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Abstract
The known role of mammalian target of rapamycin
(mTOR) in the immune response has been rapidly
evolving, from what was once thought to be a simple
immunosuppressive antiproliferative effect on T cells
to a very complex central role that serves to integrate
multiple signals given to T cells, B cells and antigenpresenting cells. The complexity of this topic is
demonstrated by recent data suggesting that mTOR
inhibition can either inhibit or promote certain aspects
of immune responses, depending on the nature of the
antigenic stimulus, and the environmental conditions
cueing the cellular immunological players. There is
even evidence that, under mTOR inhibition, an immune
response to one foreign entity (for example, an
organ transplant) may be simultaneously completely
different to that of another (for example, tumour or
microorganism). To understand how this might be
possible, it is necessary to investigate the central role
that mTOR seems to have in shaping the immune
response. This review is aimed at examining how mTOR
controls the development and function of key immune
cells, and puts this information primarily in the context
of organ transplant rejection and post-transplant
malignancy.
Keywords: mammalian target of rapamycin, posttransplant malignancy, T cells, B cells, dendritic cells,
organ transplantation
Immunity, immunosuppression and
post-transplant malignancy
A relationship between the use of general immunosuppressive drugs to prevent allograft rejection and the
development of cancer after organ transplantation has
been recognised for decades. The scientiﬁc transplant
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community has developed a growing concern about
cancer, since post-transplant malignancy has emerged as
a leading cause of morbidity and mortality, especially in
patients who have a high or long-term exposure to
immunosuppression [1,2]. There are diﬀerent explanations for why post-transplant malignancy occurs more
frequently in this pharmacologically immunosuppressed
population, including enhancement of tumour invasive
properties [3] and reduction in DNA repair mechanisms
[4]. However, the most discussed mechanism is the
seemingly obvious eﬀect of suppressing the ability of
immune cells to detect and eliminate cancer as it
develops (immune surveillance). Although one might be
intuitive to hypothesise that all immunosuppressive
drugs will have the same suppressive eﬀect against
tumour immunity, recent research suggests that this may
not be the case. New basic questions have therefore been
raised, including the following: how do mammalian target
of rapamycin (mTOR) inhibitors aﬀect the development
of speciﬁc immune cells that are most critical to produce
an eﬀective anti-tumour immune response? Do the
various immunosuppressive drugs aﬀect these cells
diﬀerently? Is it possible to enhance an immune response
towards a tumour, while at the same time inhibiting
immunity towards a transplanted allograft? Since the
most common tumours that develop in transplant recipients are virally associated [5], how do mTOR inhibitors
inﬂuence speciﬁc viral infections in these patients?
Certainly intriguing is the fact that speciﬁc immune
responses formed simultaneously against an allograft and
a (immunogenic) tumour may be diﬀerent in nature, and
are likely to be altered signiﬁcantly by various immunosuppressive substances, depending on the answers to the
questions posed above. The present review focuses on
new evidence that the mTOR pathway is uniquely
positioned to aﬀect the diﬀerential development of
lymphocyte subpopulations, as well as the maturation of
antigen-presenting cell (APC) populations, all of which
are critical in the formation of immune responses
towards organ transplants and tumours. Interestingly,
some of the aﬀected immune cell types sway immunity
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towards suppressive regulation, and others enhance
eﬀector cell capabilities. With regard to organ transplantation recipients, the ideal overall eﬀect sought therapeutically is complex, and demanding, in that it is
desirable to minimise the immune response against the
allograft, while at the same time enhancing immunity
against tumours (and infectious microorganisms).
Although this suggestion appears to be mutually exclusive, there are reasons to believe that the development of
such a diametrically opposing response to an organ
transplant and a tumour or microorganism may be
possible. In this article the eﬀects of mTOR inhibitors on
diﬀerent cellular components of the immune system are
reviewed. The aim is to put forward the latest information
regarding the eﬀects of mTOR inhibition on immunity in
the context of reducing the complex problem of posttransplant malignancy in transplant recipients.

Immunosuppressive and immunomodulatory
effects of mTOR inhibitors
Inhibitors of mTOR have been used for more than a
decade as immunosuppressive agents to prevent organ
transplant rejection. Early mechanistic studies on rapamycin pointed towards a rather simple explanation for
the immunosuppressive eﬀect, in that the mTOR pathway
was found to be essential for the cell proliferation signal
(often referred to as signal 3) triggered by IL-2, thus
preventing the expansion of donor-speciﬁc T cells
activated through the T-cell receptor [6]. This immunosuppressive eﬀect contrasts in general with calcineurin
inhibitors (CNIs), which act by preventing the initial activation (signal 1) of T cells [7]. While our overall mechanistic understanding of the basic suppressive activity of
CNIs is still generally accepted, new data suggest that the
suppressive eﬀect of mTOR inhibition on immune cells is
very complex and probably does not rest primarily on
inhibition of T-cell proliferation.
Recent mechanistic investigations indicate that mTOR
plays a central role in the diﬀerentiation of T-cell subsets,
and also controls aspects of B-cell and APC development.
In fact, mTOR is a critical regulator of the immune response because it acts as a central node for sensing nutrient
availability, cytokine/growth factor signalling and costimulatory factors (Figure 1). Indeed, mTOR is in a unique
intracellular signalling position to integrate all of these
factors so cells can eﬀectively and properly balance cues
from the ever-changing microenvironment, such as those
induced by microbiological (for example, bacterial, viral)
or allogeneic (for example, organ transplant, tumour)
challenges.
Role of mTOR in immune cell development – T cells
T cells are critically involved at nearly all levels of any
immune response. While the primary eﬀect of mTOR
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Figure 1. Integration of various signals through mammalian
target of rapamycin in lymphocytes. PTEN, phosphatase and
tensin homolog; Rheb, Ras homolog enriched in brain; TSC, tuberous
sclerosis.

inhibition on T cells was initially attributed to blockage
of IL-2 proliferation-inducing signalling, hints that this is
not the only eﬀect have become evident. One clue was
that the initial ﬁnding that rapamycin treatment induces
T-cell anergy (lack of responsiveness) through inhibition
of proliferation [8,9] was later found to be independent of
this anti-proliferative eﬀect, and rather to be due to a
direct inhibitory eﬀect on mTOR itself [10]. Subsequent
investigations into the link of mTOR to T-cell metabolism, and to transcription factors that are now recognised
to control T-cell subset diﬀerentiation, opened new views
towards mTOR inhibitor eﬀects on the immune response.
Regarding metabolism, mTOR’s central role comes
directly into play because activated lymphocytes primarily use glycolysis for energy due to their need to
produce proteins, nucleotides and lipids that are essential
for the generation of key biosynthetic substrates [11,12];
the shifting from mitochondrial respiration to glycolysis
(referred to as the Warburg eﬀect) is similar to that which
occurs in cancer cells. Interestingly, mTOR as a regulator
of metabolism provides links to lymphocyte activation in
this context. One example is that T-cell co-stimulation
via CD28 triggers the activation of signalling molecules
upstream of mTOR that promote expression of necessary
membrane glucose transporters. In general, one can state
that inhibition of cell metabolism through mTOR leads to
inhibition of T-cell-mediated immunity. The importance
of this idea cannot be overstressed since it has been
shown, for instance, that T-cell anergy is due at least in
part to decreased mTOR activation [13]; if mTOR is
resistant to reactivation in an anergic state, then the
required metabolic machinery is not going to be available
and the cell will remain anergic to otherwise stimulatory
signals. Indeed, substances such as metformin and
AICAR, which mimic energy depletion and activate
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AMPK (an inhibitor of mTOR), promote T-cell anergy
[13-15]. Cell metabolism, mTOR and the immune response currently constitute an intense area of basic
research that has substantial therapeutic potential and
implications.
The diﬀerentiation of CD4 and CD8 T-cell populations
has a major impact on the development of any immune
response to allogeneic transplants or tumour entities.
Recent data demonstrate an important role for mTOR in
determining the T-cell diﬀerentiation pattern (Figure 2).
To understand this role better, ﬁrst it is necessary to
recognise that mTOR is part of two large complexes,
referred to as mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2), where mTORC1 is directly inhibited by rapamycin while mTORC2 is only indirectly and
partially inhibited with long-term exposure to the drug.
Second, it is helpful to know that diﬀerentiation of Th1,
Th2 and Th17 T-helper cell subsets is regulated by the
lineage-speciﬁc transcription factors T-bet, GATA-3 and
RORγt, respectively. Considering this background information, recent experimental models suggest that blocking
of mTORC1 with rapamycin, or by knocking out essential
components of the mTORC1, a Th2 polarised T-cell
dominance develops; whereas knocking out mTORC2
polarises the T-helper immune response towards Th1
and Th17 cell development [16]. Most interestingly,
blocking both mTOR complexes leads to the generation
of a Foxp3+ T-regulatory (Treg) cell expansion. Moreover,
these Treg cells are resistant to apoptosis [17]. Indeed,
Treg cells appear in general to require less mTOR activity,
which is consistent with the reduced metabolic demands
for these cells compared with eﬀector T cells [18].
Interestingly, although Treg cells depend on IL-2 for
proliferation, IL-2 stimulation results in high levels of
STAT5 phosphorylation, rather than activation of mTOR
[19], suggesting that diﬀerent T-cell subpopulations
depend on alternate signalling pathways for expansion
and survival. In terms of therapeutic application of mTOR
inhibitors, research suggests that the diﬀerential eﬀects
summarised above depend substantially on the dose,
duration and timing of the drug application [20-22],
indicating that more is to be learnt about how best to apply
mTOR inhibitors to suit the clinical purpose intended.
Some of the same eﬀects apply to CD8+ cells regarding
mTOR dependence. For instance, activation of CD8+ cells
also primarily depends on glycolysis [23], and diﬀerentiation of eﬀector CD8+ cells requires mTORC1-dependent
T-bet expression [24]. Most critically, mTOR is involved
in the transition of eﬀector to memory CD8+ T cells
(Figure 2), and this appears to rely on conversion of T-bet
to eomesodermin transcription factor expression [24-26];
blocking mTOR with rapamycin has this exact eﬀect, and
therefore promotes the development and sustenance of
memory T cells that transition eﬃciently into eﬀector
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Figure 2. Selective mammalian target of rapamycin complex
1/2 blockade leads to differential development of T-cell
subpopulations. Selective blockade of mammalian target of
rapamycin complex 1 (mTORC1) and mammalian target of rapamycin
complex 2 (mTORC2) leads to differential development of T-cell
subpopulations. Tregs, T-regulatory cells.

cells highly capable of producing immune responses to,
for instance, tumours [24]. Similar to Treg cells, memory
CD8+ T cells depend on mitochondrial oxidative phosphorylation for energy (rather than glycolysis) and are
driven by STAT5 signalling. One perplexing question is
therefore whether mTOR inhibition increases immunity
to viruses, bacteria and tumours, while at the same time
protects organ transplants from rejection.
Recent data suggest that rapamycin treatment augments CD8+ T-cell memory responses towards viruses.
This eﬀect has been demonstrated by impressive boosting
of vaccination responses both in mice [27,28] and in nonhuman primate studies [29]; in the nonhuman primate
experiments, immunosuppressive doses of sirolimus
promoted CD8+ T-cell memory towards vaccinia virus,
while CNI use did not. Indeed, it is ironic that an
immunosuppressive agent is being considered for
boosting vaccination responses in humans. Another
interesting aspect of this research is that viral infections
(for example, human papillomavirus, hepatitis B/C,
Epstein–Barr virus, human herpesvirus 8) are associated
with the most common post-transplant malignancies,
suggesting that a boost in immunity to these viruses
could aﬀect cancer development. Moreover, several
recent experimental studies indicate that rapamycin
administration directly enhances memory T-cell formation against tumours [22,24]. This is an observation we
have also been able to conﬁrm in the laboratory [30], and
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we can add that CNIs do not support memory development in our models. The boosting of T-cell memory with
mTOR inhibition has substantial therapeutic implications
regarding the problems of viral infection and posttransplant malignancy in organ transplant recipients.
This leads to the question raised earlier of whether an
immune response can be promoted in one foreign entity
(for example, virus, bacteria or tumour cell) and yet
inhibited by another (an organ transplant). An interesting
experimental study from Ferrer and colleagues demonstrates that rapamycin-treated mice have protection
against rejection of an OVA-expressing skin allograft,
while at the same time showing a heightened CD8+ T-cell
response against the same OVA epitope expressed by
bacteria (Listeria monocytogenes) [31]. This is a critical
observation, since it opens the possibility that mTOR
inhibitors can enhance immunity to infectious agents
without at the same time promoting the immune reaction
against an organ allograft. In fact, it can be argued that
enhancement of CD4+ Treg cell and CD8+ T suppressor
cell [32] responses towards allografts may provide for
long-lasting protection and perhaps even some degree of
immunological tolerance. Unfortunately, it is completely
unclear why there is such a divergent response to two
foreign entities expressing the same foreign protein. Does
this divergence relate to the microenvironmental
conditions under which allograft versus microbiological
antigens are presented to the immune system, or are
other factors responsible? This is clearly an intriguing
area of research, and highlights the importance of mTOR’s
role in orchestrating complex immune responses.

Role of mTOR in B-cell and antigen-presenting cell
development
Less information exists regarding the role of mTOR
inhibitors on B cells. However, data from the mTOR
hypomorph mouse (constitutive reduced, but not absent,
mTOR levels) suggest that B-cell development may be
even more aﬀected than T cells [33]. In these mice, B-cell
development in the bone marrow is partially inhibited,
which was reﬂected by decreased B-cell proliferation in
response to antigenic stimulation and reduced antibody
production capability. Interestingly, mice with B cells that
overexpress mTOR because of a TSC1 deletion (TSC1
normally inhibits mTOR, see Figure 1) also demonstrate
similar defects in B-cell diﬀerentiation and antibody
production [34]. Another indication for an mTOR role
comes from the fact that activated B cells, like T cells, use
glycolysis as a primary source of energy [35]. Together,
these early experimental indications suggest that mTOR
is likely to have a signiﬁcant impact on B-cell activation,
diﬀerentiation and function, but more in-depth studies
are lacking to deﬁne the exact role of mTOR in B-cellmediated immunity.
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Finally, the mTOR pathway is also important for the
diﬀerentiation and function of APCs. In particular,
mTOR inhibition has a potent eﬀect on the maturation of
dendritic cells (DCs). Diﬀerentiation into conventional,
CD8+ and plasmacytoid DCs appears to depend on
mTOR. Indeed, mice with uninhibited mTOR activity
(via PTEN deletion, see Figure 1) develop an abnormal
highly expanded DC compartment [36], suggesting that
mTOR plays a critical role in maintaining APC homeostasis in vivo. Moreover, rapamycin treatment has a profound eﬀect on APC function, in that co-stimulatory
molecule expression is decreased, leading to an inhibited
ability for APC to stimulate T-cell activation [37,38].
Rapamycin-treated DCs are even known to induce
tolerance in animal models [39,40], possibly through
their ability to promote the development of Treg cells
[41]. In fact, researchers that are expanding Treg cells for
the purpose of cell therapy often use rapamycin to produce a more stable Treg phenotype [42]. One should
mention, however, that rapamycin has seemingly opposing eﬀects on the early development of immune responses involving plasmacytoid DCs versus other DCs.
While plasmacytoid DCs activated via toll-like receptors
depend on mTOR to elicit type 1 interferon-based expression responses, lipopolysaccharide activation of monocytes and DCs leads to inhibition of a proinﬂammatory
gene expression pattern through the mTOR pathway [43];
mTOR inhibition could thus aﬀect responses to bacterial
challenges, especially in immunosuppressed transplant
recipients. mTOR therefore has important eﬀects on
APC homeostasis and development that require a great
deal more research to be fully understood. Nonetheless,
mTOR clearly has yet another key function in the
development of immune responses.

Conclusion
What was once thought to be a simple explanation (antiproliferative eﬀect) for how mTOR inhibitors reduce the
immune reaction to organ allografts is now developing
into a very complex explanation. One should also state
that while several nonimmunological mechanistic explanations for the anti-tumour eﬀects of mTOR inhibitors
have been described [44], promotion of immune responses to cancer is unexpectedly coming more into
focus. The most recent data suggest that mTOR acts as a
central node for coordinating activities of the most
important cells (T cells, B cells and APCs) forming the
immune response to various challenges. Interestingly,
some of these eﬀects inhibit an immune response, and
other eﬀects actually promote immunity; the setting of
the antigenic challenge appears to be crucial, since energy
availability, signalling cues and cell activation all converge
to at least some degree upon mTOR.
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What does this mean for transplant patients in terms of
allograft protection (immunosuppression), viral or
bacterial infection and post-transplant malignancy?
Although there are no simple answers to this question,
more light is being shed on the topic with intensive
ongoing research. In terms of protecting allografts from
rejection, mTOR inhibitors are attractive from the
theoretical perspective that they might be optimal for
maintaining a state of donor-speciﬁc regulation through
promotion of tolerogenic DCs and Treg cells. Although
mTOR inhibitors alone do not appear to produce
tolerance in transplant recipients [45,46], perhaps
strategic use of these drugs in combination with novel
induction therapies or cell therapy [47,48] could yield
better results. Regarding infectious complications associated with immunosuppression in organ transplantation,
there is already early evidence that mTOR inhibitors
might reduce the problem of some viral infections,
including cytomegalovirus, human herpesvirus 8 and BK
virus [49-54]. In turn, if viral infections can be decreased,
mTOR inhibitors could have an indirect impact on the
development of post-transplant malignancies. In addition,
promotion of memory CD8+ T-cell responses against
tumour cells could also lessen the problem of cancer in
transplant recipients.
To conclude, although early evidence suggests that
mTOR inhibitors have the potential to promote an
immune response against an infectious microorganism
or tumour entity, and can paradoxically function to
inhibit immunity against an organ allograft, further
research is needed to untangle the operative mechanisms
and to ultimately explore the full potential of mTOR
inhibitors in the setting of organ transplantation.
Abbreviations
APC, antigen-presenting cell; CNI, calcineurin inhibitor; DC, dendritic cell; IL,
interleukin; mTOR, mammalian target of rapamycin; mTORC1, mammalian
target of rapamycin complex 1; mTORC2, mammalian target of rapamycin
complex 2; Th, T-helper; Treg, T-regulatory.

Page 5 of 6

2.
3.

4.

5.
6.

7.
8.
9.

10.

11.
12.
13.
14.

15.

16.

17.

18.
19.

20.
Competing interests
The author declares that he has no competing interests.
21.
Declaration
This article has been published as part of Transplantation Research
Volume 2 Suppl 1, 2013: Proceedings of the 12th International Symposium
on Transplantation. The full contents of the supplement are available at
http://www.transplantationresearch.com/supplements/2/S1. The supplement
is based on the 12th International Transplantation Symposium held on 16–
17 April 2012, in Istanbul, Turkey. The symposium and publication based on
these proceedings were supported by an unrestricted educational grant from
Pfizer Inc., who had no influence on the editorial content. Editorial support
was provided by Synergy, Richmond, UK and was funded by Pfizer Inc. The
articles have been through the journal’s standard peer review process and the
Supplement Editors declare that they have no competing interests.

22.

23.
24.

25.

Published: 20 November 2013

26.

References
1. Penn I: Occurrence of cancers in immunosuppressed organ transplant
recipients. Clin Transplant 1998, 147-158.

27.

Campistol JM: Minimizing the risk of posttransplant malignancy.
Transplantation 2009, 87:S19-S22.
Hojo M, Morimoto T, Maluccio M, Asano T, Morimoto K, Lagman M, Shimbo T,
Suthanthiran M: Cyclosporine induces cancer progression by a cellautonomous mechanism. Nature 1999, 397:530-534.
Herman M, Weinstein T, Korzets A, Chagnac A, Ori Y, Zevin D, Malachi T, Gafter
U: Effect of cyclosporin A on DNA repair and cancer incidence in kidney
transplant recipients. J Lab Clin Med 2001, 137:14-20.
Morath C, Mueller M, Goldschmidt H, Schwenger V, Opelz G, Zeier M:
Malignancy in renal transplantation. J Am Soc Nephrol 2004, 15:1582-1588.
Sehgal SN: Rapamune (RAPA, rapamycin, sirolimus): mechanism of action
immunosuppressive effect results from blockade of signal transduction
and inhibition of cell cycle progression. Clin Biochem 1998, 31:335-340.
Schreiber SL, Crabtree GR: The mechanism of action of cyclosporin A and
FK506. Immunol Today 1992, 13:136-142.
Schwartz RH: T cell anergy. Annu Rev Immunol 2003, 21:305-334.
Powell JD, Lerner CG, Schwartz RH: Inhibition of cell cycle progression by
rapamycin induces T cell clonal anergy even in the presence of
costimulation. J Immunol 1999, 162:2775-2784.
Colombetti S, Basso V, Mueller DL, Mondino A: Prolonged TCR/CD28
engagement drives IL-2-independent T cell clonal expansion through
signaling mediated by the mammalian target of rapamycin. J Immunol
2006, 176:2730-2738.
DeBerardinis RJ, Sayed N, Ditsworth D, Thompson CB: Brick by brick:
metabolism and tumor cell growth. Curr Opin Genet Dev 2008, 18:54-61.
Jones RG, Thompson CB: Revving the engine: signal transduction fuels
T cell activation. Immunity 2007, 27:173-178.
Zheng Y, Delgoffe GM, Meyer CF, Chan W, Powell JD: Anergic T cells are
metabolically anergic. J Immunol 2009, 183:6095-6101.
Jhun BS, Oh YT, Lee JY, Kong Y, Yoon KS, Kim SS, Baik HH, Ha J, Kang I: AICAR
suppresses IL-2 expression through inhibition of GSK-3 phosphorylation
and NF-AT activation in Jurkat T cells. Biochem Biophys Res Commun 2005,
332:339-346.
Nath N, Giri S, Prasad R, Salem ML, Singh AK, Singh I: 5-Aminoimidazole-4carboxamide ribonucleoside: a novel immunomodulator with therapeutic
efficacy in experimental autoimmune encephalomyelitis. J Immunol 2005,
175:566-574.
Delgoffe GM, Pollizzi KN, Waickman AT, Heikamp E, Meyers DJ, Horton MR,
Xiao B, Worley PF, Powell JD: The kinase mTOR regulates the differentiation
of helper T cells through the selective activation of signaling by mTORC1
and mTORC2. Nat Immunol 2011, 12:295-303.
Strauss L, Czystowska M, Szajnik M, Mandapathil M, Whiteside TL: Differential
responses of human regulatory T cells (Treg) and effector T cells to
rapamycin. PLoS One 2009, 4:e5994.
Powell JD, Delgoffe GM: The mammalian target of rapamycin: linking T cell
differentiation, function, and metabolism. Immunity 2010, 33:301-311.
Burchill MA, Yang J, Vogtenhuber C, Blazar BR, Farrar MA: IL-2 receptor bdependent STAT5 activation is required for the development of Foxp3+
regulatory T cells. J Immunol 2007, 178:280-290.
Araki K, Turner AP, Shaffer VO, Gangappa S, Keller SA, Bachmann MF, Larsen
CP, Ahmed R: mTOR regulates memory CD8 T-cell differentiation. Nature
2009, 460:108-112.
Li Q, Rao RR, Araki K, Pollizzi K, Odunsi K, Powell JD, Shrikant PA: A central role
for mTOR kinase in homeostatic proliferation induced CD8+ T cell memory
and tumor immunity. Immunity 2011, 34:541-553.
Li Q, Rao R, Vazzana J, Goedegebuure P, Odunsi K, Gillanders W, Shrikant PA:
Regulating mammalian target of rapamycin to tune vaccination-induced
CD8+ T cell responses for tumor immunity. J Immunol 2012, 188:3080-3087.
Pearce EL: Metabolism in T cell activation and differentiation. Curr Opin
Immunol 2010, 22:314-320.
Rao RR, Li Q, Odunsi K, Shrikant PA: The mTOR kinase determines effector
versus memory CD8+ T cell fate by regulating the expression of
transcription factors T-bet and Eomesodermin. Immunity 2010, 32:67-78.
Joshi NS, Kaech SM: Effector CD8 T cell development: a balancing act
between memory cell potential and terminal differentiation. J Immunol
2008, 180:1309-1315.
Takemoto N, Intlekofer AM, Northrup JT, Wherry EJ, Reiner SL: Cutting Edge:
IL-12 inversely regulates T-bet and eomesodermin expression during
pathogen-induced CD8+ T cell differentiation. J Immunol 2006,
177:7515-7519.
Kim EH, Sullivan JA, Plisch EH, Tejera MM, Jatzek A, Choi KY, Suresh M: Signal

Geissler Transplantation Research 2013, 2(Suppl 1):S2
http://www.transplantation research.com/supplements/2/S1/S2

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

integration by Akt regulates CD8 T cell effector and memory
differentiation. J Immunol 2012, 188:4305-4314.
Araki K, Youngblood B, Ahmed R: The role of mTOR in memory CD8+ T-cell
differentiation. Immunol Rev 2010, 235:234-243.
Turner AP, Shaffer VO, Araki K, Martens C, Turner PL, Gangappa S, Ford ML,
Ahmed R, Kirk AD, Larsen CP: Sirolimus enhances the magnitude and
quality of viral-specific CD8+ T-cell responses to vaccinia virus vaccination
in rhesus macaques. Am J Transplant 2011, 11:613-618.
Rovira J, Sabet-Baktach M, Eggenhofer E, Lantow M, Koehl GE, Schlitt HJ,
Campistol JM, Geissler EK, Kroemer A: A color-coded reporter model to
study the effect of immunosuppressants on CD8+ T-cell memory in
antitumor and alloimmune responses. Transplantation 2013, 95:54-62.
Ferrer IR, Wagener ME, Robertson JM, Turner AP, Araki K, Ahmed R, Kirk AD,
Larsen CP, Ford ML: Cutting edge: rapamycin augments pathogen-specific
but not graft-reactive CD8+ T cell responses. J Immunol 2010,
185:2004-2008.
El EB, Putheti P, Gao W, Strom TB: Rapamycin generates graft-homing
murine suppressor CD8+ T cells that confer donor-specific graft
protection. Cell Transplant 2011, 20:1759-1769.
Zhang S, Readinger JA, DuBois W, Janka-Junttila M, Robinson R, Pruitt M,
Bliskovsky V, Wu JZ, Sakakibara K, Patel J, Parent CA, Tessarollo L, Schwartzberg
PL, Mock BA: Constitutive reductions in mTOR alter cell size, immune cell
development, and antibody production. Blood 2011, 117:1228-1238.
Benhamron S, Tirosh B: Direct activation of mTOR in B lymphocytes confers
impairment in B-cell maturation and loss of marginal zone B cells. Eur J
Immunol 2011, 41:2390-2396.
Kojima H, Kobayashi A, Sakurai D, Kanno Y, Hase H, Takahashi R, Totsuka Y,
Semenza GL, Sitkovsky MV, Kobata T: Differentiation stage-specific
requirement in hypoxia-inducible factor-1a-regulated glycolytic pathway
during murine B cell development in bone marrow. J Immunol 2010,
184:154-163.
Sathaliyawala T, O’Gorman WE, Greter M, Bogunovic M, Konjufca V, Hou ZE,
Nolan GP, Miller MJ, Merad M, Reizis B: Mammalian target of rapamycin
controls dendritic cell development downstream of Flt3 ligand signaling.
Immunity 2010, 33:597-606.
Haidinger M, Poglitsch M, Geyeregger R, Kasturi S, Zeyda M, Zlabinger GJ,
Pulendran B, Hörl WH, Säemann MD, Weichhart T: A versatile role of
mammalian target of Rapamycin in human dendritic cell function and
differentiation. J Immunol 2010, 185:3919-3931.
Thomson AW, Turnquist HR, Raimondi G: Immunoregulation functions of
mTOR inhibition. Nat Rev Immunol 2009, 9:324-337.
Taner T, Hackstein H, Wang Z, Morelli AE, Thomson AW: Rapamycin-treated,
alloantigen-pulsed host dendritic cells induce Ag-specific T cell regulation
and prolong graft survival. Am J Transplant 2005, 5:228-236.
Reichardt W, Dürr C, von Elverfeldt D, Jüttner E, Gerlach UV, Yamada M, Smith
B, Negrin RS, Zeiser R: Impact of mammalian target of rapamycin inhibition
on lymphoid homing and tolerogenic function of nanoparticle-labeled
dendritic cells following allogeneic hematopoietic cell transplantation.
J Immunol 2008, 181:4770-4779.
Turnquist HR, Raimondi G, Zahorchak AF, Fischer RT, Wang Z, Thomson AW:
Rapamycin-conditioned dendritic cells are poor stimulators of allogeneic
CD4+ T cells, but enrich for antigen-specific Foxp3+ T regulatory cells and
promote organ transplant tolerance. J Immunol 2007, 178:7018-7031.

Page 6 of 6

42. Battaglia M, Stabilini A, Roncarolo MG: Rapamycin selectively expands
CD4+CD25+FoxP3+ regulatory T cells. Blood 2005, 105:4743-4748.
43. Weichhart T, Costantino G, Poglitsch M, Rosner M, Zeyda M, Stuhlmeier KM,
Kolbe T, Stulnig TM, Hoerl WH, Hengstschlaeger M, Mueller M, Säemann MD:
The TSC–mTOR signaling pathway regulates the innate inflammatory
response. Immunity 2008, 29:565-577.
44. Geissler EK, Schlitt HJ, Thomas G: mTOR, cancer and transplantation. Am J
Transplant 2008, 8:2212-2218.
45. Knechtle SJ, Pirsch JD, Fechner JH Jr, Becker BN, Friedl A, Colvin RB, Lebeck LK,
Chin LT, Becker YT, Odorico JS, D’Alessandro AM, Kalayoglu M, Hamawy MM,
Hu H, Bloom DD, Sollinger HW: Campath-1H induction plus rapamycin
monotherapy for renal transplantation: results of a pilot study. Am J
Transplant 2003, 3:722-730.
46. Barth RN, Janus CA, Lillesand CA, Radke NA, Pirsch JD, Becker BN, Fernandez
LA, Chin LT, Becker YT, Odorico JS, D’Alessandro AM, Sollinger HW, Knechtle
SJ: Outcomes at 3 years of a prospective pilot study of Campath-1H and
sirolimus immunosuppression for renal transplantation. Transpl Int 2006,
19:885-892.
47. Wood KJ, Bushell A, Hester J: Regulatory immune cells in transplantation.
Nat Rev Immunol 2012, 12:417-430.
48. Geissler EK: The ONE study compares cell therapy products in organ
transplantation: introduction to a review series on suppressive monocytederived cells. Transplant Res 2012, 1:11.
49. Trotter JF, Wallack A, Steinberg T: Low incidence of cytomegalovirus disease
in liver transplant recipients receiving sirolimus primary
immunosuppression with 3-day corticosteroid taper. Transplant Infect Dis
2003, 5:174-180.
50. Stallone G, Schena A, Infante B, Di Paolo S, Loverre A, Maggio G, Ranierei E,
Gesualdo L, Schena FP, Grandaliano G: Sirolimus for Kaposi’s sarcoma in
renal-transplant recipients. N Engl J Med 2005, 352:1317-1323.
51. Egli A, Köhli S, Dickenmann M, Hirsch HH: Inhibition of polyomavirus BKspecific T-cell responses by immunosuppressive drugs. Transplantation
2009, 88:1161-1168.
52. Suwelack B, Malyar V, Koch M, Sester M, Sommerer C: The influence of
immunosuppressive agents on BK virus risk following kidney
transplantation, and implications for choice of regimen. Transplant Rev
(Orlando) 2012, 26:201-211.
53. Liacini A, Seamone ME, Muruve DA, Tibbles LA: Anti-BK virus mechanisms of
sirolimus and leflunomide alone and in combination: toward a new
therapy for BK virus infection. Transplantation 2010, 90:1450-1457.
54. Nashan B, Gaston R, Emery V, Säemann MD, Mueller NJ, Couzi L, Dantal J,
Shihab F, Mulgaonkar S, Seun KY, Brennan DC: Review of cytomegalovirus
infection findings with mammalian target of rapamycin inhibitor-based
immunosuppressive therapy in de novo renal transplant recipients.
Transplantation 2012, 93:1075-1085.

doi:10.1186/2047-1440-2-S1-S2
Cite this article as: Geissler EK: The influence of mTOR inhibitors
on immunity and the relationship to post-transplant malignancy.
Transplantation Research 2013, 2(Suppl 1):S2.

