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Novel immunosuppressive agents

Abstract. The last several decades have
seen a substantial decrease in the prevalence
of acute allograft rejection in kidney transplant
recipients, while equivalent improvements in
long-term graft function have not been real-
ized. As a result, the primary focus of new im-
munosuppressive drug development has ex-
panded to include ease of use, improved side
effect profiles, and reduced nephrotoxicity in
addition to the more traditional goal of im-
proved short-term outcomes. A number of
novel drugs are currently under investigation
in Phase I, II, or III clinical trials primarily to
replace the nephrotoxic but highly effective
calcineurin inhibitors. ISA247 (voclosporine)
is a cyclosporine (CsA) analog with reduced
nephrotoxicity in Phase III study. AEB071
(sotrastaurin), a protein kinase C inhibitor, and
CP-690550, a JAK3 inhibitor, are small mole-
cules in Phase II studies. Everolimus is derived
from the mTOR inhibitor sirolimus and is in
Phase III study. Belatacept is a humanized an-
tibody that inhibits T-cell costimulation and
has shown encouraging results in multiple
Phase II and III trials. Alefacept and Efa-
luzimab are humanized antibodies that inhibit
T-cell adhesion and are in Phase I and II clinical
trials. This article reviews the mechanisms of
action as well as published and preliminary re-
sults of the Phase I – III clinical trials involving
these novel immunosuppressive agents.

Introduction

The introduction of the calcineurin inhibi-

tors (CNIs) cyclosporine (CsA) and tacrolimus

together with the development of antiprolifer-

ative agents such as mycophenolate mofetil

(MMF) and antibody induction agents, has

resulted in vast improvements in acute rejec-

tion (AR) rates and short-term graft survival

over the last three decades in patients receiv-

ing kidney transplants [10]. While this prog-

ress initially was predicted to lead to a corre-

sponding improvement in long-term graft

function from the late 1980’s to the mid

1990’s [23], a more recent analysis has shown

a lack of improvement in the relative risk of

graft failure for those transplanted in 1995

through 2000 despite a reduction in acute re-

jection rates of nearly 50% during that time

[35]. One potential explanation for this lack

of improvement in long-term graft survival is

the nephrotoxicity imparted by CNIs over

time. This hypothesis is supported by histo-

logical data obtained from protocol biopsies

of kidney-pancreas recipients over 10 years

that identified chronic CNI nephrotoxicity in

50% of grafts at 2 years and in 100% of grafts

at 10 years post-transplant [41].

Despite the overt nephrotoxicity of CNIs,

these agents remain the cornerstone of main-

tenance immunosuppression regimens due to

their efficacy in preventing acute rejection.

According to the Scientific Registry of Trans-

plant Recipients, CNIs are used in 95% of

immunosuppression protocols at the time of

hospital discharge after kidney transplanta-

tion in the United States. However, as the fo-

cus of immunosuppression has shifted away

from further reduction in the incidence of AR

and towards preservation of long-term func-

tion, a significant number of novel immuno-

suppressive agents are undergoing develop-

ment as a replacement for CNIs. In this article

we review the mechanisms of action, pre-

clinical, and Phase I – III completed or ongo-

ing clinical trials of 7 novel immunosup-

pressive agents. While not comprehensive of

all drugs currently in development [64], these

agents were selected for review based upon

their common features of a similar immune

cell target (the T-lymphocyte) and a similar

focus in drug development (CNI minimization

or elimination).
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The 3-signal model of

alloimmune recognition

In this review, novel immunosuppressive

agents are organized according to their mech-

anism of action. In order to understand the in-

herent differences between these agents it is

practical to briefly review the signaling events

that comprise the alloimmune response (Fig-

ure 1). Donor antigens are recognized and

presented to T-lymphocytes by antigen-pre-

senting cells (APC) from either donor (direct

pathway) or host (indirect pathway) origin.

“Signal 1” is initiated when the major histo-

compatibility complex/antigenic peptide mol-

ecule present on the APC engages the T-cell re-

ceptor leading to T-cell activation via the CD3

complex. This leads to induction of several

signal-transduction pathways, including the

calcium-calcineurin pathway [71]. Signal 2 is

a costimulatory event that serves to amplify

the initial activation event. One such APC/T-

cell costimulatory signal that has been well

described is the T-cell CD28 and CD40L in-

teraction with APC CD80/86 and CD40, re-

spectively [12]. Signaling events that result

from Signals 1 and 2 lead to transcription fac-

tor production and subsequent expression of

IL-2 and IL-15. These cytokines, as well as

others, activate the mammalian target of rapa-

mycin (mTOR) via PI3K and, along with

JAK/STAT signal transduction pathways,

propagate the lymphocyte cell cycle. To-

gether with de novo nucleotide synthesis, this

last step results in cell proliferation and is

termed “Signal 3”. Clonal expansion of lym-

phocytes ensues, with infiltration of the

allograft resulting in the inflammatory re-

sponse seen in acute graft rejection.

Signal 1 blockade: ISA247

(voclosporin)

ISA247, also termed voclosporin, is a

semisynthetic structural analog of CsA that

results in immunosuppression by inhibition

of the calcineurin signal transduction path-

way. Voclosporin is structurally similar to

CsA with the exception of a modification at

the amino acid-1 functional group. This has

resulted in a small molecule that offers both

more robust binding to calcineurin, as well as

faster elimination of metabolites [2]. This

novel calcineurin inhibitor is under investiga-

tion for the treatment of psoriasis as well as

post-renal transplant immunosuppression. If

indeed voclosporin could provide immuno-

suppressive efficacy with less drug and me-

tabolite exposure, the drug may be more pre-

dictable with less intrapatient variability than

CsA and tacrolimus and thus decrease the

potential for nephrotoxicity.

Several in vitro experiments as well as in

vivo animal studies of voclosporin have sup-

ported these pharmacologic predictions. In vi-

tro studies of calcineurin activity in human

blood show a 2.5-fold greater inhibitory effect

of voclosporin compared to CsA[2]. Studies in

rabbits, rats, and dogs have demonstrated less

nephrotoxicity as determined by serum

creatinine as well as histological changes at 30

days [2]. Additional studies in non-human pri-
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Figure 1. 3-signal model of T-cell activation. Sig-

nal 1 is initiated with the presentation of antigen by

HLA molecules located on antigen presenting

cells (APCs) to the T-cell receptor. Several down-

stream signal transduction pathways including

calcineurin are activated, resulting in transcription

factor activity and protein production. Signal 2 is a

result of CD 80 and CD86 on APCs binding to CD28

on T-cells leading to costimulation. Signal 2 serves

to enhance the Signal 1 response by further aug-

menting transcriptional activity and cytokine pro-

duction, in part by protein kinase C activation. Sig-

nal 3 leads to cell proliferation and is a result of both

cytokines binding to receptors on T-cells with sub-

sequent activation of the JAK/STAT pathway as well

as mTOR activity. T-cell adhesion to APCs involves

LFA-1 on T-cells and LFA-3 on APCs. Novel immuno-

suppression agents interfere at various steps within

the T-cell activation and adhesion pathways and are

shown according to their mechanism of action.



mates show a greater degree of immunosup-

pression with voclosporin despite significantly

lower blood concentrations and overall expo-

sure when compared to CsA [56]. When com-

paring the survival times of renal allografts in

non-human primates treated with voclosporin

or CsA, statistically longer allograft survival

was achieved despite lower serum drug levels

in those treated with voclosporin [21].

Aplacebo-controlled Phase III trial study-

ing the efficacy of voclosporin in the treat-

ment of plaque psoriasis has illustrated the

relatively mild nephrotoxic nature of this

molecule. Of 336 patients assigned to either

0.2, 0.3, or 0.4 mg/kg twice daily, reductions

in glomerular filtration rate (GFR) were seen

in only 2% of patients at 3 months [46]. In

kidney transplantation, the 6-month results of

the PROMISE trial have recently been pub-

lished in abstract form [20]. In this multicenter

open-label study, 334 recipients of renal allo-

grafts were randomized to receive voclosporin

at 0.2, 0.4, or 0.8 mg/kg twice daily or tacro-

limus in addition to mycophenolate mofetil

(MMF) and steroids. The incidence of bi-

opsy-proven acute rejection (BPAR) was low

in all 3 treatment groups: 11%, 8%, and 3% in

the 0.2, 0.4, and 0.8 mg/kg arms, respectively,

while BPAR was seen in 9% of the tacro-

limus-treated group [20]. However, no differ-

ences in GFR were noted in this trial, reduc-

ing enthusiasm for this agent as a potential

advance over existing CNIs. Final results

with an average of 24 months follow-up are

due to be published shortly, and further evalu-

ation of efficacy and safety in a Phase III trial

is planned for the latter part of this year. Given

that both CsA and tacrolimus are available in

generic form, trials of voclosporin must dem-

onstrate a significant improvement in GFR or

a reduction in the histological changes of CNI

nephrotoxicity and/or graft fibrosis to justify

widespread utilization.

Signals 1 and 2 blockade:

AEB071 (sotrastaurin)

Activation of T-cell receptors (Signal 1)

plus costimulatory signaling via CD28 (Sig-

nal 2) leads to protein kinase C (PKC) signal-

ing and IL-2 production. PKC represents a di-

verse signaling family of at least 10 isoforms

based on cofactor requirements. While the

role of individual PKC isoforms in immune

system signaling is under investigation, the !,

", and # isoforms appear to have clear roles in

either T- or B-cell signaling [3, 59]. Sotra-

staurin is a small molecule that inhibits PKC

activity, including the !, ", and # isoforms.

Similar to CNIs, this molecule achieves im-

munosuppression, predominantly via inhibi-

tion of PKC#. However, in vitro studies have

shown sotrastaurin effectively inhibits IL-2

production with minimal effect on typical

downstream targets of calcineurin such as

NFAT [17], a mechanism distinct from that of

the CNIs. These findings have led to optimis-

tic predictions that sotrastaurin could convey

a comparable degree of immunosuppression

without the long-term nephrotoxicity that is

characteristic of CsA and tacrolimus.

Nonhuman primate studies have validated

the in vitro findings with sotrastaurin block-

ing IL-2 and T-cell activation without effect-

ing proliferation [69], with similar results

seen in healthy human volunteers [55]. In a

pilot study of patients with psoriasis, clinical

severity was markedly reduced by 69% fol-

lowing a 2-week course of sotrastaurin. This

effectiveness may be explained by the inhibi-

tory effect of sotrastaurin on both lympho-

cytes (via inhibition of the isoform PKC#)

and keratinocytes (via inhibition of PKC!)

[54]. When used alone at full dose or in com-

bination with CsA at partial doses, sotrastau-

rin prolonged renal allograft survival in pri-

mates [4, 69]. Unfortunately, initial results

from two Phase II human studies have not

proven to be as promising. One trial in which

patients were initially placed on tacrolimus/

sotrastaurin/corticosteroids and then under-

went conversion from tacrolimus to myco-

phenolate (MPA) at three months resulted in

an increased incidence of the primary effi-

cacy endpoint (acute rejection, graft loss, or

death) in the sotrastaurin arm [8]. Similarly,

in a second trial a de novo CNI-free regimen

of sotrastaurin/MPA/steroids was compared

to the control arm of tacrolimus/MPA/ste-

roids, a higher acute rejection rate was noted

in the sotrastaurin arm [19]. These studies

were stopped prematurely and published data

are not yet forthcoming. Given these initial

disappointments, attention has turned to ex-

ploring sotrastaurin in combination with an

mTOR inhibitor (everolimus, see later dis-

cussion) in a third Phase II trial, under the hy-
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pothesis that mTOR inhibition may provide

greater immunosuppressive efficacy than

mycophenolate in the absence of CNIs (infor-

mation available at www.clinicaltrials.gov,

identifier NCT00504543).

Signal 2 blockade: belatacept

Costimulation (Signal 2) is a crucial step

in the activation of T-cells, serving to amplify

and sustain immune responses by inducing

multiple signal transduction pathways that

lead to cytokine production and ultimately

cell proliferation [12, 22]. T-cells undergoing

Signal 1 without a Signal 2 response will be-

come unresponsive and potentially undergo

apoptosis [24]. The most extensively studied

costimulatory pathway operates through in-

teractions between the T-cell surface mole-

cule CD28 and the B7 family of molecules,

with CD80 (B7-1) and CD86 (B7-2) on the

surface of APCs serving as ligands for CD28

[32, 50] (Figure 1). Cytotoxic T-lymphocyte

antigen (CTLA4) is a T-cell surface molecule

homologous to CD28 that also binds CD80/86

on the APC. In contrast to CD28, however,

CTLA4/CD80-86 interactions send an inhibi-

tory signal [70] and are therefore important for

regulatory feedback to costimulatory signal-

ing. This inhibitory signaling pathway has be-

come an attractive target for novel immuno-

suppressant development.

Two humanized CTLA4-Ig fusion pro-

teins have been developed to inhibit costi-

mulatory signaling, that consist of the extra-

cellular domain of CTLA4 fused with the Fc

portion of human Ig (Figure 2). Abatacept

competitively binds CD80/86 with higher af-

finity than CD28, but is less potent than native

CTLA4 in inhibiting costimulation, due to a

lower binding affinity for and a rapid dissoci-

ation from CD80/86 [30]. While this protein

was unsuccessful in a primate model of renal

transplant [27], it has demonstrated efficacy

and is currently available for human use in

rheumatoid arthritis. A second generation

CTLA4-Ig fusion protein was isolated by

screening variants of CTLA4-Ig and identify-

ing a protein with 2-fold greater binding af-

finity for CD80 and 4-fold greater affinity for

CD86 [30]. LEA29Y, or belatacept, has sub-

sequently undergone development for use in

organ transplantation.

Nonhuman primate models of kidney

transplant showed intravenous belatacept as

monotherapy provided superior graft survival

compared to its predecessor abatacept (45 vs.

8 days, respectively) [30]. In humans, a Phase

II double-blinded placebo-controlled trial to

evaluate safety and tolerability of belatacept

and abatacept was performed in 214 patients

with rheumatoid arthritis showing effective-

ness, tolerability, and excellent safety profiles

[38]. These studies led to an important Phase

II trial published by Vincenti et al. in 2005

[66] comparing high intensity (10 mg/kg for

11 doses up to day 169) or low intensity (10

mg/kg for 5 doses up to day 85) CNI-free

belatacept regimens vs. a CsA-based control

arm in 218 patients. All patients received

basiliximab induction with maintenance

mycophenolate mofetil (MMF) and cortico-

steroids, and after completing their respective

dosing regimen each experimental arm re-

ceived belatacept at 5 mg/kg doses every 4 – 8

weeks to day 365. All three arms had compa-

rable safety profiles and acute rejection rates,
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Table 1. Clinical outcomes from a Phase II study of either high or low intensity belatacept vs. CsAcontrol .

All patients received basiliximab induction with MMF and corticosteroid maintenance.

Clinical parameter

High intensity

belatacept

(n = 74)

Low intensity

belatacept

(n = 71)

CsA control

(n =73)

6-month acute rejection (primary endpoint) 7% 6% 8%

GFR (cc/min, measured at 12 months) 66 62 53*

Chronic allograft nephropathy

(CAN: 12-month protocol biopsy)
29% 20% 44%

Subclinical rejection (12-month protocol biopsy) 9% 20% 11%

*p < 0.05 belatacept arms vs. CsA arm.



while both belatacept groups showed im-

proved glomerular filtration rates (GFR, 66

and 62 ml/ min in the high- and low-intensity

belatacept groups, respectively, vs. 53 ml/min

for CsA), less chronic allograft nephropathy

(CAN, 29% and 20% in the high- and low-in-

tensity belatacept groups, respectively, vs.

44% for CsA), as well as improved blood

pressure, cholesterol, and A1C hemoglobin

profiles at 12 months (Table 1). Despite

promising findings in the primary and second-

ary endpoints (acute rejection, renal function

and histology), one safety concern was in the

incidence of post transplant lymphopro-

liferative disorder (PTLD). Three cases of

PTLD were identified in the high-intensity

belatacept arm vs. none in the low-intensity

or CsA arms. Continued follow-up of 128 of

the original 218 patients showed no new

cases of PTLD in either belatacept arm, with

one new case in the CsAarm. These data, pre-

sented thus far in abstract form only, con-

firmed initial findings of low acute rejection,

death, and graft loss rates that are comparable

between groups [40].

The Phase II success of belatacept has led

to several larger, 3-year randomized, pro-

spective Phase III trials in kidney transplanta-

tion comparing high- and low-intensity bela-

tacept to CsA with all patients receiving

basiliximab, MMF, and steroids. In recipients

of standard criteria deceased donors and liv-

ing donors (the BENEFIT study), preliminary

1-year results show significantly improved

GFR at 12 months (high intensity, 65 ml/min,

low intensity, 63 ml/min, vs. CsA, 50 ml/min)

and less CAN despite an increased incidence

of AR in the belatacept groups (high intensity,

22%, low intensity, 17%, vs. CsA, 7%) [67].

In recipients of extended criteria donor

(ECD) kidneys (the BENEFIT-EXT study,

with identical treatment arms and dosing as

the BENEFIT study), 1-year results demon-

strate similar graft survival and acute rejec-

tion across all three groups and improved re-

nal function [15]. PTLD again was more

common in the belatacept arms and was pri-

marily associated with EBV-seronegative re-

cipients of kidneys from seropositive donors

and/or prior depleting antibody therapy for

treatment of acute rejection.

To date, belatacept is the only agent in

development that has demonstrated an advan-

tage in renal preservation in large clinical tri-

als compared to CNIs. In the future, the bene-

fits of a reduction in CAN and improved GFR

must be weighed against the higher risk of re-

jection (over 2-fold higher incidence when

compared to CsA in the BENEFIT study), the

possibility of an increased risk of PTLD, and

finally, a route of administration (currently

only parenterally available) that requires ade-

quate intravenous access. Given these consid-

erations, belatacept remains an agent with the

potential to impact future transplant immuno-

suppression, provided that safety and dose

administration can be clarified and the trade-

off for a higher rate of rejection can accepted

or perhaps minimized with other chronic im-

munosuppressive agents.

Signal 3 blockade:

CP-690550 and everolimus

CP-690550

As a result of costimulatory Signal 2, inter-

leukins such as IL-2 and IL-15 are induced

and act to trigger cell proliferation (Signal 3)

through a signal transduction cascade that is

largely initiated by cell surface cytokine re-

ceptors. These receptors signal via interaction

of the common $ (c$) subunit [1, 43] with Ja-

nus kinases (JAKs). JAKs are cytoplasmic ty-
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Figure 2. Production of humanized proteins. The

extracellular domain of the protein of interest is

fused to the Fc domain from human IgG. This results

in antibodies that are more “human-like” compared

to their murine monoclonal antibody predecessors,

with reduced immunogenicity and improved toler-

ability.



rosine kinases that participate in the signaling

of a broad range of cell surface receptors in-

cluding members of the cytokine receptor

family. There are four mammalian JAKs:

JAK1, 2, 3, and tyrosine kinase-2. Recep-

tor-mediated activation of JAKs results in

autophosphorylation of the receptor and re-

cruitment of signal transducers and activators

of transcription (STATs) which in turn are

transported to the nucleus where they regu-

late gene expression [13, 57]. In contrast to

ubiquitous expression of other JAK subtypes,

JAK3 is predominantly expressed in hema-

topoietic cells where it uniquely binds to c$

[37, 74], making it an attractive target for

novel immunosuppression agents. The oblig-

atory role of this pathway in immune re-

sponses is evidenced by the human severe

combined immunodeficiency syndrome that

results from mutations in either the c$ subunit

or JAK3 itself [7, 33].

CP-690550 is a synthetic orally available

inhibitor of JAK3. In vitro assays of IL-2 me-

diated T-cell proliferation demonstrated ro-

bust immunosuppressive potential with a

50% inhibitory concentration (IC50) of only

11 nM [11]. Despite very high potency, this

molecule maintains reasonable selectivity for

JAK3; an important quality as inhibition of

JAK2 results in impaired hematopoiesis and

anemia [47]. Initial studies in animal models

were encouraging with prolongation of mu-

rine cardiac and nonhuman primate renal

allograft survival [5, 6, 11] when used either

alone or in combination with MMF.

A double-blinded, placebo-controlled

Phase I trial of CP-690550 to assess the 28-

day safety and tolerability of either low (5 mg

b.i.d.), medium (15 mg b.i.d.), or high (30 mg

b.i.d.) doses in stable renal transplant recipi-

ents has been published [61]. Patients re-

ceived additional immunosuppression with

MMF and steroids, and a CNI if in the low- or

medium-dose cohort. Most adverse events

were either infectious or gastrointestinal and

were mild-to-moderate in severity. A signifi-

cant decrease in hemoglobin levels was seen

in the medium- and high-dose arms compared

to control, likely secondary to crossover inhi-

bition of JAK2. This finding was corrobo-

rated in a follow-up study of CP-690550’s ef-

fect on peripheral hematologic parameters in

8 stable renal transplant patients that showed

an 8% mean decrease in hemoglobin [62].

A 6-month Phase II trial of CP-690550 at

15 or 30 mg b.i.d. vs. a tacrolimus control arm

in 61 patients has been completed [9]. All pa-

tients received induction with an IL-2 recep-

tor antagonist and maintained on MMF and

steroids. In the high-dose arm, an increased

incidence of BK virus nephropathy and CMV

infection led investigators to modify the pro-

tocol prior to study completion, implement-

ing a planned MMF withdrawal and a more

rapid steroid taper. This subsequently led to a

significant increase in acute rejection in the

high-dose arm (21.1%). However, the low-

dose arm provided low acute rejection rates

(5.3%, vs. 4.8% in the tacrolimus arm) and

excellent renal function (76.9 ml/min, vs.

77.4 ml/min in the tacrolimus arm) at 6 months.

This has prompted a second Phase II study

investigating a lower-dose strategy of CP-

690550 at 15 mg b.i.d. for either 3 or 6

months followed by 10 mg b.i.d. up to 1

year, versus CsA control with full doses of

MMF and maintenance prednisone in each

arm.

An additional trial is comparing even lower

doses of 5 or 10 mg b.i.d. in combination with

MMF/prednisone to a tacrolimus/MMF/pred-

nisone-based control arm (information avail-

able at www.clinicaltrials.gov, identifiers

NCT0083756 and NCT0010639, respectively).

Thus, while CP-690550 may ultimately pro-

vide an attractive option for CNI minimiza-

tion with a potent and novel mechanism of

immunosuppression, the therapeutic window

is under continued investigation. One poten-

tial limiting side effect of JAK3 inhibitors is

anemia, induced by concomitant JAK2 inhi-

bition of hematopoietic cells, which occurred

in 30% of patients in the completed Phase II

trial. Several additional molecules with high

selectivity for JAK3 are under development to

minimize JAK2 inhibition-related anemia [63].

Everolimus

Everolimus (Certican) is an inhibitor of

cell proliferation derived from the naturally

occurring immunosuppressant sirolimus

(SRL). Like SRL, everolimus blocks mTOR

activity, resulting in inhibition of cell prolif-

eration by cell cycle arrest at the G1 phase.

This class of immunosuppressants has re-

ceived attention for their potential to allow for
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decreased exposure to CNIs when used in

combination. Indeed, multiple clinical tri-

als have shown SRL to provide equal or im-

proved efficacy in early CNI withdrawal [25,

28, 44] and late CNI conversion [39, 51] strat-

egies, while its usefulness in CNI avoidance

strategies is less clear [16, 18, 31].

Everolimus was approved for use in de

novo kidney transplantation in Europe in

2005 but has yet to be approved by the FDAat

the time of this manuscript in the United

States due to concerns of enhanced nephro-

toxicity when combined with a CNI. Initial

preclinical studies showed everolimus and

CsA to have synergistic immunosuppressive

effects in vitro and in vivo [52] as well as ben-

eficial effects on vascular remodeling [52]

that is seen in chronic allograft nephropathy.

However, a Phase III trial comparing 2 doses

of everolimus (1.5 and 3 mg/day) to MMF in

588 patients also receiving steroids and CsA

(initial trough goal 100 – 300 ng/ml) resulted

in an increased mean creatinine and decreased

GFR in the everolimus arms despite similar

incidences of the primary endpoint (acute re-

jection, graft loss, or death) in the 3 cohorts at

3 years. This finding was apparent during in-

terim analyses and necessitated an amendment

to CsAtrough goals from 100 from 300 ng/ml

to 50 ng/ml [68]. Thus, everolimus appeared

to provide adequate immunosuppression as

evidenced by similar AR rates when com-

pared to MMF, with concern for significant

potentiation of CsA nephrotoxicity.

To date, outcomes with everolimus in the

context of de novo CNI avoidance or later

CNI withdrawal have not been reported.

However, 2 Phase III studies were completed

examining 2 fixed doses of everolimus (1.5

and 3 mg/day) in a regimen with low dose

CsA, steroids, with or without basiliximab in-

duction [60]. Both studies showed similar re-

nal function between groups, as well as time

to the primary efficacy endpoint (acute rejec-

tion, graft loss, or death at 12 months) with

lower acute rejection rates in the study that

included basiliximab induction. The risk of

acute rejection was found to be significantly

higher in those with average everolimus

trough levels < 3.0 ng/ml. Frequently re-

ported adverse effects seem to be similar to

those seen with SRL and included hypercho-

lesterolemia and lymphocele, while protein-

uria was minimal. Several trials investigating

the efficacy of dose-adjusted everolimus and

low-dose CNI vs. standard MMF and CNI reg-

imens are ongoing. The results of these trials

will be critical to determine if the synergistic

nephrotoxicity with mTOR/CNI combination

can be mitigated by rigorous minimization of

CNI and defined exposure of everolimus by

trough level monitoring.

Additional clinical trials with everolimus

are exploring other minimization strategies,

including everolimus-based CNI-free proto-

cols, everolimus-based steroid-free protocols,

early (3 months) and late (12 – 96 months)

conversion of CNI to everolimus, and early

(3 months) or late (12 months) CNI with-

drawal from everolimus-based regimens.

These ongoing trials may permit a compari-

son of everolimus to the sirolimus data from

trials of similar design [16, 48, 51]. In order

for everolimus to distinguish itself as an alter-

native to CNIs, it should perform at least as

well or better than these prior mTOR results

in preventing acute rejection, with the possi-

bility that a shorter half-life and better thera-

peutic monitoring may lead to reduced side

effects and nephrotoxicity than sirolimus.

Anti-adhesion molecules:

alefacept and efaluzimab

Alefacept

In addition to CD28/CD80-86-mediated

costimulation, up-regulation of T-cell activa-

tion is also influenced by interactions be-

tween the CD2 receptor, present on NK and

T-cells, and the more ubiquitously expressed

cell surface glycoprotein LFA-3. Costimula-

tion that results from LFA-3 engagement of

the CD2 receptor is likely a result of both me-

diation of T-cell signals as well as improved

cell-cell adhesion [36]. Alefacept is a human-

ized LFA-3/IgG1 fusion protein that binds to

CD2 receptors and has been shown to inhibit

T-cell responses both in vitro and in vivo [34,

36].

Alefacept was approved by the FDA in

1993 for use in plaque psoriasis [29]. Based

on its effectiveness in this T-cell-mediated

disorder, alefacept has been developed as an

adjunct immunosuppressant in organ trans-

plantation. Studies of alefacept efficacy in an-

imal models of transplantation have shown
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reduced T-cell infiltration of skin grafts in

mice [58], improved cardiac allograft survival

in nonhuman primates [26], and in addition to

SRL and donor antigen administration, pro-

longation of kidney allograft survival in rhesus

monkeys compared to SRL alone [14]. Re-

cently, efficacy in nonhuman primate kidney

transplantation was reported when combined

with costimulatory blockade and sirolimus

[72]. In humans, aside from its use in psoria-

sis, alefacept has been effective in chronic re-

fractory graft-versus-host disease [53]. A

Phase II trial in renal transplant recipients to

determine if alefacept permits CNI minimiza-

tion is ongoing. In this trial, alefacept is used

in combination with low-dose tacrolimus,

with or without MMF, and compared to a con-

trol arm of standard tacrolimus, MMF, and

steroids with basiliximab induction. Early re-

sults from this trial should become available in

2011.

Efaluzimab

Lymphocyte-associated function-1 (LFA-

1) is a member of the "2 integrin family of pro-

teins composed of a covalently linked !-

(CD11a) and "- (CD18) chain [45]. This pro-

tein, present on both T- and B-lymphocytes, in-

teracts with intracellular adhesion molecules

(ICAMs) present on APCs and endothelium to

enhance cell-cell interactions [45]. LFA-1/

ICAM interactions have been implicated in leu-

kocyte binding and trafficking as well as T-cell

costimulation [42]. Efaluzimab is a humanized

anti-LFA-1 antibody specific for the CD11a

subunit that blocks LFA-1/ICAM interactions

and subsequently inhibits T-cell activation in vi-

tro [73]. A preclinical trial of efaluzimab as a

single agent in nonhuman primate cardiac allo-

grafts showed increased graft survival com-

pared to controls [49].

In 2003 efaluzimab was approved for the

treatment of psoriasis and is currently under

investigation for use in a number of clinical

conditions including asthma, psoriatic arthri-

tis and rheumatoid arthritis. In the kidney

transplant setting, weekly subcutaneous efa-

luzimab at low (0.5 mg/kg) or high (2 mg/kg)

doses in 38 renal transplant recipients was

published as a Phase I/II trial [65]. Other main-

tenance immunosuppression included either

low-dose CsA, SRL, and steroids, or high-dose

CsA, MMF, and steroids. The incidence of

acute rejection was low in all groups (10 –

11%) indicatng adequate immunosuppres-

sion with these protocols. Unfortunately,

PTLD was diagnosed in 3/10 patients in the

high-dose efaluzimab/high-dose CsAgroup, a

finding suggestive of over-immunosuppres-

sion in these individuals. If future studies are

to continue (dependent upon proprietary in-

terests of the manufacturer), lower doses of

efalizumab (1 mg/kg) will likely be used in

the context of a CNI-free or CNI-conversion

strategy [64]. However, safety concerns have

resulted in the suspension of this agent by the

manufacturer for future kidney transplant tri-

als.

Conclusions

While the addition of CNIs to immuno-

suppression regimens revolutionized the field

of kidney transplant by drastically reducing

the incidence of acute rejection, the inherent

nephrotoxic effects of these agents prompts

consideration of alternative immunosuppres-

sive strategies. The complex nature of lym-

phocyte activation provides us with a variety

of signals in which pharmacologic interfer-

ence is possible, resulting in a number of clin-

ical trials that are currently evaluating small

molecules and humanized proteins directed

against a broad range of activation events.

Until the ultimate goal of complete allograft

tolerance is reached, the study of the com-

plexities of immune response will continue to

provide targets for the development of im-

munosuppressive agents that are more potent

and specific, and less nephrotoxic, than our

current therapeutic options.
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