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Current landscape for T‑cell targeting in 
autoimmunity and transplantation

T-cell-mediated pathogenesis 
of transplantation & 
autoimmune disease
Examination of current clinical practice and 
clinical trials [201] reveals that there is a conver‑
gence of therapeutic strategies for the treatment 
of autoimmune diseases and the prevention of 
acute transplant rejection. It appears that the 
immunopathologic mechanisms driving T-cell-
mediated autoimmune diseases and allograft 
rejection are similar in that immunopathol‑
ogy is driven by antigen-specific T cells. In 
autoimmune diseases such as multiple scle‑
rosis, disease is caused by myelin-specific T 
cells, while allograft rejection is caused by T 
cells specific for major and minor histocom‑
patibility antigens. Thus, while the clinical 
outcomes in autoimmune disease and organ 
transplantation appear to be vastly different, 
the ability to specifically regulate immunopath‑
ologic T-cell responses, or induce T-cell toler‑
ance, is the major goal in clinical treatment of 
both disorders.

Tolerance 
T-cell activation is the result of several key 
steps that result in a full effector response 
(Box 1 & Figure 1). Targeting one or more of these 
stages serves as the basic strategy for tolerance 

induction utilizing current immunosuppres‑
sive agents. Transplantation tolerance refers 
to a state of sustained, specific nonrespon‑
siveness of the recipient’s immune system to 
donor alloantigens; while tolerance induction 
in autoimmune disease refers to a reinstatement 
of sustained, specific nonresponsiveness of the 
native immune system to self-antigen. 

In the transplant setting, there are a num‑
ber of patients that have developed tolerance 
to transplant tissues over the years. In many 
cases, these incidences of tolerance have been 
the result of patients’ noncompliance with their 
immune suppression regimens, weaning them‑
selves off immune therapies over time. While 
immunological analysis of these patients has 
attempted to define the parameters through 
which tolerance is achieved in these patients, 
a tolerance fingerprint remains to be convinc‑
ingly defined. Over recent years, however, 
further experimental models have shown that 
it is possible to exploit the mechanisms that 
normally maintain immune homeostasis and 
tolerance to self-antigens, to induce toler‑
ance to alloantigen, as well as to reintroduce 
tolerance to self-antigen in an autoimmune 
setting. Based on current immunological 
understanding, these pathways may include 
the following mechanisms. 

In recent years, substantial advances in T-cell immunosuppressive strategies and their translation to routine 
clinical practice have revolutionized management and outcomes in autoimmune disease and solid organ 
transplantation. More than 80 diseases have been considered to have an autoimmune etiology, such that 
autoimmune-associated morbidity and mortality rank as third highest in developed countries, after 
cardiovascular diseases and cancer. Solid organ transplantation has become the therapy of choice for 
many end-stage organ diseases. Short-term outcomes such as patient and allograft survival at 1 year, 
acute rejection rates, as well as time course of disease progression and symptom control have steadily 
improved. However, despite the use of newer immunosuppressive drug combinations, improvements in 
long-term allograft survival and complete resolution of autoimmunity remain elusive. In addition, the 
chronic use of nonspecifically targeted immunosuppressive drugs is associated with significant adverse 
effects and increased morbidity and mortality. In this article, we discuss the current clinical tools for 
immune suppression and attempts to induce long-term T-cell tolerance induction as well as much-needed 
future approaches to produce more short-acting, antigen-specific agents, which may optimize outcomes 
in the clinic.
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�� Deletion
Deletion of allo- or auto-reactive T cells can 
be achieved centrally in the thymus or in the 
periphery. Infusion of donor bone marrow into 
a recipient who has been conditioned by non‑
myeloablative irradiation or immunotherapy 
enables antigen-presenting cells (APCs) to 
access the thymus and trigger the deletion of 
maturing thymocytes [1]. In the periphery, dele‑
tion can be triggered by alloantigen recogni‑
tion under suboptimal conditions, including 
costimulation blockade as well as immuno‑
depletion by activation of apoptotic cell death 
and cytolysis [2].

�� Anergy
This is the functional inactivation of the T-cell 
response to restimulation by allo- or self-anti‑
gen, and has been described both in vivo and 
in vitro. Some forms of T-cell anergy are also 
reported to result in the development of regu‑
latory activity [3]. Costimulation blockade, as 
well as inhibition of downstream proliferative 
pathways, can trigger anergic states in T cells.

�� Immunoregulation
This active process results in the regulation of 
one cell population by the activity of another cell 
population. Various populations of leukocytes 

have been described in rodent models as having 
the ability to control immune responsiveness to 
alloantigen stimulation in both the innate and 
adaptive immune responses. This mechanism, 
although well described in experimental mod‑
els, is yet to be introduced therapeutically in a 
sustained, clinical setting.

�� Clonal exhaustion
This can occur as a result of chronic antigen 
stimulation or antigen recognition under sub‑
optimal conditions. The consequence is either 
deletion or functional inactivation of the cells 
that are responding to the recognized antigen. 
An example of such exhaustion can be seen in 
liver transplantation, where the large number of 
donor-derived APCs migrating from the liver to 
draining lymphoid tissues after transplantation 
can trigger this type of response [4].

�� Ignorance
This is an uncommon mechanism in the induc‑
tion phase of unresponsiveness to alloantigen as 
it is difficult to introduce donor cells or tissue 
without alerting the immune system, in trans‑
plantation. This mechanism, however, does 
describe the natural state of some self-reactive 
CD4+ T-cell populations found in healthy 
individuals with no autoimmune pathology. 

Box 1. Signal hypothesis.

Signal 1: antigen recognition
�� T cells have specific receptors that recognize allo- or self-antigens, enabling the induction of 

antigen-specific cellular responses. In allo-antigen recognition, T cells can initiate rejection of 
MHC‑mismatched tissues via three distinct pathways: the direct, indirect and the recently described 
semidirect pathways. T-cell antigen receptors (TCRs) recognize intact allogeneic MHC molecules 
displayed at the surface of donor cells (direct pathway), recognize peptides derived from processed 
allogeneic MHC molecules presented by recipient MHC class II molecules (indirect pathway), 
or simultaneously recognize alloantigen presented via both the direct and indirect pathways by 
the same antigen-presenting (semidirect pathway). In self-antigen recognition, the first signal 
received is via the interaction of the CD4+ TCR with processed self-peptides on MHC class II on the 
antigen‑presenting cell (APC) surface (indirect pathway).

Signal 2: costimulation
�� Full T-cell activation requires not only antigen recognition, but also a second distinct costimulatory 

signal provided by the APC. Costimulatory signals are delivered via constitutive or inducible receptors 
on the responding T-cell surface interacting with their ligands constitutively expressed or upregulated 
on the activated APC. Without this second signal, the T cell cannot be fully activated to mount 
an effector response. There are a growing number of characterized costimulatory receptor:ligand 
molecules that are key for T-cell stimulation and regulation, including the CD28:B7(CD80:CD86) 
and CD154(CD40L):CD40 pathways. These positive activating costimulatory signals are balanced 
by inhibitory inducible signals, such as CTLA4:B7, which enables downregulation of the immune 
response after initial T-cell activation.

Signal 3: proliferation and differentiation
�� Costimulation together with antigen recognition initiates a cascade of downstream signaling 

pathways and the induction of transcription factors, leading to the expression of new surface 
molecules such as inducible costimulatory molecules and cytokine receptors. IL-2 and other cytokines 
can then trigger T-cell proliferation and differentiation via their receptors, upregulated on the 
recently activated T cell. Hence, the immune response is activated and amplified.
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Immunosuppressive strategies in 
clinical practice
The ultimate goal of therapeutic intervention 
in transplantation and T-cell-mediated auto‑
immune disease is to induce immunological 
tolerance. Originally, the use of induction 
therapy in transplantation was designed to 
open a window whereby organs, such as the 
kidneys, could engraft before the administra‑
tion of toxic metabolic maintenance immune 
suppression was required. However, work in 
animal studies showing the ability for short-
course immune induction therapy (SCIIT) 
to induce long-lasting immune tolerance has 
raised the bar for induction therapy strategies. 
SCIIT may be defined as a specific, short-term 
immune modulation using a therapeutic agent 
to induce T-cell non-responsiveness, limiting 
the need for long-term maintenance immune 

suppression. Therapeutic regimens imple‑
mented in the clinic today aimed at inducing 
this phenomenon are focused on targeting the 
various steps involved in the T-cell-mediated 
immune response to allo- and self-antigen in 
an attempt to induce tolerance. As outlined ear‑
lier (Box 1), there are three main stages in this 
pathway: recognition of allo- or self-antigen, 
costimulation and proliferation/differentiation 
of effector T cells. The current clinical para‑
digm is based on blockade of at least one of 
these stages and/or by total immunodepletion 
therapy. Currently used agents appear to be 
more immune suppressive than tolerogenic, so 
successful implementation of SCIIT remains 
elusive. Nonetheless, current agents are capable 
of modulating the immune response and, when 
combined with maintenance immune sup‑
pression, provide a potent therapy to prevent 
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Figure 1. Current immunosuppressive drugs and their targets. Signal 1 results from MHC–antigen recognition through the 
T-cell receptor–CD3 complex, a process blocked by anti-CD3 mAbs and indirectly by rituximab. Signal 2 results in costimulation, a process 
that can be blocked by belatacept. Costimulation activates downstream signaling pathways, resulting in calcineurin activation, a stage 
that can be inhibited by tacrolimus and cyclosporine A. Activated calcineurin dephosphorylates NF-AT, allowing IL-2 transcription to 
initiate signal 3. IL-2 receptor stimulation, a step that can be blocked by basiliximab, activates the mTOR signaling cascade, which can be 
inhibited by sirolimus. This pathway induces the T cell to enter the cell cycle and proliferate, which in turn can be blocked by methotrexate, 
mycophenolate and azathioprine. rATG exerts polyclonal effects while alemtuzumab binds to CD52, both resulting in immunodepletion. 
mAb: Monoclonal antibody; NF-AT: Nuclear factor of activated T cell; rATG: Rabbit antithymocyte globulin.
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transplant rejection (Figure  1). In addition to 
currently utilized agents, a number of novel 
therapies are in development (Table 1).

�� Immunodepletion
The more recent therapeutic strategies are 
based on induction therapies, which concen‑
trate on profound immune cell depletion at the 
time of transplant, when immune activation is 
most intense. 

Antithymocyte globulin 
Antithymocyte (ATG) is a lymphocyte-deplet‑
ing polyclonal IgG preparation with specificity 
towards human thymocytes. It binds primarily 
to peripheral blood lymphocytes, as well as to 
those from lymph nodes, spleen and thymus, 
according to data from in vivo studies in mon‑
keys [5]. The agent’s polyclonal nature enables 
it to display specificity towards a wide variety 
of antigens expressed on the surface of T cells, 
B cells, dendritic cells, NK cells and endothe‑
lial cells including those involved in immune 
response, T-cell activation, proliferation, apop‑
tosis, signal transduction, cell adhesion and 
trafficking [6–8].

The precise mechanism of action underly‑
ing the immunosuppressive efficacy of rabbit 
(r)ATG in solid organ transplantation recipi‑
ents is unknown at present, although has been 
primarily attributed to T-cell depletion. Data 
from in vitro studies suggest that rATG modu‑
lates the expression of various lymphocyte sur‑
face antigens resulting in apoptosis, antibody-
dependent cytolysis or complement-dependent 
lysis. Lymphocyte depletion with rATG has been 
further demonstrated in adult renal transplant 
patients in several randomized, comparative 
clinical studies (n = 26–277) [9–12], with repop‑
ulation reported to take at least 3 months  [13]. 
More recently, data from preclinical and clini‑
cal studies suggest that rATG therapy may 
induce the expansion and enrichment of certain 
regulatory T-cell subsets [14,15].

Clinical efficacy
Rabbit antithymocyte induction in combination 
with tacrolimus-based immunosuppressive ther‑
apy is more effective in preventing episodes of 
acute renal graft rejection than with tacrolimus-
based therapy without induction, as reported by 
primary end point data from two randomized, 

 Table 1. Maintenance immunosuppressive therapies in transplantation and autoimmune disease.

Drugs Mechanisms Side effects

Azathioprine Inhibits purine and DNA synthesis, inhibits 
cell proliferation

Bone marrow depression, opportunistic infection, 
macrocytosis and liver toxicity

Cyclosporine Binds to cyclophilin, inhibits calcineurin 
phosphatase, blocks NF-AT dephosphorylation, 
blocks IL-2 transcription and T-cell activation

Hypertension, hyperlipidemia, nephrotoxicity, 
hepatotoxicity, pancreatitis, peptic ulcers, 
thrombotic microangiopathy, opportunistic 
infection, neurotoxicity, tremor, gingival hyperplasia 
and hirsutism

Methotrexate Irreversibly inhibits DHFR, blocks folic acid synthesis, 
interferes with synthesis of DNA, RNA, thimidylates 
and proteins

Pulmonary fibrosis, hepatitis, anemia, neutropenia, 
hair loss, gastrointestinal symptoms and dermatitis

Mycophenolate mofetil Inhibits inosine-monophosphate dehydrogenase, 
inhibits purine synthesis and blocks cell proliferation

Gastrointestinal symptoms, bone marrow 
depression, opportunistic infection in particular 
CMV and BK nephropathy

Sirolimus Binds to FKBP12, inhibits mTOR and blocks 
IL‑2‑driven cell proliferation

Delayed graft function, delayed wound healing, 
mouth ulcers, pneumonitis, increased proteinuria, 
peripheral edema and hyperlipidemia

Steroids Induces phospholipase A2 inhibitory proteins, 
inhibits arachidonic acid synthesis, inhibits 
prostaglandins and leukotrienes

Diabetes, delayed wound healing, peptic ulcers, 
psychosis, osteoporosis, infection, blurred vision, 
fluid retention, weight gain, acne and constipation

Tacrolimus Binds to FKBP12, inhibits calcineurin phosphatase 
and blocks T-cell activation

Post-transplantation diabetes mellitus, 
nephrotoxicity, thrombotic microangiopathy 
and neurotoxicity

Fingolimod (FTY720) Modulation of the spingosine-1-phosphate receptors Adverse events reported in up to 10.7% of patients. 
All related to mechanism of action and include 
cardiovascular and infections. Isolated cases of 
ischemic stroke, vascular occlusion and 
encephalopathy have been reported [119,131]

CMV: Cytomegalovirus; DHFR: Dihydrofolate reductase; NF-AT: Nuclear factor of activated T cell.
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open-label, multicenter trials [16,17]. Moreover, 
the median time to biopsy-proven acute rejection 
(BPAR) was >1 week longer in rATG induction 
than in non-induction recipients; however, it 
should be noted that there was no significant dif‑
ferences between induction and non-induction 
regimens in terms of patient or graft survival. 

Several randomized, multicenter studies 
report that the efficacy of rATG induction 
therapy is generally no different from that of 
basiliximab or low-dose daclizumab (anti-IL-
2R monoclonal antibodies [mAbs], described 
below) with regard to the incidence of BPAR, 
graft loss or death at 6 and 12 months post-trans‑
plantation, in the context of renal transplant 
recipients receiving triple immunosuppressive 
maintenance therapy [9,18,19]. These trials, how‑
ever, were not powered to show overall superior‑
ity of one agent over the other [10], but instead 
were focused on safety parameters [16] at different 
dosage levels [19]. More robust studies are needed 
that are designed to specifically evaluate the effi‑
cacy of rATG relative to IL-2R mAbs, in order 
to definitively establish the use of rATG with 
respect to these monoclonal agents.

Minimized maintenance 
immunosuppression
The considerable morbidity concerns associ‑
ated with long-term corticosteroid therapy have 
directed clinical studies to explore minimiza‑
tion of steroid use in maintenance immuno‑
suppression. Limited data in adult and pedi‑
atric renal transplant recipients indicate that 
effective immunosuppression may be achieved 
with rATG in combination with steroid-free 
immunosuppressive therapy or with those using 
early withdrawal of steroids [20–22]. Longer-term, 
prospective data with larger patient numbers 
are needed to fully assess the efficacy of such 
regimens. These studies do illustrate, however, 
that rATG cannot be regarded as a tolerance-
inducing therapy at present, but more as an 
immunosuppression-reducing agent; chronic 
maintenance therapy is still needed despite the 
lymphocyte-depleting effects of rATG.

Polyclonal effects
Polyclonal antibodies such as rATG have a 
nonspecific immunosuppressive action, which, 
although it results in profound lymphocyte 
depletion, can also lead to significant, undesir‑
able side effects. These may include serum sick‑
ness (influenza-like symptoms due to immune 
complex deposition after foreign protein admin‑
istration), neutralizing anti-rabbit (host response 

to nonhuman proteins), anti-idiotype antibody 
formation (antibody generation against the 
complementarity determining region), leuko‑
penia, thrombocytopenia, gastrointestinal dis‑
orders and cytokine-release syndrome (due to 
mass release of cytokines after opsonization and 
destruction of mature T cells). These adverse 
effects present substantial comorbidity for trans‑
plant recipients, particularly as clinical data are 
yet to provide sound evidence of prolonged graft 
or patient survival with the use of rATG as an 
induction agent.

Susceptibility to infection & malignancy
A major concern with immunosuppressive ther‑
apy in solid organ transplantation is the risk of 
infections, and indeed these (bacterial, viral, fun‑
gal and protozoal) may occur in patients receiving 
rATG in combination with other immunosup‑
pressive agents. Induction with rATG in combi‑
nation with tacrolimus- or cyclosporine-based 
therapy had significantly greater overall inci‑
dence of infection compared to non-induction 
therapy as reported in two large clinical trials 
[16,17]. The incidence of cytomegalovirus and her‑
pes simplex virus (HSV) in particular occurred 
in more rATG induction than non-induction 
recipients. In trials comparing rATG with other 
induction agents, the incidence of infection (bac‑
terial, viral other than cytomegalovirus [CMV] 
and urinary tract infections) in high-risk patients 
treated with rATG was significantly greater than 
in those treated with basiliximab. Most studies 
report the use of antiviral (and in some cases 
antibacterial and antifungal) prophylaxis, but 
despite these measures, the incidence of infec‑
tion with rATG remains significant. It should 
also be remembered that such prophylactic regi‑
mens carry their own adverse effects that can 
also significantly impact on patient morbidity. 
An increased risk of malignancies is also a con‑
cern with immunosuppressive therapy, but the 
incidence of malignancies such as post-transplant 
lymoproliferative disorder and de novo solid 
tumours is generally low with rATG induction 
and does not appear to differ from that seen with 
other agents [17–19,22–24].

Anti-CD52 mAb (alemtuzumab)
Anti-CD52 mAb (alemtuzumab) is a human‑
ized rat IgG directed against the CD52 antigen, 
which is expressed on 95% of peripheral blood 
lymphocytes, NK cells, macrophages and thy‑
mocytes [25]; thus almost all mononuclear cells 
are affected. The profound and long-lasting lym‑
phopenia produced after the administration of 
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one or two doses of alemtuzumab is probably 
partly explained by such abundance on mono‑
cyte cell surfaces. It should be noted that exam‑
ination of peripheral blood lymphocytes from 
human recipients post-alemtuzumab induction 
has identified a subset of T cells, predominantly 
CD4+ central memory cells, which survive 
despite alemtuzumab induction and appear 
largely resistant to depletion; these memory T 
cells were found to express lower CD52 lev‑
els than naive T cells [26]. CD52 is not pres‑
ent on granulocytes, platelets, erythrocytes or 
hematopoietic stem cells.

After binding to CD52, alemtuzumab causes 
cell death through several mechanisms: com‑
plement-mediated cytolysis, antibody-mediated 
cytotoxicity and apoptosis. While the plasma 
elimination half-life is approximately 12 days, 
its clinical effects are far more persistent. 
Lymphocyte depletion of >99% can be seen 
after a single dose [2], with lymph node deple‑
tion taking up to 3–5 days compared with <1 h 
seen in peripheral lymphocytes [27]. Different 
subpopulations display varying rates of recovery 
depending on the subpopulation of interest [2]: 
NK cells are almost unaffected and decrease only 
transiently (a population of CD52- NK cells has 
also been identified) [28]; monocyte and B-cell 
recovery can be observed at 3 and 12 months 
respectively; T-cell levels recover to only 50% 
of baseline at 36 months [29,30].

Clinical efficacy 
Alemtuzumab is a powerful antilymphocyte 
antibody that produces profound and long-last‑
ing lymphopenia. While originally thought to 
be used at increasing frequency, for induction in 
organ transplantation, with the aim of minimiz‑
ing maintenance immunosuppression, its future 
availability for transplant patients is being ques‑
tioned owing to rebranded exercises conducted 
by the manufacturer as part of their strategy to 
bring the drug to multiple sclerosis patients.

Alemtuzumab was first used in transplan‑
tation as an induction agent in 1998 [31], in 
13 renal transplant recipients who received low-
dose cyclosporine alone as maintenance therapy. 
At 6–12-month follow-up, patient and graft 
survival rates were 100% and there were two 
episodes of acute rejection. The 5-year results 
of the initial series [32], together with another 
20 patients who were subsequently enrolled, 
reported no significant difference in graft or 
patient survival, or acute rejection rates when 
compared with retrospective, contemporaneous 
control group of 66 renal transplant recipients 

who had received no induction, but triple 
immunosuppression therapy alone (cyclospo‑
rine, azathioprine and prednisolone). The study 
did also find, however, more episodes of late 
rejection in alemtuzumab-treated group. Indeed, 
severe lymphopenia and homeostatic cytokines 
are known to drive the rapid homeostatic prolif‑
eration of naive and memory T cells, and lym‑
phocytes generated under such conditions have 
been previously found to be potent alloreactive 
cells, inevitably triggering rejection in animal 
models [33]. Investigation of this phenomenon 
in human recipients by Trzonkowski et al. [26] 
illustrated that the recovery of the immune 
system post-alemtuzumab induction differed 
with respect to CD4+ and CD8+ T cells. While 
CD8+ T cells recovered to pretransplant levels 
by 6 months after alemtuzumab induction, the 
number of CD4+ T cells remained low, even at 
1 year post-transplant. The precise reasons and 
outcomes for this remain unknown, although 
CD8+ T cell versus CD4+  T cell competition 
may play a role [28].

Despite now considerable experience with this 
agent, largely in renal transplantation, there are 
few relatively small, randomized controlled tri‑
als available and thus interpretation of evidence 
is limited. In two such studies widely cited in 
the literature [34,35], acute rejection rates, renal 
function and patient and graft survival in alem‑
tuzumab recipients were all comparable with 
other induction or no induction regimens at 
6-month  [34] and 15-month  [35] follow-up. In 
addition, 75% [34] and 80% [35] of alemtuzumab 
recipients remained steroid free. Subsequent ran‑
domized trials and larger retrospective studies 
[13,29,36] corroborate these earlier findings, sup‑
porting the use of alemtuzumab as an induction 
agent with corticosteroid-free/withdrawal regi‑
mens. However, similar to ATG, alemtuzumab is 
unable to induce complete tolerance, and requires 
chronic maintenance immunosuppression to 
prevent rejection of allograft.

In autoimmune diseases, clinical testing of 
alemtuzumab began in the early 1990s when it 
was shown to be ineffective for the treatment 
of rheumatoid arthritis (RA). Alemtuzumab 
has been explored recently as a potential treat‑
ment for relapsing–remitting multiple scle‑
rosis (RRMS). In a Phase II trial involving 
334 patients with early RRMS, alemtuzumab 
significantly decreased the rate of clinical 
relapse, reduced the risk of sustained accumula‑
tion of disability, and lessened the T2-weighted 
lesion burden on MRI, compared with IFN-b1a 
treatment [37]. These apparent clinical benefits 
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came at a cost, however, as homeostatic periph‑
eral T-cell expansion following lymphocyte 
depletion triggered autoimmunity. Immune 
thrombocytopenic purpura occurred in 2.8% of 
the alemtuzumab-treated patients, causing death 
in one case. A further 20% of patients receiving 
alemtuzumab were diagnosed with autoimmune 
complications of the thyroid gland.

CNI dependence
In an effort to reduce the comorbidities of main‑
tenance regimens, several groups have looked 
at alemtuzumab induction and maintenance 
therapy without calcineurin inhibitor (CNI) 
agents. Unfortunately, results of pilot studies 
have been discouraging [29,38], with high acute 
rejection rates, (as much as 36% of recipients 
in one study). An attempt to induce donor 
allograft tolerance using alemtuzumab alone 
as an induction therapy with no maintenance 
immunosuppression at all resulted in 100% of 
patients developing acute rejection within the 
first month post-transplantation.

Review of rejection episodes that have occurred 
with alemtuzumab induction, particularly in the 
absence of CNIs, has highlighted some interest‑
ing findings. Several authors have reported that a 
number of these rejections demonstrate positive 
staining for C4d, indicative of acute humoral 
rejection [13,29,31,39]. Furthermore, examination 
of acute rejection biopsies taken from patients 
who have received both alemtuzumab induction 
and tacrolimus, revealed none that were humoral 
in origin. It has been postulated that depletion 
with alemtuzumab may cause dysregulation of 
B-cell function, with a resultant increased rate 
of acute humoral rejection [40]; this hypothesis 
needs further testing. Whatever the underlying 
mechanism for this phenomenon, one aspect 
is clear: alemtuzumab induction, despite its 
potency, is unable to prevent patient exposure 
to nephrotoxic CNI agents.

Susceptibility to infection
The profound lymphocyte depletion caused by 
alemtuzumab induction raises concerns with 
regard to susceptibility to opportunistic infec‑
tion. Infective risks with the use of alemtu‑
zumab in the treatment of hematological malig‑
nancies are well documented [41–43], although 
much higher doses at greater frequencies were 
administered to these patients than in trans‑
plantation. Studies looking at solid organ trans‑
plantation support the association of alemtu‑
zumab use with increased frequency of unusual 
infections [40,44–47].

A large, recent retrospective cohort study [48] 
has attempted to clarify the issue. A total of 1738 
patients were included, who underwent renal, 
liver or simultaneous pancreas kidney trans‑
plantation over a 3-year time period, having 
received induction with alemtuzumab, ATG or 
basiliximab. Strict inclusion criteria and clear 
definitions of viral, fungal and bacterial infec‑
tions were implemented. The investigators found 
that although overall risk of infection was not 
increased with the use of alemtuzumab and 
was in fact lower than basiliximab, the infec‑
tions that did occur were more severe and more 
likely to be disseminated, in particular candi‑
dal and CMV infection. Indeed, fungal infec‑
tions were associated with excess mortality in 
the alemtuzumab group. Interestingly, another 
group looked at alemtuzumab induction in liver 
transplantation, and included in their cohort 
hepatitis C-positive patients. As expected, these 
patients did significantly worse than hepatitis 
C-negative patients in both induction and non-
induction groups. However, in the depletional 
group, viral replication was frequently associated 
with alemtuzumab infusion; a marked increase 
in viral load was apparent in the 2 months fol‑
lowing depletional therapy. This may suggest 
that lymphocyte depletion may somehow allow 
unchecked viral replication and could also lead 
to an earlier and more aggressive recurrence of 
disease [49]. Thus, the benefit of lymphocyte 
depletion with such potent agents as alemtu‑
zumab should be balanced against the risk of 
severe infection.

�� Signal 1: blockade of 
antigen recognition 
Activation of the rejection response to allograft, 
as well as activation of the autoimmune response 
to self-antigen, hinges on the recognition of anti‑
gen by the host immune system. Targeting sig‑
nal 1 through the use of mAbs has been used in 
both transplantation and autoimmunity.

Anti-CD3 mAb
Muromonab-CD3 (OKT3), a mouse mAb 
binding to the CD3 component of the TCR 
signal-transduction complex, has been suc‑
cessfully used an induction agent for high-risk 
patients or for the treatment of corticosteroid-
resistant acute rejection episodes [50]. Originally 
considered to act through a depletional mecha‑
nism, the return of T-cell counts within 1 week 
of dosing, combined with its ability to induce 
cytokine release, suggest receptor modulation 
may play a bigger role in its immunosuppressive 
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effect [51,52]. Muronomab is no longer commer‑
cially available due to its propensity to induce 
severe adverse effects such as cytokine-release 
syndrome. OKT3 was removed from the mar‑
ket in 2008, due to the preference for ATG 
and Anti-CD52 agents. In an attempt to har‑
ness the positive aspects of anti-CD3 therapy, 
numerous attempts to humanize CD3 antibod‑
ies have been performed. These include tepli‑
zumab, a humanized OKT3 antibody, as well 
as otelxizumab and vizliximuab. Unfortunately, 
the biochemical engineering of these antibod‑
ies resulted in only moderate increases in the 
therapeutic safety. In 2011, all humanized 
anti-CD3 antibodies in development were ter‑
minated likely owing to toxicity and/or lack of 
efficacy issues. 

Anti-abTCR antibodies
Preventing signal 1 through the administration 
of anti-CD3 antibodies has been associated 
with significant drawbacks due to both cyto‑
kine release concerns and infectious compli‑
cations. While attempts to humanize rat- and 
mouse-derived anti-CD3 antibodies have been 
made, this strategy has not yielded a signifi‑
cant decrease in these issues. This is arguably a 
reflection of the highly mitogenic activity of the 
CD3 protein, which acts as the major signaling 
component of the TCR, through its immuno
receptor tyrosine-based activation motifs 
(ITAMS; reviewed in [53]). On the other hand, 
the abTCR does not contain these motifs, and 
as such may provide a more appropriate target 
for safer and more targeted T-cell modulation. 
Furthermore, specifically targeting the abTCR 
may also have the overall benefit of preserving 
gd T cells. While representing a small fraction 
of the total T-cell compartment, gd T cells have 
been shown to be important in fighting infec‑
tion. More importantly in the context of autoim‑
munity and transplant rejection, gd T may play 
a positive role in generation of immunological 
tolerance [54]. In animal models, anti-abTCR 
antibodies have successfully been utilized to 
treat EAE (an animal model of multiple sclero‑
sis), diabetes in NOD mice (an animal model of 
Type 1 diabetes), as well as in numerous mod‑
els of transplantation [55–59]. In addition, in the 
1990s, numerous anti-abTCR antibodies were 
tested in the clinic, mostly with favorable results 
compared with muronomab [57–68]. Today, there 
is one anti-abTCR product in clinical testing, 
TOL101, a murine IgM that is specific for the 
abTCR. No clinical data are currently avail‑
able for this drug; however, in vitro studies with 

TOL101 suggest that this antibody is capable 
of modulating, in a nondepletional fashion, the 
abTCR without triggering T-cell proliferation 
or cytokine release (Figure 2). Phase II clinical tri‑
als with TOL101 are ongoing and expected to 
be complete in 2012. 

�� Signal 2: blockade of costimulation
In a clinical setting, the inhibition of full T-cell 
activation by costimulatory blockade is an 
attempt to promote anergic tolerance induc‑
tion while avoiding the many adverse effects of 
non‑specific immunodepletion.

Cytotoxic T‑lymphocyte-associated 
antigen 4 immunoglobulin
Cytotoxic T‑lymphocyte-associated antigen  
(CTLA)-4 is an inducible, T-cell surface antigen 
that, when bound to CD80/86 receptor:ligand, 
delivers inhibitory signals to the activated 
T cell. Belatacept is a fusion protein combining 
the extracellular binding domain of CTLA-4 
with the Fc portion of IgG

1
, with specificity 

for CD80/86 expressed on APCs. Ligation of 
CD80/86 by CD28 (a surface antigen consti‑
tutively expressed on T cells) usually lowers the 
activation threshold of these immune cells. Two 
CTLA-4 therapies exist, abatacept (approved for 
use in RA) and belatacept, with the latter rep‑
resenting a modified molecule that has a higher 
affinity and slower dissociation rate from human 
CD80/86 molecules, resulting in inhibition of 
the costimulation required for effective T-cell 
activation [69]. 

CTLA-4-Ig (abetacept) has been shown 
in large clinical trials to reduce the signs and 
symptoms of RA as well as slow radiological pro‑
gression of joint damage [70–71]. However, in a 
randomized, placebo-controlled, Phase II trial, 
this agent failed to show treatment efficacy in 
patients with non-renal lupus on a background 
of oral corticosteroid therapy. This illustrates 
that costimulatory blockade is not a panacea for 
T-cell-mediated autoimmunity in general.

In the clinic, costimulatory blockade has 
been used more as a selective immunosuppres‑
sive agent to prevent acute rejection of allograft, 
or as an alternative to CNIs. Phase III clini‑
cal trials testing the ability of belatacept versus 
cyclosporine in renal transplantation patients 
has reported promising results with excellent 
low acute rejection rates and excellent protec‑
tion of renal function. However, the incidence 
of post-transplant lymoproliferative disorder was 
reportedly higher in patients receiving higher 
doses of belatacept [72–74]. This observation 
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may have provided the impetuous for the US 
FDA to look for longer follow-up data to con‑
firm this drugs safety profile before it makes its 
final decision on whether to approve belatacept 
for approval or not. The approval of belatacept 
may represent a novel step toward CNI-free 
maintenance therapy.

The complexities of the human immune 
system present significant difficulties to the 
translation of such agents into clinical practice: 
in vivo work indicates memory and cytotoxic 
T  cells have different costimulation require‑
ments for complete activation, and furthermore, 
such blockade may also affect the function of 
regulatory T cells [75,76].

�� Signal 3: blockade of  
proliferation/differentiation
Activated T cells produce cytokines such as 
IL-2, which in turn binds to IL-2 receptors 
(IL-2Rs) that are expressed only on the surface 
of activated cells and are not present on rest‑
ing T cells. IL-2R is composed of three high-
affinity transmembrane protein subunits: a- 
(CD25), b- (CD122) and g- (CD132) subunits, 
which are covalently linked. The a-subunit is 
specific to IL-2R only, and it is the binding of 
a- and b-subunits that is crucial to IL-2 sig‑
nal transduction and T-cell activation, which 
subsequently leads to proliferation and clonal 
expansion of T and B cells specific to allo- or 

36-h pulse 72-h pulse

TOL101
(µg/ml)

OKT3
(µg/ml)

TOL101
(µg/ml)

OKT3
(µg/ml)

0.9  9  900.09 0.9  9  90

100,000

80,000

60,000

40,000

20,000

100,000 1500

1000

mAb concentration (µg/ml)

500

IFN-γ

0

20,000

mAb concentration (µg/ml)

IL-6

PMA
Media only
TOL101
OKT3

TNF

mAb concentration (µg/ml)

p
g

/m
l

p
g

/m
l

p
g

/m
l

15,000

10,000

0.09

5000

0

0.090.9
0

0.09
0.090.90.99 0.99 9

0.09
0.090.9 90 909 0.99 9

80,000

60,000

40,000

20,000

0

C
o

u
n

ts
 p

er
 m

in
u

te
100,000

80,000

60,000

40,000

20,000

0

C
o

u
n

ts
 p

er
 m

in
u

te

P
M

A
 +

 io
no

m
yc

in

P
M

A
 +

 io
no

m
yc

in

M
ed

ia

M
ed

ia 0.9  90.09  0.9 9

Figure 2. In vitro proliferation assays using freshly isolated human peripheral blood monocyte incubated with OKT3, 
TOL101, media alone (negative control) or phorbol 12-myristate 13-acetate and ionomycin (positive control). After (A) 36 h 
or (B) 72 h, tritiated thymidine was added to the cultures for 12 h, after which the plates were harvested and the incorporation of 
thymidine measured as a reflection of the mitogenic capacity of each treatment. While OKT3 and PMA and ionomysin induced 
significant T-cell proliferation, TOL101 did not. The inability to induce T-cell proliferation was also reflected in a lack of proinflammatory 
cytokine: (C) IFN-g, (D) TNF and (E) IL-6. Data presented are the mean and standard deviations from three individual patients’ PBMCs. 
These experiments have been repeated over three times with over nine independent donors. 
mAb: Monoclonal antibody; PBMC: Peripheral blood monocyte; PMA: Phorbol 12-myristate 13-acetate.
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self-antigen. These cells are also stimulated 
to release more IL-2, further activating the 
immune response.

Anti-IL-2R mAb (basiliximab 
& daclizumab)
Basiliximab (chimeric form) and daclizumab 
(humanized form, currently unavailable) are 
commonly used in solid organ, namely renal, 
transplantation in low-risk recipients (usu‑
ally based on transplant center specific crite‑
ria, including first allograft, living donor and 
low immune reactivity to a panel of antigens) 
[77,78]. As these drugs specifically target acti‑
vated T  cells, they do not cause significant 
lymphocyte depletion and are not associated 
with major adverse effects compared with 
lymphocyte-depleting agents. However, it is 
important to remember that other types of 
T cells, including regulatory T cells, also express 
CD25 and therefore the use of these agents may 
also impact some of the natural mechanisms 
of immunoregulation.

Basiliximab binds to IL-2R with similar affin‑
ity as IL-2, thereby effectively competing with 
IL-2 and subsequently inhibiting IL-2-driven 
T cell-driven proliferation. Basiliximab has a 
high volume of distribution, almost completely 
saturating IL-2R on peripheral lymphocytes 
within 24 h of a single dose of 2.5–25 mg in renal 
transplant recipients [79]. The half-life in adults is 
approximately 13.4 days, and IL-2R saturation 
and suppression can last for 4–6 weeks [80]. 

Clinical efficacy
Two meta-analyses evaluating the efficacy and 
safety of basiliximab in renal transplant recipi‑
ents have been published [77,81]. Both studies 
showed that basiliximab was more effective 
than placebo in reducing acute cellular rejection 
6 months after transplantation; the relative risk 
of acute rejection at 6 months was reported to be 
decreased by 35–49% in patients receiving basi‑
liximab in both studies. However, both meta-
analyses illustrated no significant differences in 
patient or graft survival rates between basilix‑
imab and placebo groups at 1 year after trans‑
plantation. These findings are echoed in other 
randomized, double-blind, placebo-controlled 
trials [77,81–83]. 

Several randomized trials have examined the 
safety profile of basiliximab [82,84–86], and have 
reported no significant difference in type, inci‑
dence or severity of adverse events in patients 
who received basiliximab compared with pla‑
cebo. The mAb is minimally immunogenic, and 

rates of adverse events, malignancy and infec‑
tion are all comparable with placebo [82,87–90], 
and even reduced when compared with other 
induction agents [10,18,91].

IL-2R monoclonal antibodies have also been 
examined in the context of autoimmune dis‑
ease. In an open-label trial involving 15 subjects 
with RRMS, daclizumab treatment was asso‑
ciated with a reduction in MRI brain activity 
[92], but was also associated with a reduction in 
the frequency and suppressive activity of cir‑
culating CD4 CD25 FoxP3 T regulatory cells 
[93]. However, the relevance of these seemingly 
paradoxical observations is uncertain in light of 
the absence of information about the status of 
T regulatory cells in the CNS.

Minimized maintenance 
immunosuppression
The highly selective and short-term immuno
suppressive effects of basiliximab, which is con‑
fined to the highly immunogenic period imme‑
diately post-transplantation, makes this class 
of drug a useful substitute to steroids in early 
steroid withdrawal/steroid-free regimens, as 
illustrated in studies with liver transplantation. 
Several prospective clinical trials using basilix‑
imab induction to facilitate early steroid with‑
drawal or complete steroid avoidance after kid‑
ney transplantation were tried and proven safe 
[94,95]. However, similar to alemtuzumab, the 
use of complete CNI avoidance protocols should 
be practised with extreme caution; in two stud‑
ies in which CNIs were withheld for longer than 
a very short period, despite adequate immuno‑
suppression with IL-2R mAbs, mycophenolate 
mofetil (MMF) and steroids, the acute cellular 
rejection rates after renal transplantation were 
much higher than with CNI use [96,97]. Thus, 
in line with ATG and alemtuzumab, basilix‑
imab should be considered immunosuppression 
minimizing, rather than tolerance inducing. 
Patients are still exposed to chronic adminis‑
tration of maintenance immunosuppression and 
its associated co-morbidities.

High-risk patients
Brennan et al. reported an international study 
comparing a short course of ATG globulin 
(n = 141) and basiliximab (n = 137) in patients 
at high risk for acute rejection or DGF who 
received a deceased-donor renal transplanta‑
tion [24]. Both groups received cyclosporine, 
MMF and steroids for maintenance immuno‑
suppression. The ATG group, as compared with 
the basiliximab group, had lower incidences of 
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BPAR (16 vs 26%; p = 0.02 at 1 year) and anti‑
body-treated BPAR (1.4 vs 8%; p = 0.005 at 
1 year). The ATG group and basiliximab group 
had similar incidence of DGF, graft survival and 
patient survival. The incidences of all adverse 
events, serious adverse events and cancers were 
also similar between the two groups at 1 year. 
Longer-term data from a 5-year retrospective 
analysis [98] of this study support these find‑
ings, which suggests that the incidence of acute 
rejection is comparable with IL-2R mAb and 
ATG in kidney transplant recipients at low 
immunological risk, but the risk of rejection 
may be higher with IL-2R mAb in patients at 
high risk.

�� Small-molecule maintenance 
immunosuppression
The use of powerful induction therapies such 
as those described previously have done much 
to reduce the incidence of acute rejection in 
solid organ transplantation, as well as to allevi‑
ate symptoms and disease progression in some 
autoimmune conditions. Despite the introduc‑
tion of such potent agents, however, clinical 
evidence strongly supports the use of life-long 
maintenance immunosuppression in the vast 
majority of patients to prevent acute rejection 
of allograft or disease relapse in conditions such 
as RA, systemic lupus erythematosus, psoriasis 
and Wegener’s granulomatosis. Maintenance 
regimens generally consist of CNIs, which 
block alloantigen-dependent T-cell activation, 
and/or antiproliferative agents [99,100] as well 
as corticosteroids. These immunosuppressive 
drugs often target the immune response nonspe‑
cifically, and can lead to unwanted side effects 
including non-immunological complications, 
which in turn significantly contribute to patient 
morbidity and mortality (Table 1). In addition 
to approved agents, there are numerous small 
molecules in clinical testing. Two of the more 
promising agents are tofacitinib (CP 690,550) 
and sotrastaruin (AEB071) [101].

Tofacitinib (CP 690,550)
Cytokine signaling is key to potentiating auto‑
immunity and allograft rejection. Cytokines 
signal through two major types of cytokine 
receptors, referred to as type 1 and 2. These 
distinct membrane-bound proteins inherently 
lack the ability to directly trigger downstream 
events, and instead rely on their association 
with the cytoplasmic protein tyrosine kinases 
known as Janus kinases (JAK), named after 
the Roman god of doorways, Janus [102]. There 

are three known JAKs, which, when triggered 
by cytokine activation of the cytokine recep‑
tor, will mediate phosphorylation of the cyto‑
plasmic tail of the receptor. In turn, this will 
attract the recruitment of signal transducers and 
activators of transcription (STATs), which are 
also phosphorylated by JAKs. Phosphorylated 
STATs translocate into the nucleus, where they 
directly regulate gene expression [102]. The 
combination of JAK and STAT involved in cel‑
lular signaling has a significant impact on cell 
function. For example, it is known that JAK3 
plays an essential role in IL-2R signaling, as 
it is only associated with the IL-2R common 
g-chain, which is used by numerous cytokines 
important for T-cell function. Clearly, an agent 
specifically capable of modulating components 
of the JAK–STAT pathway would have utility in 
transplantations and autoimmunity. In support 
of this notion, there are numerous JAK inhibi‑
tors in the pipelines of pharmaceutical compa‑
nies. Toficitinib is in the advanced stage of the 
drug development process.

Recent studies in renal transplant patients 
showed that tofacitinib therapy, when combined 
with IL-2R induction, mycophenolic acid and 
steroids, was as effective as tacrolimus in this 
regimen [103–107]. In addition, toficitinib has 
exhibited promising results in a Phase II trial 
in RA, with up to 80% of patients display‑
ing a significant reduction in disease [108,109]. 
However, continuing the trend for all immune 
suppression-based therapies, the development 
of infections and other adverse events remain a 
concern. A recent study has shown that tofaci‑
tinib inhibits both JAK1 and 3, and is capable 
of interfering with Th1, Th2 and Th17 dif‑
ferentiation and effector function [110]. These 
data, combined with the findings from the renal 
transplant study showing high doses of this 
agent result in increased numbers of infectious 
complications, support the need for further 
monitoring and examination of the safety profile 
of this and other JAK inhibitors in development.

Sotrastaurin (AEB071)
Protein kinases, through their ability to cata‑
lyze the phosphorylation of serine, threonine 
and tyrosine residues, play essential functions 
in many immunological processes including 
T-cell functions such as proliferation, differ‑
entiation and cytokine production. Owing to 
the importance of T cells in driving allograft 
rejection and autoimmune processes, protein 
kinases have long been considered an ideal 
therapeutic target to prevent allograft rejection 
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and autoimmunity. However, specificity has 
been an issue, as there are over 500-related 
protein kinases (reviewed in [111], and most 
agents used to inhibit protein kinase activity 
do so through interference at a conserved ATP-
binding site. However, sotrastaurin (AEB071), a 
low molecular weight, orally administered com‑
pound, is argued to block early T-cell activation 
through the specific inhibition of classical and 
novel protein kinase C isoforms. Preclinical 
in vitro testing demonstrated that sotrastaurin 
was capable of inhibiting T-cell activation and 
IL-2 production [101]. Furthermore, in rodent 
and monkey transplant models, sotrastaurin, 
alone or in combination with other agents, was 
capable of preventing heart and kidney allograft 
rejection [101,112,113]. 

In transplantation, the ability for sotrastaruin 
to suppress T-cell responses independently of 
the calcineurin pathway was originally thought 
be a significant advantage that may have paved 
the way for CNI-free maintenance suppres‑
sion. However, early testing of sotrastaurin in 
combination with mycophenolic acid, without 
any CNIs, actually resulted in increased acute 
rejection rates [101]. Subsequent trials have 
since shown that when combined with CNIs, 
sotrastaurin is as effective as CNI and mycophe‑
nolic acid together, suggesting that sotrastaurin 
may provide an alternative to mycophenolic acid 
in the long term [101]. From the perspective of 
autoimmune disease therapy, sotrasturin has 
been tested in a limited protocol in psoriasis 
patients, where in the short term is reduced 
clinical severity of disease by 69% over base‑
line after 2 weeks of therapy [114]. Further clini‑
cal development is required to determine the 
long-term safety and efficacy of sotrastauin in 
autoimmunity and transplant patients.

Transplant tolerance through 
mixed chimerism & other 
cell‑based strategies
Current therapeutic strategies to manipulate 
the immune response are certainly capable of 
reducing autoimmunity and reducing short-
term rejection rates; however, they are asso
ciated with significant adverse events, and in 
the case of transplantation have yielded little 
reduction in long-term rejection rates. Recently, 
in the transplant setting, there has been a shift 
to include concurrent cell infusions, broadly 
defined as hematopietic cell transplant (HCT), 
at the time of organ transplantation as a means 
to induce tolerance. In animal models of auto‑
immunity, infusion of apoptotic cells such as 

those induced through ethylene-carbodiamide 
cross-linking (ECDI-coupled cells), have shown 
promise. These strategies attempt to induce 
long-lasting immune tolerance, without the 
need maintenance immune suppression. 

�� Hematopoietic cellular 
transplantation
Medawar, in 1953, originally showed that the 
infusion of allogenic cells into fetal or neona‑
tal mice promoted tolerance between MHC-
mismatched individuals. In his studies, Medawar 
proved that donor and recipient leukocytes can 
coexist without rejection or graft-versus-host dis‑
ease development [115]. This particular phenom‑
enon, whereby donor and recipient leukocytes 
coexist, is known as mixed chimerism. This 
popular area of tolerance research has been well 
described by several authors [116–118]; here, we 
briefly describe some of the clinical data and pro‑
tocols that may allow for maintenance immune 
suppression-free transplantation.

The idea that mixed chimerism through bone 
marrow transplant could occur was supported 
by the observance that human bone marrow 
transplant patients who later received an organ 
transplant from the same donor accepted the 
organ, without the need for chronic immune 
suppression [119]. Since this observation, numer‑
ous studies have investigated the ability to use 
hematopoietic cellular transplant concurrently 
with solid organ transplant to induce trigger a 
state of allograft tolerance. However, the major 
limitation in broad utilization of HCT/organ 
transplant therapy has been the toxicity of con‑
ditioning regimens used to generate a favorable 
environment to allow for bone marrow engraft‑
ment. Classically, this has involved a combina‑
tion of intense irradiation, immune cell deple‑
tion as well as immune suppression. Relative 
to currently utilized organ allograft rejection 
agents, these conditioning therapies carry a 
higher-risk profile for severe complications, and 
have thus hampered the development of HCT as 
a tool in transplantation. As a result, clinicians 
have spent much of the last decade pioneering 
less toxic conditioning regimens that may allow 
for safer HCT. 

In one such study, Kawai and colleagues 
combined cylophosphamide, anti-CD2, cyclo‑
sporine and thymic irradiation prior to kidney 
transplantation, with donor bone marrow infu‑
sion subsequent to kidney transplant. Using this 
nonmyeloablative perioperative regimen, mixed 
chimerism was induced and stable renal allograft 
function without the need for maintenance 
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immune suppression has been recorded for up 
to 5 years [120]. Examination of the immuno‑
logical response during and after these therapies 
shows that the generation of chimerism is critical 
for long-term tolerance, but is not a guarantee. 
Using a similar regimen to that described by 
Kawai and colleagues, with the addition of anti-
CD20 to the nonmyeloablation pre-transplant 
protocol, showed that multilineage chimerism 
was transient and undetectable at 14 days post-
bone marrow transplant. Nonetheless, at day 24, 
the antidonor T-cell response, as measured by 
limiting dilution analysis, was described to 
be nondetectable, while third party response 
remained intact [121]. 

Unfortunately, the work performed by these 
groups used anti-CD2 antibodies that are no 
longer in clinical development or available 
commercially. Therefore, testing using agents 

currently available or in clinical development 
will be necessary. These research should include 
antithymocyte globulin, CTLA4-Ig as well as 
anti-abTCR. Experimental studies, including 
those using anti-abTCR antibodies [122–124], 
suggest that these may provide a useful alter‑
native in the endeavor of combining HCT with 
solid organ transplant. 

�� ECDI-coupled cell tolerance
In 1979, Miller and Claman reported that 
murine immune reactions against a model 
antigen could be prevented if the antigen was 
covalently linked to splenic leukocytes (using a 
chemical cross-linker) and administered to recip‑
ient animals [125]. In the intervening 30 years, 
this technique (termed ‘antigen-coupled cells’) 
has been successfully applied to several models 
of autoimmunity (including EAE and an animal 

Executive summary

�� Current clinical tools in use for immune suppression in T-cell-mediated autoimmune disease and organ transplant have improved 
outcomes in these indications, but are still associated with adverse effects and would be improved by increased target specificity.

�� T-cell tolerance is a major goal in the clinical treatment of both T-cell-mediated autoimmune disease and organ transplant rejection, the 
immunopathologic mechanisms of which are similar to one another.
–	 T-cell tolerance refers to a state of specific nonresponsiveness to antigen.

–	 T-cell tolerance to self- or allo-antigen is the goal of tolerance-inducing therapies in the treatment of autoimmune disease or in the 
prevention/treatment of allograft transplant rejection, respectively.

–	 Basic mechanisms of T-cell tolerance include deletion, anergy, immunoregulation, clonal exhaustion and ignorance.

�� Clinically, therapeutic interventions in transplantation and T-cell-mediated autoimmune disease are based either on immunodepletion 
or on blockade of one of the three steps of T-cell activation – antigen recognition (signal 1), co-stimulation (signal 2) and 
proliferation/differentiation (signal 3). 
–	 Immunodepletion: antithymocyte globulin (ATG; a polyclonal IgG preparation that depletes T cells, B cells, dendritic cells, NKs, 

endothelial cells and others) and alemtuzumab (a monoclonal anti-CD52 antibody that depletes almost all mononuclear cells) are 
currently widely used clinically and are effective but associated with side effects that appear to be related to the broad 
immune depletion.

–	 Blockade of antigen recognition (T-cell receptor complex antibodies): while anti-CD3 antibodies were in use for some time in 
transplantation, their use has largely been replaced by ATG and alemtuzumab. Anti-abTCR antibody is currently in clinical testing 
in transplantation.

–	 Blockade of costimulation: CTLA-4-Ig therapies interfere with costimulation through the CD80/86–CD28 pathway.

–	 Blockade of proliferation/differentiation: anti-IL-2R antibodies are currently used in transplantation (generally in low-risk patients) 
and have been clinically tested in autoimmune disease.

�� In most cases, maintenance immune suppression in the form of calcineurin inhibitors, antiproliferative agents and/or corticosteroids is 
also administered to transplant patients and relapsing autoimmune disease patients.
–	 These maintenance immune suppression agents are nonspecific and tend to be associated with unwanted side effects.

–	 Tofacitinib is a promising small-molecule maintenance immune suppression agent currently in clinical testing; this agent is a JAK 
inhibitor and therefore targets various aspects of immune cell activation.

–	 Sotrastaurin is a small-molecule inhibior of protein kinase C and is an example of another promising small-molecule maintenance 
immune suppression agent currently in clinical testing.

�� Transplant tolerance through mixed chimerism and other cell-based strategies has recently shown promise in both transplantation and in 
animal models of autoimmunity.
–	 The goal of cell-based tolerance strategies is to induce immune tolerance and avoid the use of maintenance immunosuppresion.

–	 Hematopoietic cell transplant is conducted via transfer of bone marrow following a conditioning regimen generating a favorable 
environment for bone marrow engraftment. The major drawback of this strategy is the toxic nature of the conditioning regimens. 

–	 ECDI coupled-cell tolerance is a method of inducing specific T-cell tolerance through infusion of leukocytes covalently linked (via the 
chemical ECDI) to the peptides/proteins against which tolerance is desired. This method of tolerance is currently being tested 
clinically in multiple sclerosis patients.
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