands on the
organism. Our studies indicate that conversion of substrates into energy at the enterocyte level is
significantly impaired by treatment with DSG. This inefficient energy metabolism may result in
significant "wastage" of potential energy available for growth, especially if occurring on a more global
scale. That is, although energy, in the form of calories, was absorbed and therefore calculated to be
available for growth, they may have been inefficiently utilized in conversion into true energy, in the form
of ATP. Intercstingly, this did not have any effect on enterocyte function with respect to nutrient
absorption (Tables VIII-5A and 5B, Figures VIII-3A and 3B). As with FK 506, however, it may have
impaired the functional integrity of intracellular tight junctions resulting in an increase in permeability
and clectrical conductance (3 1), although these effects were small and appeared limited to the ileum.
Also, some indication of toxicity may be reflected in the small but significant decreases in villus size seen
throughout the intestine in these animal (Table VIII-4). It is additionally possible that some functional
impairment of active nutrient uptake by the enterocyte may have occurred, but, by the time of in vitro
study, had been adapted for. [i.e. Perhaps, this may have involved an upregulation of numbers of glucose
transporters, albeit all with relatively less efficiency than normal. Or, there may have been an adaptive
recruitment of new but different glucose transporters which have higher affinities for substrate or are able
to move glucose across the enterocyte at an increased rate or are less dependent on energy (13).] Studies

to look at enterocyte nutrient absorptive function after, perhaps after one week of DSG administraticn



(before any adaptive response can develop). may be beneficial to further clarify this. Indced. this would be
important to assess, since clinically, DSG is likely to be uscd on a short-term basis for cither
immunosuppression induction or as rescue therapy for rejection. Perhaps, like its hematopoictic toxicity
(Table VIII-2), these effects may be reversible and thercfore not as much a concern if it is to be used in
SBT (40).

RS61443

As discussed above, RS61443 was the most benign agent studied with respect to growth and nutricnt
absorption. Its effects on the small intestine, likewise, were minimal. Indced. the only cffects scen in
these studies was a small but significant inhibition of active 30MeG uptake by the jejunum. which
appeared to be compensated for by the ileum (Tables VIII-5A and 5B, Figures VIII-3A and 3B).
Correspondingly, in vivo energy absorption in these animals was comparable to controls (Table VIII-1). It
was interesting that this was associated with an increase in villus size in the jejunum (Table VIII-4, Plate
1). It may be that these morphological changes were purcly structural and not associated with any
corresponding increase in glucose transporters per villus. Subscquently, the decreasc in villus density may
have resulted in a net reduction of transportess available. Studics to asscs this directly, such as [*H]-
Phlorizin-binding may be helpful (16).

As RS61443's mechanism of action is lymphocyte-specific, and other somatic cells, including
enterocytes, have a salvage pathway for synthesis of guanosine monophosphate (41,42), this rclative lack
of adverse effects directed towards the small bowel is 1inderstandable. The jejunum-specific effects
observed are, as yet, beyond explanation based on the studies performed and this agents known
mechanism of action.

THE ROLES OF NOVEL IMMUNOSUPPRESSIVE AGENTS IN SBT

Small bowel transplantation offers a potential cure for those paticnts suffering from short bowel

syndrome As has been the theme throughout this thesis, the success of SBT is limited by the lack of

adequate immunosuppression protocols, and the development of more powerful agents and/or regiments is



213

required. However, success also depends on adequate functioning of the transplanted bowel in order to
maintain the nutritional nceds of the recipient. Hence, as well as a relatively low toxicity profile on other
organs and functions of the paticnt, immunosuppression should not adversely affect the integrity and
function of the transplanted intestine, which may alrcady be compromised secondary to the
transplantation process itself.

CsA has already proven successful in some cascs of isolated small bowel and small bowel/liver
transplants (43,44). As discussed in chapter I1, it is associated with significant nephrotoxicity and
neurotoxicity, cholestatic actions, and the development of infections and malignancies secondary to
overimmunosuppression, especially when used for transplantation of such a highly immunogenic organ as
the bowel. In these studics, the dosage used was likely appropriate, and corresponds well to the parenteral
doscs utilized in clinical transplantation. Subsequently, its effects directly on the small bowel were
relatively small, with minimal adverse effects on overall growth and weli-being of the animals. However,
rather than being cmployed alone, CsA will likely be most useful when used in combination with other
agents having alternatc immunological mechanisms of action, as will be discussed below. In this way, its
dosage. and therefore adverse effects, can be minimized, while still obtaining adequate
immunosuppression. In this way, it could therefore be considered safe and efficacious to use in SBT.

FK306, at the dosage used, was associated with significant toxicity and poor weight gain, and induced
profound alterations on intestinal function with respect to nutrient absorption and enterocCyte energy
metabolism. However, the dose used is now considered almost ten-fold greater than the suggested dose in
humans. and the serum levels obtained were, indeed, four to ten times greater than the recommended
levels (36). Thus, before determining whether this agent may have deleterious effects on the bowel when
used in SBT. these studies need to be repeated utilizing much lower doses in the range of 0.3 mg/kg/d, as
is presently employed in clinical transplantation. FK506 has been used in the largest series of intestinal
transplant patients to date and reports of nutritional function in these patients appear favorable (45,46).

Its reported efficacy as an immunosuppressant for SBT has also proved better than any other
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immunosuppressive regimen studied to date. although careful clinical trials, comparing it to agents such
as CsA, need to be performed before such conclusions can truly be derived. In addition as discussed in
chapter II and seen in our studies, it still has significant nephrotoxic and ncurotoxic cffects, and is
strongly associated with the devclopment of PTLD, especially when used in pediatric patients (47 48).

RAPA was also associated with a scverc impairment of growth, which has been reported by others in
various animal models of transplantation. As explained carlier, however, these effects, were not directly
attributable to alterations in nutrient absorption or small bowel function, but more likely resulted from
alterations in protein synthesis. Although comparablc to doses employed by others in the literature when
used as a sole agent, with comparable serum levels, the dosage of RAPA utilived in these studics v s
obviously severely toxic to the animals. Thus, clinically, RAPA would be most cfTective when used at
subtherapeutic doses, as when in combination with CsA. Differing molecular mechanisms of action and
toxicity spectrums further support this. Indeed, the synergism between these two agents in a rat SBT
model has been demonstrated by Chen et al, with a dose as low as 0.2 mg/kg/d, i.v. (49). However,
RAPA’s effects on protein synthesis, especially the potential relationship to impairment of organ
regeneration, as observed with resected small intestine by Francavilla ef a/ (39), nceds to be studicd
further. Importantly, a dose-relationship of these effects nceds to be established. This should guidc
further studies. Indeed, RAPA appears to be a powerful agent, especially when used in synergistic
combination with agents such as CsA, and should not be discarded. If employed at lower doscs, and for
briefer time periods, such as only in the induction phasc of immunosuppression, it may be a usciul agent
to be used in SBT.

DSG also impaired weight gain and was associated with moderate toxicity to the animals. However,
these latter effects were primarily related to the hematopoictic and system, a well-known adversc cftect of
this drug. From the studies performed, its cffects on small bowel function were minimal, despite impairced
energy metabolism by the enterocytes. Interestingly, despite this occurring on the same scale as scen in

the FK.506 animals, the observed altcrations in permeability were not as profound, perhaps indicating the



215

involvement of another co-mechanism in the FK506 group. Likewise, the effects on growth were equally
less. With an alternate immunological mechanism of action than CsA or FK506, primarily acting after
the activation stage of T-lymphocytes in the rejection response, and with a different spectrum of toxicity,
DSG is a likely candidate to be used in combination with cither of these agents. Until the possibility of
synergistic adversc effects by both DSG and FK506 on cnergy metabolism is ruled out, however, the likely
partner would be CsA. Indeed, such a combination has been found to be synergistically
immunosuppressive in a rat cardiac transplant model by Gannedahl ef a/ (50,51) and effective in clinical
islet transplantation by Gores ef a/ (52), and warrants further investigation for SBT.

Finally, RS61443, with its minimal cffects on small bowel function, is also a promising agent to be
potentially employed in SBT. With a lymphocyte-specific molecular mechanism of action which is
qualitatively different than any of the agents already discussed, perhaps it is not surprising that its effects
on animal well-being, growth, nutrient absorption, and small bowel function were minimal. More
significantly, the serum drug levels were comparable, if not higher, to those required for successful canine
SBT (53) (as outlined in chapter VII), still with relatively little toxicity observed. RS61443's altcrnate
mechanism of action makes it favorable to be used in combination with any of the previous agents
discussed, and indeed. it has been demonstrated to act synergistically with CsA in canine liver and kidney,
and rat cardiac transplantation (54-56) and complements the action of CsA in canine SBT (53).
Furthermore, if used in a manner similar to its cousin, brequinar sodium (BQR) (which, as discussed in
chapter II. sclectively inhibits pyrimidine synthesis in lymphocytes), it may be effectively synergistic when
administered in combination with low dose CsA and RAPA, as demonstrated by Kahan e a/ in rat cardiac

transplantation (57).
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Figure VIII-1

Effects of Cyclosporin, FKS06, Rapamycin, Deoxyspergualin and RS61443 on Weight gain and
Feed intake
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Values are means + SEM
* significant difference compared to controls (p<0.05); compared with student'’s t-test.
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Figure VIII-2
Effects of Cyclosporin, FKS06, Rapamycin, Deoxyspergualin and RS61443 on I Fivo Intestinal
Permeability
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Values are means + SEM
* significant difference compared to controls (p<0.05); compared with student’s t-test.
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Figure 3A

Effects of Cyclosporin, FK506, Rapamycin, Deoxyspergualin and RS61443 on In Vitro
3-0-Me-Glucose Fluxes in the Jejunum

umol/cm 2/hr

24 %*
Control CsA FK506 Rapa DSG RS

Values are means + SEM
* significant difference compared to controls (p<0.05). compared with student’s t-test.



Figurc 3B

Effects of Cyclosporin, FKS06, Rapam_vc.‘“. Deoxyspergualin and RS61443 on In Vitro
3-0-Me-Glucose Fluxes in the lleum

3+

*
Control CsA FK506 Rapa DSG RS

Values are means + SEM
* significant difference compared to controls (p<0.05); compared with student's t-test.
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Figure 4

Effects of FKS06 and Deoxyspergualin on In Vitro Glucose and Pyruvate Utilization, and ATP
Production by Enterocytes

1

120 _
W " glucose uilization

pyruvate utilization

10017

- ATP production

(0]
o
1

o
o
1

n
(@ ]
1l

% compared to controls

N
o
]

Control FK506 DSG

Values are means = SEM
* significant difference compared to controls (p<0.05); compared with student's t-test.
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Effects of Cyclosporin and Rapamycin on Villus Mgrphometry in the Heum

Plate 2
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APPENDIX 11

CALCULATIONS
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CALCULATIONS OF ENERGY AVAILABLE FOR GROWTH

Constants
percentage water in feed = 1.0395

percentage of digestible energy (D.E.) which is metabolizable encrgy (ME.) = 95% !

daily maintcnance energy requirement for rats (based on 120% of basal metabolic rate) = E,, =
110/WO°75 in kcal. where W = weight in kg !

For a 300g rat, this is = to 44.6 kcal/day
energy content of dry feed = 4.7 kcal/g (determined from studies; data not shown)
Assume:
daily energy available for normal growth in a normal rat (controls) =E =
total energy absorbed (E ,)- maintenance energy (E\)
and
E, = daily feed intake in g/kg/d (FI) (Table VIII-1) x W + 1.0395 x 4.7 keal/g of feed x % energy
absorption (%A)/100 (Table VIII-1) x % of D.E. which is M.E.

Therefore,
Eg=FIxW+1.0395x4.7 kcal/g x %A/100 x 0.95

For our control rats:
E (inkcal) = 69.4 g/kg/d x W = 1.0395 x 4.7 kcal/g x 81.3%/100 x 0.95 - 110/W? 7

Utilizing a standard rat weight of 300g and the values for FI and %A, derived from Tablc VIi-1, the
daily energy available for growth for the control and test animals are:

controls 28.1 kcal

CsA 30.6 keal (T by 8.7% relative to controls)

FK506 23.5 keal (4 by 16.5% relative to controls)
RAPA 22.7 keal (4 by 19.3% relative to controls)
DSG 27.6 kcal (¥ by 1.9% relative to controls)

RS61443  31.3 keal (T by 11.3% relative to controls)
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CALCULATIONS OF ENERGY REQUIRED PER UNIT OF WEIGHT GAIN

If we wish to calculate the amount of energy normally needed per gram of weight gain, then,

Assume:
control animals are "normal”

Encrgy required for onc gram of weight gain (E,) =
E; + ratc of weight gain (g/d) (Ry)

Utilizing the values from Table VIII-1 and the results from the above calculations, the E,, for "normai”

(control) rats =
E; + Ry =28.1 keal/d + 3.15 g/d = 8.92 kcal/g of weight gain.

Bascd on this value of E,; = 8.92 kcal/g, we would have expected the CsA-treated animals to have gained
30.6 kcal/d + 8.92 kcal/g = 3.42 g/d.

The actual weight gain, however, was only 2.95 g/d (from Table VIII-1) or 86% of expected.

These results, as well as those for the other test groups, arc tabulated below:

E; Expected Rate of Actual rate of Actual weight
(kcal) weight gain (kcal/d) weight gain (kcal/d) gain as a percentage of
(calculated) (Table 1) expected
Controls  28.1 3.15 3.13 100%
CsA 30.6 3.42 2.95 86%
FK506 23.5 2.63 0.65 25%
RAPA 22.7 2.54 0.84 33%
DSG 27.6 3.09 2.33 75%

RSG1443 316 3.54 2.76 78%



CALCULATIONS OF ENERGY AVAILABLE DUE TO FAT ABSORPTION

Constants:
percentage water in feed = 1.0395

percentage of digestible energy (D.E.) which is metabolizable energy (M.E.) = 95% !
caloric content of fat = 9 kcal/g 2

fat content of dry feed = 5.8% (determined from studies; data not shown)

Assume:
Energy available from absorption of fat in dict (Ep) =

FIx W + 1.0395 x 5.8%/100 x 9 kcal/g of feed x %ofat absorption (YeA,)/100 (Table VIII-1)

For our control rats:
E.=69.4 g/kg/d xW + 1.0395 x 5.8%/100 x 9 kcal/g of feed x 76%/100

Utilizing a standard rat weight of 300g and the values for Fl and %A, derived from Table VIlI-1, the
daily energy available from the absorption of dictary fat for the control ane test animals arc:

controls 7.9 kcal

CsA 7.6 kcal (4 by 3.4% relative to controls)

FK506 7.0 kcal (i by 11.6% relative to controls)
RAPA 7.1 keal (J« by 10.6% relative to controls)
DSG 7.0 keal (4 by 11.0% relative to controls)

RS61443 8.1 keal (T by 2.9% relative to controls)
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