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Novel Immunosuppression:
Small Molecules and Biologics

Julie M. Yabu, MD,* and Flavio Vincenti, MD*,†

Summary: Kidney transplantation today has excellent short-term outcomes that have paral-
leled the use of new immunosuppressive agents introduced in the 1990s. In addition to
reducing acute rejection, the goals for developing new agents is to improve long-term
outcome, minimize nephrotoxicity, and reduce infectious, cardiovascular, and malignancy-
related complications. Novel small molecules and biological agents currently in clinical
development may help to minimize the use of calcineurin inhibitors and steroids. These small
molecules include FTY720, a sphingosine phosphate–receptor modulator, FK778, an inhibi-
tor of pyrimidine synthesis, CP-690550, a JAK3 inhibitor, and AEB-071, a protein kinase C
inhibitor. The biological agents include drugs targeting interleukin-15, anti-CD40, belatacept
(LEA29Y), a second-generation CTLY4Ig that blocks the interaction between CD80/86 and
CD28 costimulatory pathways, and efalizumab, a humanized anti-LFA1 monoclonal antibody.
These new agents currently in preclinical and clinical trials appear promising and may
represent the emergence of novel immunosuppressive agents that can deliver immunosup-
pression without long-term toxicity.
Semin Nephrol 27:479-486 © 2007 Elsevier Inc. All rights reserved.
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idney transplantation today has excel-
lent short-term outcomes that have
paralleled the use of new immunosup-

ressive agents introduced in the 1990s. The
oal of immunosuppressive therapy is to bal-
nce the beneficial effects of reducing acute
ejection while minimizing adverse effects from
versuppression including the development of

nfections and malignancy. Overall, effective
mmunosuppression that minimizes nephrotox-
city, dyslipidemia, posttransplant diabetes mel-
itus, hypertension, and cosmetic side effects
which lead to noncompliance) are among the
mportant factors to consider when developing
ew immunosuppressive agents. In general,
ombinations of immunosuppressive agents are

Department of Medicine, University of California, San Francisco, Kidney
Transplant Service, San Francisco, CA.

Department of Surgery, University of California, San Francisco, Kidney
Transplant Service, San Francisco, CA.

ddress reprint requests to Flavio Vincenti, MD, University of California, San
Francisco, Kidney Transplant Service, 505 Parnassus Ave, Room 884M, San
Francisco, CA 94143-0780. E-mail: vincentif@surgery.ucsf.edu

270-9295/07/$ - see front matter

p2007 Elsevier Inc. All rights reserved. doi:10.1016/j.semnephrol.2007.03.009

eminars in Nephrology, Vol 27, No 4, July 2007, pp 479-486
sed to maximize efficacy and minimize the
oxicity of each drug, an approach that also is
sed in new drug development.

MALL MOLECULES

his article reviews 4 small molecules that are
ew immunosuppressive drugs (Table 1), each
ith unique and novel mechanisms of action at
ifferent stages of clinical development for use

n renal transplantation.

TY720

TY720 is a novel immunomodulating agent
hat has been shown to be effective in experi-
ental models of transplantation and autoim-
unity. It is a structural analogue of myriocin, a
etabolite of the fungus Isaria sinclairii,
hich has been used in traditional Chinese
edicine.
FTY720 has a completely different mecha-

ism of action compared with the immunosup-
ressive medications currently used in trans-

lant patients. Rather than impairing T- and
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480 J.M. Yabu and F. Vincenti
-cell activation and function, FTY720 alters the
ymphocyte homing patterns by interfering

ith the exit of lymphocytes from the thymus
o the blood and from the tissues of secondary
ymphoid organs into efferent lymphatics.1 The

olecular mode of action of FTY720 is thought
o involve the down-regulation of chemokine
eceptors on lymphocytes.2 After phosphor-
lation, FTY720 acts as an agonist at the G-
rotein–coupled sphingosine 1-phosphate
S1P) receptor-1 on thymocytes and lympho-
ytes, causing aberrant internalization of the
eceptor. Subsequently, the cells become unre-
ponsive to the serum lipid S1P, and the lym-
hocytes are unable to egress from lymphoid
rgans into graft sites or inflamed tissues. By

nhibiting lymphocyte infiltration into the allo-
raft, FTY720 causes prolonged lymphopenia.
owever, FTY720 does not impair memory T-
ell activation.

In a phase IIA multicenter study, 208 patients
ere randomized to receive 4 doses of FTY720,

.25, 0.5, 1.0, or 2.5 mg, or mycophenolate
ofetil (MMF) in combination with cyclospor-

ne and corticosteroids.3 The incidence of
iopsy-proven acute rejection at 3 months was
3.2%, 34.9%, 17.5%, and 9.8%, in patients re-
eiving FTY720 at escalating doses versus
7.1% in patients receiving MMF, with no dif-
erences in the incidences of graft loss or death.
ide effects in patients treated with FTY720

Table 1. Immunosuppressive Drugs in
Transplantation: Mechanism of Action and
Development Status

Small
Molecule

Mechanism
of Action

Development
Status

FTY720 Agonist to
S1P
receptor

Discontinued
after phase
III

FK778 Inhibits
pyrimidine

Discontinued
after phase
II

CP-690550 JAK3
inhibitor

In phase II

AEB-071 PKC
inhibitor

In phase II
ncluded transient bradycardia and lymphope- v
ia. Therefore, FTY720 at 2.5 mg was found to
e as effective as MMF in combination with
yclosporine and corticosteroids for the pre-
ention of acute rejection after renal transplan-
ation.

The results of another 1-year phase II clinical
rial compared FTY720 plus full-dose cyclospor-
ne (FDC) or reduced-dose cyclosporine (RDC)

ith MMF plus FDC in renal transplant patients
lso were promising.4

Two large, phase III clinical trials compared
he safety and efficacy of 5 mg FTY720 plus
DC and 2.5 mg FTY720 plus FDC versus MMF
lus FDC.5,6 Both studies showed that FTY720
lus RDC resulted in a higher rate of acute
ejection. Although FTY720 with FDC had com-
arable efficacy with MMF, there was lower
enal function and a higher incidence of macu-
ar edema in the FTY720-treated patients. Fur-
hermore, there were safety concerns in the
orm of significant side effects including tran-
ient bradycardia, pulmonary adverse effects,
nd macular edema. Subsequently, further clin-
cal development of FTY720 in renal transplan-
ation has been halted. However, FTY720 is
ontinued to be studied for the treatment of
utoimmune disorders. Recently, in a phase II
rial, FTY720 was efficacious in reducing the
umber of lesions and clinical activity in pa-
ients with multiple sclerosis.7

K778

K778 is an analogue of a metabolite of lefluno-
ide with a shorter half-life, and it belongs to a

ew class of low-molecular-weight immunosup-
ressants, the malononitrilamides. FK778 has
oth immunosuppressive and antiproliferative
ffects. In animal models, FK778 has been
hown to inhibit both T-cell and B-cell func-
ions, and may have a role in preventing not
nly acute rejection but also chronic allograft
ysfunction.8 FK778 exerts its immunosuppres-
ive effects by inhibiting dihydroorotic acid de-
ydrogenase, an enzyme important in de novo
yrimidine synthesis, and thereby inhibits cell
roliferation.9 In addition to its immunosup-
ressive effects, FK778 has been shown in in
itro and in animal studies to have antiviral
ctivity against cytomegalovirus and polyoma

irus.
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Small molecules and biologics 481
In a phase II, double-blind, clinical trial, 149
dult renal transplant recipients were random-
zed to 12-week treatment with FK778 at 150

g or 75 mg with a 600-mg loading dose versus
lacebo in combination with tacrolimus and
orticosteroids.10 Graft survival at week 16 was
9.7%, 88.8%, and 91.3%, in the high-dose, low-
ose, and placebo groups, respectively, and the

ncidences of acute rejection were 26.5%,
5.9%, and 39.1%, respectively. The most com-
on side effect in the FK778-treated patients
as anemia. This study concluded that FK778
as efficacious when used in combination with

acrolimus and corticosteroids, with FK778-
reated patients having lower acute rejection
ates. Adverse effects included anemia, hypoka-
emia, symptomatic heart disease, and esoph-
gitis. However, results from an as yet unpub-
ished phase III clinical trial indicated that
K778 did not show clear benefits over current
reatment options. Therefore, the further devel-
pment of FK778 for use in renal transplanta-
ion has ceased.

anus Kinase-3 Inhibitors

ost immunosuppressive medications affect
ot only cells important to the immune system
Figure 1. Site of action of
ut also cells that are expressed ubiquitously,
hereby causing considerable side effects that
ead to morbidity and a diminished quality of
ife. Therefore, the development of medications
hat have molecular targets specific to inhibit-
ng the immune response has been at the fore-
ront in creating new immunosuppressive med-
cations.

Janus kinases (JAKs) are cytoplasmic tyrosine
inases that participate in the signaling of a
road range of cell-surface receptors, particu-

arly members of the cytokine-receptor super-
amily. Mammals have 4 members of this family:
AK1, JAK2, JAK3, and tyrosine kinase 2.

Compared with other members of the JAK
amily, JAK3 has special features that make it
ttractive as a potential target for immunosup-
ression (Fig. 1). First, JAK3 has a restricted
issue distribution and is found primarily on
ematopoietic cells. Second, JAK3 associates
pecifically with the common gamma (c�)
hain of the interleukin-2 (IL-2) receptor, which
s shared by tissue receptors for IL-4, IL-7, IL-9,
L-15, and IL-21.11 Moreover, mice and human
eings with the genetic absence or mutation of
AK3 express defects in lymphoid cell develop-
the JAK3 inhibitors.
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482 J.M. Yabu and F. Vincenti
ent that give rise to a severe combined immu-
odeficiency syndrome phenotype.12

The first studies indicating that blocking
he c� chain of cytokine receptors can lead to
ong-term allograft survival were reported in

ice receiving allogeneic islets in the presence
f monoclonal anti-c� receptor antibodies.13

hese mice accepted the allografts as a result of
poptosis of activated T cells.

Several oral JAK3 inhibitors have shown ben-
fit in animal models of transplantation.14 CP-
90550, one of the JAK3 inhibitors, has shown

mproved renal allograft survival in nonhuman
rimate studies. In a study performed in 22
onhuman primates, animals were adminis-
ered CP-690550 versus vehicle by oral gavage
wice daily, dosed to produce various levels of
xposure with median 12-hour trough levels
anging from 1 to 147 ng/mL.15 The animals
ith the highest CP-690550 trough levels had

he best results, with survival times ranging
rom 83.2 � 6.3 days for the highest level of
xposure to 18.8 � 6.3 days for the lowest level
f exposure. The main side effect in the high-
xposure animals was anemia.

In a follow-up, combination-therapy study
erformed in 11 nonhuman primates, animals
ere treated with CP-690550 and MMF by oral

avage twice daily versus MMF alone to target
ither high or low levels of exposure similar to
he dosing regimen in the first study.16 The
ean survival time was 23 � 1 days in animals

reated with MMF alone versus 75.2 � 8.7 days
n animals receiving CP-690550 plus MMF. In
ddition, the animals receiving combination
herapy with the highest CP-690550 trough lev-
ls had a significantly better survival rate. Based
n these 2 preclinical studies in nonhuman pri-
ates, CP-690550 improved graft survival and

hus has the potential to be an effective immu-
osuppressive agent in human beings.

A phase II trial studying the safety and effi-
acy of CP-690550 in recipients of primary re-
al transplants is in progress. Patients are ran-
omized to 1 or 2 dose levels of CP-690550 plus
MF and corticosteroids versus tacrolimus,
MF, and corticosteroids. The results of this

tudy will better determine the role for JAK3

nhibitors in renal transplantation. t
EB-071

EB-071 (AEB) is a novel, oral, low-molecular-
eight compound that effectively blocks early
-cell activation by selectively inhibiting pro-

ein kinase C (PKC). PKCs are important medi-
tors of immune intracellular signaling, includ-
ng activation of T and B cells.17 The PKC

ember PKC� is largely restricted to T lympho-
ytes and mediates activation of the transcrip-
ion factors activator protein-1 and nuclear fac-
or �B, leading to downstream IL-2 production.

AEB exerts its immunosuppressive effect by
nhibiting the classic and novel PKC isoforms,
nd, thereby, blocking early T-cell activation. In
itro studies showed that AEB inhibited classic
nd novel PKC isoforms and blocked T-cell ac-
ivation and IL-2 production with minimal ef-
ect on nuclear factor of activated T-cells (NF-
T) and cytokine and growth factor–induced
ell proliferation.18,19 Thus, AEB has a mecha-
ism that can block T-cell activation that is

ndependent from that of calcineurin inhibitors;
owever, the true nephrotoxic effect of AEB is
et to be determined.

In healthy volunteers, AEB reduced intracel-
ular IL-2 production and had similar antiprolif-
rative activity to MMF.20 In a 2-week, multiple-
ose, pharmacokinetic study of 24 healthy
olunteers, AEB showed linear pharmocokinet-
cs across the range of 25 to 200 mg.21 Trough
oncentrations correlated with area under the
urve (AUC) as well as a dose-response correla-
ion with soluble IL-2–receptor concentrations,
ndicating modulation of the T-cell pathway.

Initial preclinical studies reported that AEB
rolonged renal allograft survival in nonhuman
rimates as monotherapy or at nontherapeutic
oses in combination with cyclosporine.22 Fur-
hermore, AEB in combination with everolimus,
ycophenolic acid sodium salt, or FTY720 at

ubtherapeutic doses resulted in prolonged
raft survival, implicating a possible role for
EB as a replacement for calcineurin inhibi-

ors.23,24 Two phase II clinical trials are cur-
ently enrolling patients.

HE NEW BIOLOGICS

raditional biologics have been introduced in

ransplantation as short-term induction therapy
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Small molecules and biologics 483
o reorient the host immune system at the time
f antigen presentation (ie, transplantation).25

hese agents have included a variety of
olyclonal agents (most recently Thymo-
lobulin [Genzyme, Cambridge, MA]) and the
onoclonal antibodies, OKT3, the new

nti–IL-2–receptor antibodies, and alemtu-
umab (used off-label in transplantation).26

The new generation of biologic agents are
eing developed for chronic therapy with the
urpose of displacing maintenance therapy
ith oral drugs such as the calcineurin inhibi-

ors and corticosteroids.27 Table 2 lists the new
iologic agents, their targets, and their develop-
ent status. Currently, only one agent, belata-

ept (LEA29Y), is in phase III trials. However, it
s likely that several additional biologic agents

ill advance to the clinic within the next 5
ears.28 Although the costimulatory pathway is
merging as an important therapeutic area for
mmunosuppression therapy, other promis-
ng targets include IL-15 and adhesion mole-
ules.29,30

herapies Targeting IL-15

L-15 is a cytokine with similar biologic activity
o that of IL-2.29,31,32 Although IL-2 results in
ctivation-induced cell death, IL-15 promotes
ntiapoptosis signals. IL-15 is produced by

Table 2. Biologic Agents in the Transplant
Pipeline

Antibody
Pharmaceutical/
Biotechnology Status

Belatacept Bristol-Myers
(Princeton, NJ)

Phase III
trial

Efalizumab Xoma (Berkeley,
CA)-Genentech
(South San
Francisco, CA)

Phase II

Mutant
IL-15/Fc

Roche (Basel,
Switzerland)

Preclinical

Anti-CD40 Bristol-Myers Preclinical
Novartis (East

Hanover, NJ)
Preclinical

Astellas
(Deerfield, IL)

Preclinical
onocyte-macrophage lineage and by epithelial f
nd renal tubule cells, but not by T cells. Its role
n rejection is suggested by the finding of in-
reased levels of IL-15 expression in rejecting
llografts.33 Although IL-15 shares the � and
ommon � class of the IL-2 receptor, it has a
istinct � receptor. Several inhibitors of the
L-15 pathway are likely to be developed for
ransplantation including direct blockers of
L-15 or the IL-15 � receptor. A potentially at-
ractive use of anti–IL-15 therapy is in conjunc-
ion with anti–IL-2 in a calcineurin-free regimen
ith antiproliferative agents as maintenance

herapy.

nti-CD40

he CD154-CD40 pathway, originally described
n the activation of B cells, also has an impor-
ant role in T-cell activation. The first clinical
ffort to block costimulation in renal transplan-
ation was attempted with a monoclonal anti-
ody to CD154.34 After the impressive results of
u5C8 (a humanized anti-CD154) in nonhuman
rimates, a phase I study was undertaken with
hronic intermittent administration of Hu5C8
n combination with a short course of steroids
2 weeks) and MMF in a calcineurin inhibitor–
ree regimen.35 However, the trial was halted
fter the occurrence of several thromboem-
olic events.36 This complication is not epitope-
pecific because other antibodies to CD154
ere associated with similar thrombotic com-
lications. Thus, direct targeting of CD154 will
ot likely be pursued. However, antibodies
gainst CD40 may prove to be a safer alternative
o block the CD40-CD154 pathway.

OSTIMULATION BLOCKADE

he underlying concept behind costimulation
lockade is the notion that to fully stimulate
nd activate a T cell, at least 2 signals from an
ntigen-presenting cell are required: (1) stimu-
ation of the T-cell receptor by a major histo-
ompatibility complex molecule–antigenic
eptide complex and (2) stimulation of co-
timulatory molecules, the receptor CD28, by
igands CD80 and CD86 on antigen-presenting
ells.37 In fact, if a T cell receives a signal
hrough the T-cell receptor without signal 2,

unctional inactivation or deletion of that T cell
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484 J.M. Yabu and F. Vincenti
esults. Several ligands and receptors within the
ostimulation pathway currently are being tar-
eted with monoclonal antibodies and/or re-
eptor fusion proteins. The only biologic cur-
ently in clinical development in transplantation is
elatacept, a second-generation CTLA4Ig.38

CTLA4Ig is a fusion protein that consists of
he extracellular domain of CTLA4 fused with
he Fc portion of human immunoglobulin. Be-
atacept (previously referred to as LEA29Y) is a
econd-generation CTLA4Ig (extracellular do-
ain of CTLA4 and Ig G1 Fc domain) with an

ncrease in binding avidity to CD80 (2-fold) and
D86 (4-fold), and approximately 10-fold more
ffectiveness in vitro than CTLA4Ig on a per-
ose basis in inhibiting T-cell effector functions
Fig. 2).38 In a phase II study, 218 primary renal
ransplant patients were randomized to 3 treat-
ent groups. Groups 1 and 2 were treated with

wo different regimens of belatacept, either a
ore intense or less intense, basiliximab (20
g day 0 and day 4), MMF 2 g, and conven-

ional steroid therapy. Patients randomized to
roup 3 served as controls and were treated
ith a standard regimen consisting of basilix-

mab (20 mg at day 0 and day 4), cyclosporine,
MF, and steroids.39 The acute rejection rate
as comparable between those patients treated
ith belatacept and cyclosporine. However, at

2 months, belatacept-treated patients had a

Figure 2. The dev
ignificantly higher measured glomerular filtra- P
ion rate and lower chronic allograft nephrop-
thy on kidney biopsy than cyclosporine-treated
atients. Furthermore, belatacept-treated patients
ad more favorable metabolic and cardiovascular
rofiles.
Currently belatacept is in phase III trials in

ransplant recipients receiving kidneys from ex-
anded-criteria donors or standard donors (de-
eased or living). These 2 trials should provide
ore definitive information concerning the

afety and efficacy of belatacept. In the interim,
ore than 70 patients in the phase II trials

ontinue to receive administration of belata-
ept at 4- or 8-week intervals (follow-up period,
6-60 mo). A more innovative study that is sup-
orted by the Immune Tolerance Network will
valuate the effectiveness of a regimen consist-
ng of belatacept and sirolimus in recipients of
idneys from living donors. In this trial, drug
ithdrawal will be attempted and patients who

re deemed to have become tolerant will be
ithdrawn from both sirolimus and belatacept.
Other biologics that target the costimulation

athways also are being investigated. Efazi-
umab, a humanized anti-lymphocyte function-
ssociated antigen-1 (LFA1), has been used in a
hase I/II trial in renal transplantation and is
eing investigated in several investigator-initi-
ted trials in kidney and islet transplantation.

ent of belatacept.
reclinical trials are ongoing with nonagonist
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Small molecules and biologics 485
nti-CD28 and anti-inducible T-cell costimulator
ICOS).

ONCLUSIONS

n conclusion, chronic protein therapies simi-
ar to the belatacept regimen used in current
linical trials may represent an emerging and
ovel paradigm of delivering immunosuppres-
ion without the toxicities of current drugs.
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