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Abstract: Objective: This review aims to examine the challenges of opportunistic viral infections in transplant recipi-
ents on long-term immunosuppression and to explore the potential of emerging immunotherapies to improve infec-
tion management. Methods: We summarize the mechanisms and effects of current clinical immunosuppressants,
outline the incidence of viral infections following various organ transplants, and discuss the limitations of existing
antiviral pharmacotherapies. Furthermore, we systematically review recent advances in novel immunotherapies
that harness the patient’s immune system. Results: While immunosuppressive regimens significantly improve graft
survival, they increase susceptibility to viral infections. Emerging immunotherapies demonstrate promising poten-
tial in managing these infections, yet their application in transplant recipients remains underexplored. Conclusion:
Innovative immunotherapies represent a promising avenue for overcoming the limitations of conventional treat-
ments. Their integration into transplantation practice may enhance long-term outcomes, although further clinical
validation is needed.
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Introduction

Organ transplantation represents the definitive
treatment for patients with end-stage organ
failure. Its success depends on the refinement
of surgical techniques and the meticulous regu-
lation of immune rejection responses [1].
Calcineurin inhibitors (CNIs), such as cyclospo-
rine, are widely used in clinical practice and
have extended the median survival of trans-
planted organs to over eight years [2]. Despite
these therapeutic advances, prolonged im-
munosuppressive therapy, essential for main-
taining graft survival, significantly increases
transplant recipients’ risk of complications,
with notably heightened susceptibility to viral
infections. This increased vulnerability arises
from the inherent impairment of antiviral
immune defenses induced by standard immu-
nosuppressive regimens. Common viral patho-
gens affecting transplant recipients include
cytomegalovirus (CMV), Epstein-Barr virus
(EBV), and BK polyomavirus. These viruses not
only cause acute morbidity but also negatively
impact long-term graft function and overall

patient outcomes. As immunological research
advances, novel immunotherapeutic strate-
gies, ranging from cell therapies, vaccination,
cytokine treatments, to immunomodulators,
have demonstrated promising clinical benefits
for the treatment of viral infections. However, in
the context of organ transplantation, these
therapies may either heighten the risk of graft
rejection or exhibit diminished efficacy due to
the immunosuppressive environment. There-
fore, the application and overall effectiveness
of immunotherapy in transplant recipients re-
main inadequately explored.

This review examines the scope of action and
immunological mechanisms of immunosup-
pressants currently used in clinical practice,
with emphasis on CNIs, mammalian target of
rapamycin inhibitors, co-stimulation inhibitors,
and interleukin-2 receptor antagonists (IL-2Ra).
Additionally, the immunomodulatory roles of
glucocorticoids and metabolic disruptors are
considered. We also outline the rates of viral
infections following organ transplantation in dif-
ferent regions and discuss the pharmacological
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treatment strategies for these infections and
their limitations. Finally, we explore the poten-
tial application of novel immunotherapeutic
strategies in organ transplant recipients, focus-
ing on the research progress of emerging
immunotherapeutic approaches, including how
they mobilize the patient’'s own immune sys-
tem and address the shortcomings of tradi-
tional treatments. This review aims to serve as
a guide for clinical and basic researchers in
transplantation medicine, promoting the ad-
vancement and application of novel immuno-
therapeutic approaches.

Epidemiology and clinical burden of CMV and
BK polyomavirus infections in solid organ
transplant recipients

Viral infections following organ transplantation
represent a complex clinical challenge result
ing from the interplay between the recipient’s
immunocompromised condition and the im-
munosuppressive regimens. Although these
agents are crucial for preventing graft rejection,
they simultaneously impair antiviral immune
defenses, significantly increasing susceptibility
to opportunistic viral pathogens. Among trans-
plant recipients, infections caused by CMYV,
EBV, and BK polymavirus are the most com-
mon. Without preventive measures, 40-100%
of renal transplant recipients in the United
States may develop CMV infection [3]. A nation-
wide cohort study from Denmark reported that
CMV infection occurred in 23% of patients fol-
lowing solid organ transplantation. In 49 stud-
ies across Asia, Latin America, and Oceania,
the CMV infection rate post-solid organ trans-
plantation ranged from 5.8% to 63.2% [4].
Notably, clinical studies conducted in China
have reported significantly lower infection
rates, ranging from 5.8% to 13.2% (Table 1).

Current evidence suggests that BK polyomavi-
rus infection exhibits pronounced organ tro-
pism, occurring predominantly in renal trans-
plant recipients with a markedly lower incidence
in other solid organ transplants. In the context
of kidney transplantation, BK polyomavirus is
the principal causative agent of polyomavirus-
associated nephropathy (PyVAN), a serious
complication that compromises allograft func-
tion and long-term graft survival. The incidence
of BK polyomavirus reactivation following
immunosuppressive therapy ranges from 30%
to 60% [5] (Table 1).
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Immunosuppressive agents in transplanta-
tion: mechanisms of action, cellular targets,
and clinical implications

A major challenge in organ transplantation is
the host immune system’s recognition of the
graft as “non-self”, triggering immune respons-
es that can lead to graft rejection. Central to
this process is the major histocompatibility
complex (MHC) expressed on donor cells, which
serves as a key target for host immune surveil-
lance. Donor antigens are recognized either
through direct presentation by donor-derived
MHC molecules or indirectly via processing and
presentation by host antigen-presenting cells,
ultimately activating recipient T lymphocytes.
This adaptive immune response is orchestrat-
ed through the well-established “three-signal
model”: (1) antigen recognition via T-cell recep-
tor (TCR) engagement with MHC-peptide com-
plexes; (2) co-stimulatory interactions, such as
CD28-B7 and CD40-CD40L binding; and (3)
cytokine-mediated signaling that drives T cell
proliferation and differentiation. In parallel, B
cells can generate donor-specific antibodies
that contribute to graft injury through comple-
ment activation and antibody-dependent cel
lular cytotoxicity (ADCC). Immunosuppressive
agents mitigate rejection by dampening both
innate and adaptive immune responses, there-
by markedly improving transplant outcomes.
For example, CNIs, a cornerstone of current
immunosuppressive regimens, have extended
median graft survival to over eight years (Table
2).

Indeed, while these agents are effective in pre-
venting rejection, they also compromise host
immune surveillance, particularly against la-
tent viral infections. As noted earlier, this im-
munosuppressive state facilitates the reacti-
vation and replication of opportunistic patho-
gens such as CMV, EBV, and BK polyomavirus.
Therefore, a comprehensive understanding of
how immunosuppressive drugs influence im-
mune cell subsets, intracellular signaling path-
ways, and virus-host dynamics is essential for
optimizing post-transplant care and mitigating
infection-related complications (Figure 4).

CNils

CNlIs are the cornerstone of immunosuppres-
sive therapy following organ transplantation.
The main representatives of CNIs include
Cyclosporine A (CSA) and Tacrolimus (FK506). It
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Table 1. Epidemiological data of viral infections in organ transplant recipients

Kidney transplant

Liver transplant Heart transplant

CMV 5.8-100% [3, 4, 109]
EBV 11.3-56% [110-113, 116]
HSV 6.5% [118]

30-60% [5]
22.3% [119]

BK Polyomavirus
JC Polyomavirus

13.2-67% [4, 109]
60.4% [117]
8.4% [118]
15.9% [119]
22.7% [119]

42.5-72.1% [109, 115]

9.4% [118]

Table 2. Commonly used immunosuppressive drugs and their main characteristics

Features

Drug Type Commonly Used Drugs
CNIs CSA

FK506
mTORi Sirolimus

Co-stimulation Inhibitors Abatacept Belatacept

IL-2Ra Basiliximab antibody

Daclizumab antibody
GCs GCs
Anti-metabolities MMF

MPS
Lymphocyte-depleting antibody drugs ATG

ATLG

Alemtuzumab

Forms a complex that binds to calcineurin, thereby inhibiting its activity and
preventing the transcription of pro-inflammatory cytokines such as interleu-
kins.

Blocks cells from entering the S phase from the G1 phase, thereby preventing
the proliferation and differentiation of immune cells; may increase the risk of
infection.

Binds to the B7 molecule, blocks its binding to CD28, and reduces T cell
activation; may increase the risk of infection.

Blocks the binding of IL-2 to its receptor, thereby inhibiting T cell proliferation
and activation, and reducing the immune system’s attack on transplanted
organs.

Simulating the effects of naturally occurring cortisol in the human body,

such as inhibiting the production of proinflammatory cytokines, reducing the
release of inflammatory mediators, and reducing the migration and activity of
inflammatory cells.

By inhibiting IMP dehydrogenase, it blocks the de novo synthesis of
guanylate, inhibiting the proliferation and function of lymphocytes; finely
regulating the immune response while managing the risk of viral infection.
Inhibits the immune response through direct cytotoxic effects, inducing
apoptosis, blocking signaling molecules on the cell surface, and regulating
the release of cytokines.

is now understood that CNIs target calcineurin
phosphatase, a protein composed of two sub-
units, CnA and CnB. During T-cell activation, the
recognition of antigens by the T-cell receptor
(TCR) leads to an increase in intracellular Ca2*
levels and the activation of CnB, thereby acti-
vating the phosphatase activity of CnA.
Activated CnA dephosphorylates the cytoplas-
mic transcription factor NFATc, allowing it to
translocate to the nucleus with activated
calmodulin, where it upregulates the expres-
sion of various cytokines and costimulatory
molecules required for complete T-cell activa-
tion [6]. CSA forms a complex with cyclophilin,
whereas tacrolimus (FK506) binds to the
FK-binding protein (FKBP). These drug-immu-
nophilin complexes subsequently inhibit cal-
cineurin phosphatase activity, thereby disrupt-
ing key T-cell activation pathways (Figure 1).
This inhibition of T-cell activation secondarily
impairs B-cell function by diminishing T-cell
help (Figure 2) [7]. Besides, current evidence
suggests that CNIs can affect humoral immu-
nity by directly inhibiting the proliferation of
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naive B cells and the differentiation of plasma-
blasts [8].

Due to the limited biological role of NFAT in NK
cells, which only regulates the expression of
CD16, CNIs have almost no effect on the activ-
ity of NK cells [9, 10]. In vitro experimental
results have shown that CNIs inhibit the ADCC
of NK cells and significantly suppress the pro-
duction of IFNy in a dose-dependent manner
(Figure 3) [11]. Through this mechanism, CNIs
selectively suppress NK cell-mediated T cell
activation while preserving NK cell prolifera-
tion, thereby reducing the risk of graft-versus-
host disease (GVHD) without disrupting NK cell
homeostasis.

Mammalian target of rapamycin inhibitors
(mTORI)

mTORi are a class of important immunosup-
pressive drugs that inhibit the growth and pro-
liferation of immune cells by suppressing the
activity of mTOR. mTOR is a serine/threonine

Am J Transl Res 2026;18(1):13-34



Immunotherapy for viral infections in organ transplantation

/\ Calcineurin inhibitors

¢ mTORi
APC O Anti-CD25R

MHC Il  CD80/86 T CTLA4g

O Anti-metabolities
0‘ H u ¥ le) & Glucocorticoids
® 0 s> o o B ATG
OO0 aA.n y’ (P L2
........... He ¥
TCR CD3 CD28 IL2R

Y N\
/\ K3

ﬁ liJ

mTOR
T|Cell

l

- nmou @ 2

Transcription

Figure 1. The functional effects and mechanisms of action of immunosuppressive agents on T lymphocytes. CNIs
form complexes that bind to calcineurin, inhibiting its activity and preventing the transcription of pro-inflammatory
cytokines such as interleukin through the NFAT signaling pathway. mTORi suppress the PI3K/AKT/mTOR signaling
pathway, blocking cell transition from the G1 phase to the S phase, thereby inhibiting the proliferation and dif-
ferentiation of immune cells. IL-2Ra directly blocks the binding of IL-2 to its receptor, causing internalization of the
IL-2 receptor and blocking IL-2-dependent T cell clone expansion, which inhibits T cell proliferation and activation,
reducing the immune system’s attack on the transplanted organ. Co-stimulation inhibitors, exemplified by CTLA-4-Ig,
bind to B7 molecules, preventing their interaction with CD28 and reducing T cell activation. Metabolism-disrupting
drugs inhibit inosine monophosphate dehydrogenase, blocking de novo synthesis of guanosine nucleotides, which
disrupts the transcription and translation of T cells, thereby interfering with their proliferation and function. GCs act
directly on the glucocorticoid receptors in the T cell nucleus, exerting effects such as inhibiting the production of
pro-inflammatory cytokines, reducing the release of inflammatory mediators, and decreasing the migration and ac-
tivity of inflammatory cells. Lymphocyte-depleting monoclonal antibodies, exemplified by ATG, can suppress immune
responses by blocking signaling molecules on the cell surface and modulating the release of cytokines.

protein kinase and a member of the phos- lymphocytes (Figures 1 and 2). In contrast,
phoinositide 3-kinase (PI3K)-related kinase MTORC2 is generally insensitive to rapamycin;
family, interacting with different proteins to however, prolonged exposure can disrupt its
form mTOR complex 1 (mTORC1) and mTOR structural integrity, impacting cell survival and
complex 2 (TORC2) [12]. mTORC1 is involved cytoskeletal organization [14].

in the regulation of multiple signaling path-

ways in immune cells and is directly sensitive The immunosuppressive effects of mTORi
to certain immunosuppressive drugs such as extend across multiple immune cell popula-
Sirolimus (also known as Rapamycin) [13]. After tions, including T cells, B cells, and NK cells
administration, the drug forms a complex with [15-17]. These agents function by disrupting
the protein FKBP12, which further interacts critical cell cycle signaling pathways (Figure 3).
with mTORC1 to inhibit its activity. This inhibi- Besides, mTORi impair dendritic cell (DC) matu-
tory effect blocks cell cycle progression from ration and their capacity to activate T cells [18].
the G1 to S phase, thereby suppressing the pro- While clinically valuable for immunosuppres-
liferation and differentiation of both T and B sion, mTORI therapy carries significant consid-
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Figure 2. The functional effects and mechanisms of action of immunosuppressive agents on B lymphocytes. CNIs
indirectly suppress B cell activation by preventing the transcription of pro-inflammatory cytokines such as interleu-
kin in T cells. mTORi blocks cell cycle progression from the G1 phase to the S phase by inhibiting the PISK/AKT/
mTOR signaling pathway, thereby preventing the proliferation and differentiation of B cells. Metabolism-disrupting
drugs impede the de novo synthesis of guanosine nucleotides by inhibiting inosine monophosphate dehydrogenase,
disrupting the transcription and translation of B cells, and thus interfering with their proliferation and function. GCs
exert pro-apoptotic effects by acting directly on the glucocorticoid receptors in the B cell nucleus and directly af-
fect humoral immune responses by reducing the production of circulating immunoglobulins. Lymphocyte-depleting
monoclonal antibody drugs, exemplified by CD20 monoclonal antibodies, exert cytotoxic effects by directly targeting

the B cell surface molecule CD20 to deplete B cells.

erations, including increased infection risk and
other medication-associated adverse effects
that require careful monitoring.

Co-stimulation inhibitors

Co-stimulation inhibitors represent a class of
immunomodulatory agents that selectively tar-
get secondary signaling pathways essential for
T cell activation. By blocking the critical costim-
ulatory signals required for full TCR engage-
ment, these therapeutics effectively suppress
T cell clonal expansion and effector function
while preserving baseline immune surveillance.
Current evidence suggests that T cell activation
requires two distinct signals: (1) primary anti-
gen recognition through TCR engagement with
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peptide-MHC complexes; and (2) costimulatory
signaling, primarily mediated by CD28 receptor
binding to B7 molecules (CD80/CD86) on anti-
gen-presenting cells (APCs). This dual-signal
mechanism ensures antigen-specific immune
responses while maintaining peripheral toler-
ance [19]. Co-stimulation inhibitors effectively
attenuate T cell-mediated immune responses
by interrupting the second signal (Figure 1).

Co-stimulation blockade can be achieved via
two principal strategies: (1) competitive inhibi-
tion using recombinant fusion proteins (e.g.,
CTLA4-1g) that exploit the higher affinity of
CTLA-4 for B7 molecules (CD80/86), thereby
preventing CD28 engagement and subsequent
T cell activation; and (2) direct targeting with

Am J Transl Res 2026;18(1):13-34
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Figure 3. The functional effects and mechanisms of action of immunosuppressive agents on NK cells. CNIs modu-
late the expression of CD16 in NK cells by inhibiting the NFAT signaling pathway, suppressing the ADCC effect of
NK cells. mTORi prevent the transition of cells from the G1 phase to the S phase by inhibiting the PI3K/AKT/mTOR
signaling pathway, thereby inhibiting the proliferation and differentiation of NK cells. Metabolism-disrupting drugs
block the de novo synthesis of guanosine nucleotides by inhibiting inosine monophosphate dehydrogenase, reduc-
ing the expression of all activated NK cell receptors. GCs act directly on the glucocorticoid receptors in the NK cell
nucleus, inhibiting the expression of effector molecules such as perforin, granzyme B, and granzyme A, as well as
the production of interferon-y, thereby suppressing the cytotoxic activity of NK cells and their activating effecton T
cells.

b o

8

monoclonal antibodies against either B7 Ili-
gands or CD28 itself [20]. Currently, clinical co-
stimulation inhibitors are all derivatives of
CTLA4, including Abatacept [21] and Belatacept
[22]. Abatacept is a fusion protein comprising
the extracellular domain of human CTLA4

CD25. Current evidence suggests that IL-2 is a
key cytokine essential for the activation and
maintenance of T cell function. In the context of
post-transplantation, IL-2Ra functions by block-
ing the binding of IL-2 to its receptor, thereby
suppressing T cell proliferation and activation,

linked to the Fc segment of the IgG1 antibody
[24], while Belatacept is an optimized version
of Abatacept with an enhanced amino acid
sequence that increases the drug’s affinity for
CD80 and CD86 [22]. While co-stimulation
inhibitors reduce the need for long-term immu-
nosuppressants (such as CNIs), their use can
increase the risk of certain infections.

IL-2Ra

IL-2Ra represents a class of biological agents
specifically targeting the IL-2 receptor  chain

18

thereby mitigating immune-mediated rejection
of the transplanted organ. The IL-2 receptor is
composed of three non-covalently bound sub-
units: IL-2Ra (CD25), IL2RB (CD122), and IL-2Ry
(CD132). Naive T cells constitutively express
the intermediate-affinity IL-2 receptor com-
posed of By subunits (IL-2RBy). Following anti-
gen recognition and initial activation, these
cells upregulate expression of the « chain
(CD25), forming the high-affinity trimeric IL-2
receptor (IL-2Rafy) that confers maximal
responsiveness to IL-2 signaling [23]. After IL-2
binds to the high-affinity receptor, it activates

Am J Transl Res 2026;18(1):13-34
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Figure 4. The functional effects and mechanisms of action of immunosuppressive agents on major immune cells.
The seven main classes of immunosuppressive agents exert their immunosuppressive effects through distinct
mechanisms targeting a variety of immune cells, including lymphocytes, neutrophils, and mononuclear phagocytes.

JAK1 and JAKS3, leading to the recruitment and
phosphorylation of STAT5, which drives T cell
proliferation. IL-2 receptor antagonists exert
their immunosuppressive effects by competi-
tively binding to the o subunit of the high-affini-
ty IL-2RaPy complex. This binding triggers
receptor internalization and subsequent lyso-
somal degradation, thereby preventing IL-2-
mediated signaling and inhibiting clonal expan-
sion of activated T cells (Figure 1).

Clinically approved IL-2 receptor antagonists
include the monoclonal antibodies basiliximab
and daclizumab, which are primarily employed
as induction immunosuppressants in the peri-
transplant period. These biologic agents are
typically administered as part of a multidrug
regimen, combining with CNIs (cyclosporine or
tacrolimus), mTORI, and other immunosuppres-
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sive agents to achieve synergistic therapeutic
effects while minimizing individual drug toxici-
ties [24].

Glucocorticoids (GCs)

GCs are a class of potent anti-inflammatory and
immunosuppressive drugs widely used in organ
transplantation. They play a pivotal role in post-
transplant management by mimicking the
effects of naturally occurring cortisol in the
human body. GCs achieve their potent anti-
inflammatory effects through multiple comple-
mentary mechanisms: (1) transcriptional sup-
pression of pro-inflammatory cytokines; (2)
inhibition of inflammatory mediator synthesis;
and (3) impairment of inflammatory cell traffick-
ing and effector functions [25]. In the context of
organ transplantation, GCs are commonly used

Am J Transl Res 2026;18(1):13-34
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during the early stages to prevent and treat
acute rejection. Furthermore, their inclusion in
long-term regimens contributes significantly to
graft preservation.

It is now understood that GCs exert compre-
hensive immunomodulatory effects across
both innate and adaptive immunity (Figures
1-3). GCs suppress innate immune responses
by: (1) Inhibiting pro-inflammatory cytokine pro-
duction (e.g., TNF-«, IL-1B) in monocytes, mac-
rophages, and dendritic cells (DCs), while im-
pairing their antigen-presenting capacity [26];
and (2) Reducing NK cell cytotoxicity by down-
regulating perforin and granzymes (A/B) [27,
28] and suppressing Interferon-y (IFN-y) pro-
duction [29].

GCs modulate adaptive immunity through: (1)
Upregulating immunomodulatory proteins (e.g.,
CTLA-4, PD-1) and pro-apoptotic genes while
inhibiting pro-inflammatory cytokines (e.g., IL-2,
IFN-y) and cell cycle progression [30]. (2)
Strongly inhibiting Th1 responses while moder-
ately suppressing Th2, skewing immunity to-
ward type 2 responses [30]. (3) Promoting regu-
latory T cell (Treg) differentiation and expan-
sion, enhancing immune tolerance [31, 32],
and (4) Inducing apoptosis in developing B cells
and reducing circulating immunoglobulins,
dampening humoral immunity [33]. Collectively,
these mechanisms highlight the broad immu-
nosuppressive effects of GCs, underscoring
their central role in suppressing excessive im-
mune activation. As such, GCs remain a corner-
stone of maintenance in immunosuppressive
therapy in transplantation medicine. However,
their long-term use necessitates careful moni-
toring and management of associated meta-
bolic and infectious complications.

Metabolism-disrupting drugs

In transplant recipients, immune metabolic
modulators are employed to achieve precise
immune regulation, balancing graft protection
against infection risks. These agents exert their
effects by selectively targeting metabolic pa-
thways crucial for lymphocyte activation and
proliferation, thereby modulating immune re-
sponses while maintaining viral surveillance.
The IMPDH inhibitors mycophenolate mofetil
(MMF) and mycophenolic acid (MPA) mediate
immunosuppression via targeted disruption of
purine metabolism. By competitively inhibiting
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IMP dehydrogenase, these drugs deplete gua-
nosine nucleotide pools in lymphocytes, which
lack the hypoxanthine-guanine phosphoribo-
syl transferase (HGPRT)-dependent salvage
pathway available to other cell types [34].
Moreover, MMF exerts additional immunomo-
dulatory effects by suppressing STAT3 phos-
phorylation and downstream signaling, leading
to a marked reduction in key growth factor
production (e.g., VEGF-A and PDGF-BB) and
chemokines (e.g., MIG/CXCL9 and SDF-1a/
CXCL12), thereby disrupting the differentiation
of CD4+ T lymphocytes and the development
of B lymphocytes [35]. Besides, MMF therapy
compromises NK cell functionality through
multiple mechanisms. Clinical studies have
demonstrated that MMF treatment: (1) selec-
tively depletes the immunoregulatory CD16
CD56 bright NK subset; and (2) downregulates
expression of activating receptors, including
NKG2D, NKp30, NKp44, and NKp46 [36, 37],
collectively impairing NK cell immune surveil-
lance capacity.

Lymphocyte-depleting monoclonal antibodies

For acute rejection prophylaxis and treatment
in transplantation, T-cell depleting agents like
anti-thymocyte globulin (ATG) and anti-human
T-cell immunoglobulin (ATLG) remain essential.
These polyclonal 1gG fractions, produced by
immunizing horses or rabbits with human lym-
phocytes, are now understood to induce rapid
peripheral T-cell clearance through multiple
effector mechanisms, including direct cytotoxic
effects, induction of apoptosis, blocking of cell
surface signaling molecules, and modulating
the release of cytokines [38]. Besides, ATG
depletes pre-activated T cells through ADCC or
Fas-dependent apoptosis [39]. Beyond T cell
depletion, ATG exhibits additional immunomod-
ulatory effects in vitro, including upregulation
of PD-L1 expression on monocytes. This PD-1/
PD-L1 axis activation significantly suppresses
CD8* T cell proliferation and cytotoxic function,
as evidenced by reduced granzyme B produc-
tion [40]. Intriguingly, a study revealed that B
cells (CD20+) and NK cells (CD16+/CD56+)
may only be affected at higher doses of thymo-
globulin [41]. ATLG shares fundamental mecha-
nisms of action with ATG, although subtle differ-
ences in epitope recognition profiles may lead
to variations in their clinical efficacy and side
effect profiles (Figure 1).

Am J Transl Res 2026;18(1):13-34
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Alemtuzumab is a recombinant DNA-derived
humanized monoclonal antibody targeting CD-
52, designed to deplete lymphocytes. Initially
developed for chronic B-cell leukemia and mul-
tiple sclerosis, clinical trials have established
its efficacy in preventing acute rejection follow-
ing transplantation with a favorable safety pro-
file and high graft survival rates [42, 43]. CD52
is a cell surface antigen highly expressed on T
and B lymphocytes and at lower levels on NK
cells, monocytes, dendritic cells, macrophages,
and eosinophils [44]. Alemtuzumab exerts its
immunosuppressive effect through comple-
ment-dependent cytotoxicity (CDC), ADCC, and
the induction of lymphocyte apoptosis [42],
leading to the depletion of T and B lympho-
cytes, NK cells, dendritic cells, and monocytes
[45]. Furthermore, the expression of the sur-
face molecule CD20 on B cells at various stag-
es of differentiation makes it a highly specific
target for monoclonal antibodies like rituximab
[46]. The application of anti-CD20 monoclonal
antibodies (e.g., rituximab) in immunosuppres-
sive regimens has significantly improved the
success rate of ABO-incompatible kidney trans-
plants [47] (Figure 2).

Pharmacological management of opportunis-
tic viral infections in organ transplant recipi-
ents: challenges and therapeutic strategies

The functional impacts and mechanisms of
immunosuppressive agents on key immune cell
populations have been extensively character-
ized. The seven principal classes of immuno-
suppressants exert their immunomodulatory
effects via distinct pathways, targeting a broad
spectrum of immune cells, including lympho-
cytes, neutrophils, and monocyte-macropha-
ges. In the context of post-transplant immuno-
suppressive therapy, this systemic immune
suppression compromises the host’s antiviral
defenses, leading to increased susceptibility to
viral infections. Therefore, managing viral infec-
tions in transplant recipients requires a care-
fully balanced therapeutic strategy that con-
trols viral replication while causing further
immune impairment.

Pharmacological strategies for CMV infection
treatment

CMV infection is one of the most prevalent and

detrimental viral infections following organ
transplantation. The pharmacotherapy for CMV
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primarily encompasses a range of antiviral
agents, which are detailed as follows.

1) Ganciclovir (GCV) [48]: GCV is a nucleoside
analogue that mimics guanosine and incorpo-
rates into the viral DNA chain, thereby terminat-
ing viral replication [49]. GCV is indicated for
the treatment and prophylaxis of CMV disease,
particularly in patients undergoing high-risk
renal and cardiac transplantations. However,
its clinical use poses certain challenges. First,
its intravenous administration can be inconve-
nient for hospitalized patients and complicates
outpatient treatment protocols. Besides, GCV
may trigger side effects, most notably bone
marrow suppression, which can manifest as a
significant decrease in neutrophil counts and
subsequently elevate the risk of infection. For
patients with impaired renal function, careful
dose adjustment of GCV is essential to mitigate
the risk of toxicity.

2) Valganciclovir (VGCV) [50]: VGCV serves as
the oral prodrug of GCV, which is converted into
GCV after absorption in the body. It offers a
more convenient oral administration route, par-
ticularly suitable for long-term prophylactic
treatment or the management of mild to mod-
erate active CMV disease. A study conducted
among adult recipients of renal, hepatic, cardi-
ac, and pulmonary transplants demonstrated
that the long-term efficacy of oral VGCV is com-
parable to that of intravenous GCV in treating
solid organ transplant recipients with CMV syn-
drome and tissue-invasive CMV disease [51].
However, high-dose oral GCV can be employed
for prophylaxis and maintenance treatment of
immunosuppressed transplant patients, yet
the oral dosage is insufficient for treating active
CMV disease [48]. Similar to GCV, VGCV also
presents side effects such as bone marrow
suppression.

3) Letermovir: This novel antiviral agent for
CMYV infection operates through a mechanism
distinct from that of GCV, primarily by prevent-
ing the terminal stage of viral DNA cleavage and
packaging. Letermovir provides a new thera-
peutic option for patients with drug-resistant or
treatment-intolerant CMV infections.

4) Maribavir: Maribavir, an oral drug that inhib-
its the CMV UL97 protein kinase, is indicated
for the treatment of drug-resistant or refractory
CMV infections. It exhibits activity against CMV

Am J Transl Res 2026;18(1):13-34
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both in vitro and in vivo, including strains resis-
tant to ganciclovir, foscarnet, or cidofovir [52].
In transplant recipients with resistant/refracto-
ry CMV, Maribavir has been shown to be supe-
rior to GCV and VGCV in achieving CMV viremia
clearance rate and symptom control rate post-
treatment, resulting in a higher overall response
rate [53].

Pharmacological treatment of EBV infection

EBV infection has been associated with the
development of post-transplant lymphoprolifer-
ative disorders (PTLD), a potentially fatal com-
plication. Although direct antiviral treatments
against EBV have limited efficacy, the following
strategies have shown benefits: 1) Acyclovir
and Ganciclovir [54]: These drugs exhibit activ-
ity against EBV in vitro but have not demon-
strated significant efficacy in the treatment of
EBV-PTLD. They are primarily used as prophy-
lactic measures for EBV infection, particularly
to prevent primary infection in EBV seronega-
tive organ transplant recipients. 2) Rituximab
[55]: Rituximab is a monoclonal antibody that
specifically targets CD20+ B cells and is uti-
lized in the treatment of EBV-associated B cell
PTLD. By selectively targeting B cells, Rituximab
not only reduces the risk of PTLD development
but also effectively treats early-stage cases of
this disorder.

Pharmacological treatment of BK virus infec-
tion

BK virus is a common infection in transplant
recipients, especially among renal transplant
recipients. Currently, no FDA-approved antivi-
ral therapies exist specifically for BK virus in-
fection. Clinical management primarily focuses
on the following approaches: 1) Adjustment
of Immunosuppressive Dosage [56]: Reducing
the dosage of immunosuppressive agents
helps to restore the patient’s immune system,
thereby enhancing the defense against the BK
virus. 2) Intravenous Immunoglobulin (IVIG)
[56]: Although the precise mechanism of action
remains to be fully elucidated, IVIG has been
employed in some instances to treat BK vi-
rus-associated nephropathy, functioning as a
means to augment the host’s immune re-
sponse. However, its high cost and inconsistent
efficacy among individuals have constrained
its broader application.
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Emerging immunotherapeutic strategies for
managing post-transplant viral infections: ad-
vances, mechanisms, and clinical challenges

Current clinical treatments for viral infections in
solid organ transplant recipients are mainly
non-immunotherapies, including antiviral drug
therapy and chemotherapy. While these meth-
ods have demonstrated success, they also
have limitations. In this respect, drugs like leflu-
nomide (LFM) and preemptive therapy (PET)
are effective at suppressing CMV reactivation
with favorable safety profiles [57]. However,
clinically significant late-onset CMV viremia
develops in at least 30% of high-risk transplant
recipients following treatment cessation [58].
This recurrence may be attributed to the emer-
gence of CMV genetic mutations conferring
resistance to LFM, underscoring the limitations
of current antiviral strategies [59]. To address
this, the management of other opportunistic
viral infections in transplant recipients, includ-
ing BK viremia and PTLD, has increasingly
incorporated novel immunotherapeutic appro-
aches. These clinical challenges collectively
highlight the urgent need for immunotherapies
capable of simultaneously preventing viral
escape and maintaining graft tolerance.

Recent advances in immunotherapeutic strate-
gies for viral infections have demonstrated
promising clinical potential (Table 3). Current
evidence suggests that active immunization,
which includes treatments like cytokines [60]
and vaccines [61], stimulates endogenous
immune activation, resulting in both immediate
antiviral effects and long-term immunological
memory. In contrast, passive immunization pro-
vides immediate but transient protection. This
approach bypasses the need for endogenous
immune activation by administering pre-formed
antiviral effectors such as neutralizing antibod-
ies or immune globulins. Examples of passive
immunization include adoptive T cell therapy
[62], NK cell therapy, and IVIG therapy [63].
While these interventions are well established
for treating common viral infections, their effi-
cacy and safety in the context of post-trans-
plant viral infections remain to be fully
elucidated.

Immunity-related therapeutic approaches have
the potential to overcome certain limitations
associated with antiviral drugs, including toxic-
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Table 3. Efficacy, safety, and limitations of current immunotherapies

Immunothera . ) R
Py Representative product Therapeutic effect Safety Limitations

strategy

Cytokine Therapy IFN-a [120] Control and eliminate Risk of acute transplant High risk of rejection;
of difficult-to-treat HEV rejection Efficacy confirmed only in
infection ribavirin-non-responsive

patients
IFN-A [121] Significantly reduces all Based on animal models; no Lack of clinical trial data in

Therapeutic vaccine

Adoptive T Cell Therapy

Immunoglobulin Infusion

High-dose influenza vac-
cine and MF59 adjuvant
influenza vaccine [122]
Recombinant Zoster Vac-
cine [123]

CpG adjuvant hepatitis B
vaccine [124]

CMV-specific T cells [125]

EBV-specific cytotoxic T
cells [126]

BK virus-specific T cells
[96]

Cytomegalovirus Immune
Globulin [127]

markers of intrahepatic
HDV infection

Triggers a stronger antibody
response

81% effectiveness in pre-
venting herpes zoster

Good protective effect
before transplantation

Significantly reduces the
viral load and eliminate
the virus

High objective response
rate; Long-lasting viro-
logical and immunological
control

Clear viremia and stabilize
the transplanted renal
function

Low therapeutic effect;
primarily for prevention

human safety data

Higher incidence of reac-
tions compared to standard
vaccine

Frequent mild to moderate
adverse reactions (e.g.,
pain, myalgia, fatigue)

No obvious adverse reac-
tions

No adverse events occurred

Rare, mild, localized acute
graft-versus-host disease
(GVHD)

No adverse events occurred

No obvious adverse reac-
tions

transplant recipients

No significant change in the
incidence of influenza

A relatively high incidence of
adverse reactions

Affected by the immunosup-
pressive state

Highly individualized; Persis-
tent uncertainty

High cost; slow to take
effect

Non-response in 20% of
patients; Lack of large-scale
data

High cost; limited efficacy
against established/active

viral infection

ity, drug-drug interactions, and the risk of treat-
ment-emergent resistance. Among these im-
munotherapies, CAR-T cell therapy, vaccine
infusion, and NK cell therapy hold huge prom-
ise as they can further reduce the risk of viral
drug resistance by specifically targeting multi-
ple antigenic epitopes.

The differences of CMV, EBV and BK viruses in
immune responses

To better identify the most suitable immuno-
therapeutic approaches for different viral infec-
tions, it is essential first to understand the
characteristics of the immune responses they
elicit. CMV, a member of the betaherpesvirinae
subfamily, is the most frequently encountered
opportunistic pathogen, present in 20% to 60%
of transplant recipients. Moreover, CMV is cell-
associated, primarily establishing latency in T
lymphocytes, though it can also be found in
polymorphonuclear cells, vascular endothelial
tissue, and epithelial cells [64]. This cell-associ-
ated nature enables viral transmission via the
transplanted organ. CMV can significantly influ-
ence host immune responses. After infecting a
cell, CMV produces immediate-early antigens
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that regulate DNA synthesis. Within the follow-
ing 6 to 24 hours, the virus generates late anti-
gens that direct nucleocapsid protein produc-
tion. It also upregulates interleukin-2 (IL-2) and
can counteract the inhibitory effect of cyclospo-
rine on IL-2 gene expression. Additionally, CMV
downregulates MHC class | molecules on in-
fected cells to evade immune recognition by
the host [65].

EBV, a gammaherpesvirus with a double-str-
anded DNA core, remains latent in lymphocytes
after primary infection, similar to other herpes
viruses. EBV can drive the replication and clon-
al expansion of B cells, which serve as its pri-
mary reservoir, as well as other cell types.
However, an effective immune system, particu-
larly T-cell responses, normally restricts the
proliferation of these cells. In cases of impaired
T-cell function, such as in renal transplant
recipients, this surveillance mechanism may
fail, leading to PTLD [66].

BK virus, a polyomavirus with a circular double-
stranded DNA genome, was first described in a
renal transplant patient with ureteral stenosis
and is now recognized as a significant cause of
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renal allograft dysfunction. The clinical course
and treatment response in BK viral infection
are largely influenced by the functional compe-
tence of virus-specific cellular immunity [67].
During early infection, when intragraft inflam-
mation remains low, BK virus-specific T cells
play a protective role. At this stage, modifying
or reducing immunosuppression can facilitate
recovery of cell-mediated antiviral immunity.
However, in patients with persistent viral repli-
cation due to inadequate T-cell responses, sus-
tained intragraft inflammation may develop.
This inflammatory milieu can accelerate viral
replication and promote infiltration of alloreac-
tive cytotoxic T cells, further amplifying tissue
inflammation. In such cases, reducing immuno-
suppression may be not only ineffective but
also potentially harmful to the allograft [68].

Interferons

Cytokines currently used in clinical treatment
for viral infections are primarily IFNs. Based on
sequence homology, IFNs are divided into three
families (Type I, Il, and lll), which can activate
interferon-stimulated genes (ISGs) through
multiple pathways to exert their antiviral activi-
ty, antitumor activity, and various immunomod-
ulatory effects [60]. IFN-I plays a pivotal role in
establishing cellular antiviral defenses by
inducing uninfected cells to express antiviral
proteins that effectively block viral entry, nucle-
ic acid replication, and protein synthesis.
Furthermore, IFN-I potentiates the activity of
antigen-presenting cells, thereby enhancing T
cell-mediated viral recognition and elimination.
In parallel, IFN-y primarily secreted by activated
T cells and NK cells - exerts its immunomodula-
tory effects through two key mechanisms: (1)
augmenting the phagocytic and bactericidal
capacity of macrophages and (2) orchestrating
the functional regulation of diverse immune cell
populations.

Moreover, IFN treatment may exacerbate post-
transplant immune responses, increasing the
risk of rejection. For example, IFN-a may acti-
vate T cells and NK cells, leading to immune-
mediated damage to the transplanted organ
[69]. In addition, interferon therapy has been
associated with significant adverse effects,
including flu-like symptoms, bone marrow sup-
pression, and the risk of triggering or aggravat-
ing autoimmune disorders, which substantially
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restrict its clinical use for treating viral infec-
tions in transplant recipients.

Viral vaccines

Vaccines represent a major tool for combating
viral infections, including adenovirus vaccines,
inactivated vaccines, and mRNA vaccines, etc.
Indeed, selecting the optimal vaccine accord-
ing to the characteristics of different viruses
can often achieve good prevention or treatment
effects [70]. From an epidemiological stand-
point, vaccine technology for viral infections is
well-established. By stimulating both antibody-
mediated and cell-mediated immune respons-
es, vaccines can induce long-lasting protection
against viral attacks. In this respect, vaccines
for Hepatitis B, yellow fever vaccines, and HPV
have shown good preventive and therapeutic
outcomes [71].

Although no vaccine is currently licensed for
CMV prevention, several are being evaluated in
clinical trials for their potential to prevent and
treat CMV in solid organ transplant recipients.
Several clinical studies have evaluated the
recombinant glycoprotein B (gB) vaccine formu-
lated with Novartis MF59 adjuvant [72-74]. The
results demonstrated that the gB/MF59 vac-
cine could significantly increase the gB anti-
body titers in both seronegative and seroposi-
tive patients, shorten the duration of viremia,
and thus reduce the use of antiviral drugs. The
antibodies induced by the gB/MF59 vaccine
could bind to the virus in the donor organ,
thereby preventing the transmission of CMV to
the recipient [74]. The MVA vector CMV vaccine
(Triplex) is a modified Ankara cowpox (MVA) vac-
cine that encodes three full-length CMV anti-
gens: pp65, IE1-exon4d, and IE2-exon5 [75].
Research suggests that the antigen stimulation
driven by the triple vaccine may enhance the
recovery of the T cell compartment by increas-
ing the production of naive T cells in the thymus
[76]. In addition, clinical trials are currently
underway for other vaccines such as ASP0113
[77] and PepVax [78]. As more vaccine strate-
gies are clinically tested, the goal is to develop
vaccines that offer both preventive and thera-
peutic effects against CMV.

The envelope proteins of EBV, including gH/gL,
gB, and gp350, play a key role in the entry and
infection of target cells by EBV [79, 80]. The
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body’s B cells produce neutralizing antibodies
against these proteins, which can prevent EBV
from infecting target cells and significantly
reduce the virus’s titer in the peripheral blood
of humanized mice [81]. Recent studies have
shown that a combination of serum containing
EBV gH/gL and EBV gB antibodies can signifi-
cantly enhance the synergistic neutralizing
activity of EBV compared to either antibody
alone [97]. Furthermore, clinical trials for thera-
peutic EBV vaccines are underway, primarily
aiming to enhance preexisting antiviral adap-
tive immune responses or induce novel adap-
tive immunity in patients with EBV-associated
malignancies [82]. These vaccines predomi-
nantly target EBNA1, LMP2, and/or LMP1, as
these proteins regulate key factors driving nor-
mal cell transformation into tumor cells [83-
85]. Incorporation of EBV envelope proteins
(gH/gL, gB, and gp350) may further enhance
the efficacy of these therapeutic vaccines [86].

Furthermore, vaccine safety must be rigorously
assessed based on key immune parameters,
including: (1) Antibody-mediated responses:
serum neutralizing antibody titers and antigen-
specific IgG levels; (2) Cellular immunity: magni-
tude and breadth of T-cell responses; (3)
Durability of response: persistence of immune
memory over time [75]. Live-attenuated and
recombinant viral vector vaccines are generally
contraindicated in transplant recipients due to
the risk of disseminated infection or uncon-
trolled replication. Instead, safer vaccine plat-
forms like subunit, mRNA, or inactivated plat-
forms are preferred. An ideal vaccine for
transplant recipients should combine a high
safety profile with protection against primary
infection and a therapeutic effect against pre-
existing or reactivated latent infection.

In summary, vaccines typically exert their ef
fects by inducing immune responses against
multiple pathogen targets, particularly through
B cell-mediated humoral immunity [87]. How-
ever, many immunosuppressants interfere-
with B cell proliferation, such as glucocorti-
coids, mTOR inhibitors, and metabolic disrup-
tors, which may limit the efficacy of vaccines.
Besides, immunocompromised populations re-
quire heightened vaccine safety profiles. For
instance, recombinant adenoviral vaccines and
live-attenuated vaccines are contraindicated
in organ transplant recipients. Vaccines that
combine sufficient safety with dual therapeu-
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tic and prophylactic capabilities remain to be
developed.

Adoptive T cell therapy

Adoptive T cell therapy involves obtaining T
cells from patients or healthy donors, culturing
and modifying them in vitro to enhance their
targeting and killing abilities, and reinfusing
them back into the patient to control infection
and rebuild immune responses. Modalities that
directly target immune deficits, the underlying
cause of CMV infections in transplantation, are
promising tools for CMV prevention and treat-
ment. Currently, CMV-specific T cell transfer
has been widely studied and applied in hemato-
poietic stem cell transplantation (HSCT) pa-
tients [88], which can rebuild protective antivi-
ral immunity and treat refractory CMV infection.
In contrast, there is less research on solid
organ transplant recipients, and patients are
more likely to be treated with drug therapy first.
However, accumulating evidence demonstrates
that CMV-specific T cells confer protective
immunity against infection, thereby enhancing
post-transplant clinical outcomes [89]. Clinical
results have demonstrated the efficacy of
adoptive T cell therapy in controlling CMV infec-
tion while maintaining an excellent safety pro-
file, with no significant treatment-related com-
plications reported [90], indicating that patients
have achieved stable immune reconstruction.
Adoptive transfer of autologous, donor, or third-
party virus-specific T cells (VSTs) represents an
attractive concept for preventing and treating
CMV infections in transplant recipients [91].
Several VST products have been used in non-
randomized clinical trials for prevention and
treatment of CMV infections in solid organ
transplant recipients (SOTr) and hematopoietic
cell transplant recipients (HCTr), and numerous
VST products are under active investigation
[92].

However, T cell therapy still faces difficulties
and challenges. First, the immunosuppressive
drugs that transplant recipients must take to
prevent rejection may affect the overall efficacy
of T cells [93]. The second major concern is the
uncertainty of T cell durability in the recipient’s
body. The duration of T cells varies significantly
among different patients, leading to uncertain-
ty in their efficacy. The precise mechanisms
governing this variability remain to be elucidat-
ed [94].
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Similar to CMV, virus-specific T cell therapies
have shown success in treating infections from
other viruses, including EB virus [95], and BK
virus [96]. Importantly, adoptive T cell therapy
demonstrates significant potential for treating
post-transplant viral infections. However, criti-
cal challenges remain regarding how to main-
tain T cell functionality and prolong survival in
immunosuppressed environments. Further re-
search is imperative to optimize these cellular
therapies for clinical application.

Natural killer (NK) cell-based therapies

NK cells constitute 5-10% of circulating lym-
phocytes and mediate immune responses
against cancerous and virally infected cells.
Beyond conventional T-cell-mediated immunity,
NK cells play a pivotal role in controlling viral
infections in solid organ transplant (SOT) recipi-
ents via their innate cytotoxicity and cytokine
production [97]. Previous studies on severe
combined immune-deficient (SCID) or Rag”
mice suggest that NK cells likely do not signifi-
cantly contribute to the rejection of solid organ
transplants. Despite the presence of function-
ally competent NK cells, these T cell- and B cell-
deficient mice failed to mount a rejection re-
sponse against skin allografts, suggesting that
immunotherapeutic strategies leveraging NK
cell activity could potentially offer an enhanced
safety profile for controlling viral reactivation in
the post-transplant setting [98]. Furthermore,
current immunosuppressive regimens exhibit
limited targeting of NK cell function. Among
available agents, only glucocorticoids, mTORI,
select metabolic inhibitors, and CNIs modulate
NK cell activity, primarily through downregula-
tion of CD16 expression and consequent
impairment of ADCC. Current research indi-
cates a potential involvement of activated NK
cells in acute and chronic rejection of solid
organ transplants [99]. The functional activity
of NK cells is governed by a delicate balance of
signals derived from numerous activating and
inhibitory receptors. For instance, the efficacy
of NK cells is significantly influenced by the
interaction between killer immunoglobulin-like
receptors (KIRs) and human leukocyte antigen
(HLA) class | molecules [100]. KIR-HLA mis-
matching, particularly the absence of HLA
ligands for inhibitory KIRs, enhances NK cell
activation and antiviral activity. Studies in both
animals and humans suggest that NK cells are
critical in the host defense against EBV. In vitro

26

studies have shown that autologous NK cells
can kill EBV-infected B cells [101]. The adoptive
transfer of allogeneic NK cells from KIR-mis-
matched donors may offer a potential thera-
peutic benefit for controlling EBV reactivation in
transplant recipients, though its efficacy and
safety require further validation in clinical
studies.

Furthermore, cytokine-induced memory-like
(CIML) NK cells, preactivated with 1L-12, IL-15,
and IL-18, exhibit enhanced antiviral responses
and persistence upon reinfection [102]. CMV
infection reshapes the NK cell receptor land-
scape, driving the expansion and long-term
maintenance of memory-like NKG2C*KIR* NK
cells [103]. A recent cohort study indicated
that KIR genes can affect CMV infection and
provide potential clinical value following liver
transplantation [104]. These advances high-
light NK cell therapy as a strategy to bridge the
gap between immunosuppression and antiviral
defense, offering a graft-friendly alternative by
leveraging innate immunity without exacerbat-
ing alloreactivity.

Immunoglobulin infusion

In the management of post-transplant viral
infections, combination therapy with immuno-
globulins and antiviral drugs often demon-
strates superior prophylactic and therapeutic
efficacy. For instance, CMV immunoglobulin
(CMVIG) neutralizes viral particles before they
reach host cells, while antiviral drugs inhibit
viral DNA polymerase to block intracellular rep-
lication. High-dose immunoglobulins derived
from healthy donors exhibit an excellent safety
profile. Studies have shown that CMVIG mono-
therapy or combination regimens significantly
reduce mortality and graft loss in heart/lung
transplant recipients [105]. However, due to
limited data, this therapy is primarily used for
prevention or as an adjunctive treatment. The
American Transplant Society guidelines do not
recommend CMVIG for prophylaxis in kidney/
liver transplants. Further clinical trials are
needed to establish its therapeutic value [106].

Conclusion and future perspectives

The feasibility of organ transplantation was first
established through surgical advances [1]. The
subsequent development of immunomodulato-
ry drugs targeting both innate and adaptive
immune responses has significantly improved
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the success of non-HLA-identical solid organ
transplantation and the management of auto-
immune diseases, effectively addressing the
historical limitations imposed by the absence
of effective anti-rejection therapies [2].

Various types of immunosuppressants regu-
late autoimmunity by acting at different levels
of the immune response, including the innate
immune level, where DCs, macrophages, and
NK cells play a role, and the adaptive immune
level, where T cells and B cells are involved.
CNls primarily inhibit their activity by binding to
calmodulin, preventing the transcription of pro-
inflammatory cytokines such as interleukins,
thereby inhibiting T cell activation [107]. An
increasing body of evidence suggests that
mTORi prevent the proliferation and differentia-
tion of immune cells such as T cells, B cells,
and NK cells by blocking the cell cycle from the
G1 phase to the S phase [15-17]. Costimulation
inhibitors have a high affinity for B7-1 on anti-
gen-presenting cells, leading to a reduced T cell
response to specific antigens [20]. IL-2 receptor
antagonists mainly act by blocking T cell clone
expansion dependent on IL-2 [108]. GCs act on
the glucocorticoid receptor, affecting various
levels of immune response through genomic
and non-genomic mechanisms [25]. Metabo-
lite-disrupting drugs exert immunosuppressive
effects by hindering DNA synthesis, interfering
with the differentiation of CD4+ T lymphocytes
and the development of B lymphocytes [35].
Moreover, lymphocyte-depleting antibody drugs
primarily exert immunosuppressive effects by
causing severe depletion of T and B lympho-
cytes, NK cells, dendritic cells, and monocytes
[45].

While immunosuppressive therapy has made
organ transplantation the standard treatment
for end-stage organ failure, it comes with sub-
stantial adverse effects. The primary concern
is a significantly increased risk of opportunistic
viral infections. In solid organ transplant recipi-
ents, the most clinically significant viruses
include CMV, EBV, and BK virus, which collec-
tively contribute to a considerable burden of
post-transplant morbidity. Although the rate of
viral infections after solid organ transplantation
varies across different countries and regions,
CMV [3, 4, 109] and EBV generally have a high-
er infection rate [110-113].

In this context, the prevention and treatment of
viral infections after organ transplantation are
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crucial. The current clinical treatments for viral
infections after solid organ transplantation
mainly include antiviral drug therapy and che-
motherapy, which are non-immunological ap-
proaches. For CMV, which has a high infection
rate in clinical practice, GCV [48] and its oral
prodrug VGCV [50] are currently used as first-
line therapies for prevention and treatment.
Maribavir has also shown promising results in
the treatment of resistant/refractory CMV
infection [52]. LMV and PET have demonstrat-
ed effective suppression of CMV reactivation
with a favorable safety profile [57]. However,
these pharmacological treatments still present
notable limitations. Following drug discontinua-
tion, there remains a significant risk of late-
onset CMV viremia. These clinical challenges
underscore the urgent need for immunothera-
peutic strategies that can concurrently prevent
viral escape and sustain graft tolerance.

The past few years have witnessed burgeon-
ing interest in developing immunological thera-
pies for viral infections, such as interferons
[60] and vaccines [61] that exert antiviral
effects through active immunization path-
ways, and adoptive T cell therapy [62] and IVIG
therapy [63] that directly kill viruses. Among
them, clinical trials of vaccines and research on
adoptive T cell therapy are areas of consider-
able interest. Vaccines often induce immune
responses against multiple targets of patho-
gens, especially humoral immunity, where B
cells play a major role [87]. However, the use of
many immunosuppressants affects B cell pro-
liferation, such as glucocorticoids, mTORi, and
metabolite-disrupting drugs, which may limit
the effectiveness of vaccines. In addition, indi-
viduals with compromised immunity have high
demands for vaccine safety. Despite its thera-
peutic potential, adoptive T cell therapy con-
fronts several critical challenges. First of all,
the overall efficacy of T cells is also affected by
immunosuppressants [93]. Moreover, the dura-
bility of T cells in the recipient’s body varies
from person to person [94]. Indeed, further
research is warranted to overcome immuno-
suppressive barriers to ensure durable T cell
persistence and functional competence.

In summary, while viral infections following
organ transplantation have garnered signifi-
cant attention, current clinical treatment meth-
ods still exhibit certain limitations. Emerging
immunotherapeutic strategies show significant
promise for improving long-term outcomes in
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transplant recipients. Notably, the develop-
ment of dual-purpose vaccine platforms that
confer concurrent therapeutic and prophylactic
efficacy while maintaining rigorous safety pro-
files represents a critical research priority.
Equally critical are advancements in adoptive T
cell therapies capable of retaining functional
efficacy within immunosuppressive microenvi-
ronments and achieving prolonged persistence
through optimized cellular kinetics in clinical
settings, thereby maximizing their therapeutic
potential while optimizing treatment durability.
Furthermore, current immunosuppressive regi-
mens exhibit limited targeting of NK cell func-
tion, primarily through downregulation of CD16
expression and consequent impairment of
ADCC. Notably, NK cells play a critical role in
innate immunity by recognizing and eliminating
infected cells exhibiting MHC class | downregu-
lation, a process enhanced by cytokines such
as IFN-y [114]. These unique immunological
properties suggest that adoptive NK cell thera-
py may represent a promising novel approach
for managing post-transplant viral infections.

Acknowledgements

This work was supported by grants from the
National Science and Technology Major Project
20257ZD0552202, National Natural Science
Foundation of China (82222054, 82471811,
82370693, 32500805), Yizhang project for
personnel training fund (No. JCYZRC-C-001),
Linyi People’s Hospital Innovation Team De-
velopment Project (No. LYSRMYY-KCTD-008
and LYSRMYY-KCTD-004), Shanghai Natural
Science Foundation (25ZR1402572).

Disclosure of conflict of interest
None.

Address correspondence to: Jianhua Luo and Meng
Guo, National Key Laboratory of Immunity and In-
flammation, Institute of Immunology, Navy Medical
University, Shanghai 200433, China. E-mail: luojh@
immunol.org (JHL); guom@immunol.org (MG)

References

[1]  Murray JE, Merrill JP, Dammin GJ, Dealy JB Jr,
Alexandre GW and Harrison JH. Kidney trans-
plantation in modified recipients. Ann Surg
1962; 156: 337-355.

[2] Nordham KD and Ninokawa S. The history of
organ transplantation. Proc (Bayl Univ Med
Cent) 2021; 35: 124-128.

28

(3]

(4]

(5]

(6]

(8]

(9]

(11]

[12]

(13]

(14]

(15]

De Keyzer K, Van Laecke S, Peeters P and Van-
holder R. Human cytomegalovirus and kidney
transplantation: a clinician’s update. Am J Kid-
ney Dis 2011; 58: 118-126.

Silva Junior HT, Tokat Y, Cai J, Singh |, Sandhu
A, Demuth D and Kim J. Epidemiology, man-
agement, and burden of cytomegalovirus in
solid organ transplant recipients in selected
countries outside of Europe and North Ameri-
ca: a systematic review. Transpl Infect Dis
2023; 25: €14070.

Hirsch HH and Randhawa PS; AST Infectious
Diseases Community of Practice. BK polyoma-
virus in solid organ transplantation-guidelines
from the American society of transplantation
infectious diseases community of practice.
Clin Transplant 2019; 33: €13528.

Fruman DA, Klee CB, Bierer BE and Burakoff
SJ. Calcineurin phosphatase activity in T lym-
phocytes is inhibited by FK 506 and cyclospo-
rin A. Proc Natl Acad Sci US A 1992; 89: 3686-
3690.

Liu J, Farmer JD Jr, Lane WS, Friedman J,
Weissman | and Schreiber SL. Calcineurin is a
common target of cyclophilin-cyclosporin A
and FKBP-FK506 complexes. Cell 1991; 66:
807-815.

De Bruyne R, Bogaert D, De Ruyck N, Lam-
brecht BN, Van Winckel M, Gevaert P and Dul-
laers M. Calcineurin inhibitors dampen humor-
al immunity by acting directly on naive B cells.
Clin Exp Immunol 2015; 180: 542-550.
Markus PM, Van den Brink MR, Luchs BA, Fung
JJ, Starzl TE and Hiserodt JC. Effects of in vivo
treatment with FK506 on natural killer cells in
rats. Transplantation 1991; 51: 913-915.

Wai LE, Fujiki M, Takeda S, Martinez OM and
Krams SM. Rapamycin, but not cyclosporine or
FK506, alters natural killer cell function. Trans-
plantation 2008; 85: 145-149.

Shin BH, Ge S, Mirocha J, Karasyov A, Vo A, Jor-
dan SC and Toyoda M. Regulation of anti-HLA
antibody-dependent natural killer cell activa-
tion by immunosuppressive agents. Transplan-
tation 2014; 97: 294-300.

Waldner M, Fantus D, Solari M and Thomson
AW. New perspectives on mTOR inhibitors (ra-
pamycin, rapalogs and TORKinibs) in trans-
plantation. Br J Clin Pharmacol 2016; 82:
1158-1170.

Thomson AW, Turnquist HR and Raimondi G.
Immunoregulatory functions of mTOR inhibi-
tion. Nat Rev Immunol 2009; 9: 324-337.
Szwed A, Kim E and Jacinto E. Regulation and
metabolic functions of mMTORC1 and mTORC2.
Physiol Rev 2021; 101: 1371-1426.

Hoff U, Markmann D, Thurn-Valassina D, Nie-
minen-Kelha M, Erlangga Z, Schmitz J, Brasen
JH, Budde K, Melk A and Hegner B. The mTOR
inhibitor Rapamycin protects from premature

Am J Transl Res 2026;18(1):13-34


mailto:luojh@immunol.org
mailto:luojh@immunol.org
mailto:guom@immunol.org

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

29

Immunotherapy for viral infections in organ transplantation

cellular senescence early after experimental
kidney transplantation. PLoS One 2022; 17:
e0266319.

Fantus D, Rogers NM, Grahammer F, Huber TB
and Thomson AW. Roles of mTOR complexes in
the kidney: implications for renal disease and
transplantation. Nat Rev Nephrol 2016; 12:
587-609.

Sehgal SN. Sirolimus: its discovery, biological
properties, and mechanism of action. Trans-
plant Proc 2003; 35 Suppl: 7S-14S.
Jhunjhunwala S, Raimondi G, Thomson AW
and Little SR. Delivery of rapamycin to dendrit-
ic cells using degradable microparticles. J Con-
trol Release 2009; 133: 191-197.

Marangoni F, Zhakyp A, Corsini M, Geels SN,
Carrizosa E, Thelen M, Mani V, Prussmann JN,
Warner RD, Ozga AJ, Di Pilato M, Othy S and
Mempel TR. Expansion of tumor-associated
Treg cells upon disruption of a CTLA-4-depen-
dent feedback loop. Cell 2021; 184: 3998-
4015.e3919.

Meneghini M, Bestard O and Grinyo JM. Immu-
nosuppressive drugs modes of action. Best
Pract Res Clin Gastroenterol 2021; 54-55:
101757.

Beyersdorf N, Kerkau T and Hunig T. CD28 co-
stimulation in T-cell homeostasis: a recent per-
spective. Immunotargets Ther 2015; 4: 111-
122.

Perez CP, Patel N, Mardis CR, Meadows HB,
Taber DJ and Pilch NA. Belatacept in solid or-
gan transplant: review of current literature
across transplant types. Transplantation 2018;
102: 1440-1452.

Sun H, Lee HS, Kim SH, Fernandes de Lima M,
Gingras AR, Du Q, McLaughlin W, Ablack J, Lo-
pez-Ramirez MA, Lagarrigue F, Fan Z, Chang JT,
VanDyke D, Spangler JB and Ginsberg MH. IL-2
can signal via chemokine receptors to promote
regulatory T cells’ suppressive function. Cell
Rep 2023; 42: 112996.

Kandus A, Arnol M, Omahen K, Oblak M, Vidan-
Jeras B, Kmetec A and Bren AF. Basiliximab
versus daclizumab combined with triple immu-
nosuppression in deceased donor renal trans-
plantation: a prospective, randomized study.
Transplantation 2010; 89: 1022-1027.
Vandewalle J, Luypaert A, De Bosscher K and
Libert C. Therapeutic mechanisms of glucocor-
ticoids. Trends Endocrinol Metab 2018; 29:
42-54,

Bereshchenko O, Bruscoli S and Riccardi C.
Glucocorticoids, sex hormones, and immunity.
Front Immunol 2018; 9: 1332.

Krukowski K, Eddy J, Kosik KL, Konley T, Ja-
nusek LW and Mathews HL. Glucocorticoid
dysregulation of natural Killer cell function
through epigenetic modification. Brain Behav
Immun 2011; 25: 239-249.

(28]

[29]

(30]

[31]

(32]

(33]

(34]

[35]

(36]

(37]

(38]

[39]

Zhou J, Olsen S, Moldovan J, Fu X, Sarkar FH,
Moudgil VK and Callewaert DM. Glucocorticoid
regulation of natural cytotoxicity: effects of cor-
tisol on the phenotype and function of a cloned
human natural kKiller cell line. Cell Immunol
1997; 178: 108-116.

Morgan DJ and Davis DM. Distinct effects of
dexamethasone on human natural Killer cell
responses dependent on cytokines. Front Im-
munol 2017; 8: 432.

Taves MD and Ashwell JD. Glucocorticoids in T
cell development, differentiation and function.
Nat Rev Immunol 2021; 21: 233-243.
Schmidt A, Marabita F, Kiani NA, Gross CC, Jo-
hansson HJ, Elids S, Rautio S, Eriksson M, Fer-
nandes SJ, Silberberg G, Ullah U, Bhatia U,
Lahdesmaki H, Lehtié J, Gomez-Cabrero D,
Wiendl H, Lahesmaa R and Tegnér J. Time-re-
solved transcriptome and proteome landscape
of human regulatory T cell (Treg) differentiation
reveals novel regulators of FOXP3. BMC Biol
2018; 16: 47.

Karagiannidis C, Akdis M, Holopainen P, Wool-
ley NJ, Hense G, Ruckert B, Mantel PY, Menz G,
Akdis CA, Blaser K and Schmidt-Weber CB.
Glucocorticoids upregulate FOXP3 expression
and regulatory T cells in asthma. J Allergy Clin
Immunol 2004; 114: 1425-1433.
Gruver-Yates AL, Quinn MA and Cidlowski JA.
Analysis of glucocorticoid receptors and their
apoptotic response to dexamethasone in male
murine B cells during development. Endocri-
nology 2014; 155: 463-474.

Ransom JT. Mechanism of action of mycophe-
nolate mofetil. Ther Drug Monit 1995; 17: 681-
684.

Slight-Webb S, Guthridge JM, Chakravarty EF,
Chen H, Lu R, Macwana S, Bean K, Maecker
HT, Utz PJ and James JA. Mycophenolate
mofetil reduces STAT3 phosphorylation in sys-
temic lupus erythematosus patients. JCI In-
sight 2019; 4: e124575.

Dong S, Geng L, Shen MD and Zheng SS. Natu-
ral Killer cell activating receptor NKG2D is in-
volved in the immunosuppressive effects of
mycophenolate mofetil and hepatitis B virus
infection. Am J Med Sci 2015; 349: 432-437.
Ohata K, Espinoza JL, Lu X, Kondo Y and Na-
kao S. Mycophenolic acid inhibits natural killer
cell proliferation and cytotoxic function: a pos-
sible disadvantage of including mycopheno-
late mofetil in the graft-versus-host disease
prophylaxis regimen. Biol Blood Marrow Trans-
plant 2011; 17: 205-213.

Mohty M. Mechanisms of action of antithymo-
cyte globulin: T-cell depletion and beyond. Leu-
kemia 2007; 21: 1387-1394.

Copic D, Direder M, Klas K, Bormann D, Lag-
gner M, Ankersmit HJ and Mildner M. Antithy-
mocyte globulin inhibits CD8* T cell effector

Am J Transl Res 2026;18(1):13-34



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

(51]

30

Immunotherapy for viral infections in organ transplantation

functions via the paracrine induction of PDL-1
on monocytes. Cells 2023; 12: 382.

Préville X, Flacher M, LeMauff B, Beauchard S,
Davelu P, Tiollier J and Revillard JP. Mecha-
nisms involved in antithymocyte globulin im-
munosuppressive activity in a nonhuman pri-
mate model. Transplantation 2001; 71: 460-
468.

Bonnefoy-Berard N and Revillard JP. Mecha-
nisms of immunosuppression induced by anti-
thymocyte globulins and OKT3. J Heart Lung
Transplant 1996; 15: 435-442.

Chukwu CA, Spiers HVM, Middleton R, Kalra
PA, Asderakis A, Rao A and Augustine T. Alem-
tuzumab in renal transplantation. Reviews of
literature and usage in the United Kingdom.
Transplant Rev (Orlando) 2022; 36: 100686.
van den Hoogen MW, Hoitsma AJ and Hil-
brands LB. Anti-T-cell antibodies for the treat-
ment of acute rejection after renal trans-
plantation. Expert Opin Biol Ther 2012; 12:
1031-1042.

Li Z, Richards S, Surks HK, Jacobs A and Pan-
zara MA. Clinical pharmacology of alemtuzum-
ab, an anti-CD52 immunomodulator, in multi-
ple sclerosis. Clin Exp Immunol 2018; 194:
295-314.

van der Zwan M, Baan CC, van Gelder T and
Hesselink DA. Review of the clinical pharmaco-
kinetics and pharmacodynamics of alemtu-
zumab and its use in kidney transplantation.
Clin Pharmacokinet 2018; 57: 191-207.

Florou D, Katsara M, Feehan J, Dardiotis E and
Apostolopoulos V. Anti-CD20 agents for multi-
ple sclerosis: spotlight on ocrelizumab and ofa-
tumumab. Brain Sci 2020; 10: 758.

Beimler J and Zeier M. ABO-incompatible tran-
splantation--a safe way to perform renal trans-
plantation? Nephrol Dial Transplant 2007; 22:
25-27.

Hostetler KY, Rybak RJ, Beadle JR, Gardner
MF, Aldern KA, Wright KN and Kern ER. In vitro
and in vivo activity of 1-O-hexadecylpropanedi-
ol-3-phospho-ganciclovir and 1-O-hexadecyl-
propanediol-3-phospho-penciclovir in cytomeg-
alovirus and herpes simplex virus infections.
Antivir Chem Chemother 2001; 12: 61-70.
van der Wekken-Pas LC, Totté J, Lunel FV, van
Zuilen A and van Luin M. Therapeutic drug
monitoring of ganciclovir in cytomegalovirus-
infected patients with solid organ transplants
and its correlation to efficacy and toxicity. Ther
Drug Monit 2023; 45: 533-538.

Razonable RR and Humar A. Cytomegalovirus
in solid organ transplant recipients-Guidelines
of the American society of transplantation in-
fectious diseases community of practice. Clin
Transplant 2019; 33: e13512.

Asberg A, Humar A, Jardine AG, Rollag H,
Pescovitz MD, Mouas H, Bignamini A, Toz H,

(52]

(53]

[54]

[55]

(56]

(57]

(58]

(59]

Dittmer I, Montejo M and Hartmann A; VICTOR
Study Group. Long-term outcomes of CMV dis-
ease treatment with valganciclovir versus IV
ganciclovir in solid organ transplant recipients.
Am J Transplant 2009; 9: 1205-1213.

Drew WL, Miner RC, Marousek Gl and Chou S.
Maribavir sensitivity of cytomegalovirus iso-
lates resistant to ganciclovir, cidofovir or fos-
carnet. J Clin Virol 2006; 37: 124-127.

Avery RK, Alain S, Alexander BD, Blumberg EA,
Chemaly RF, Cordonnier C, Duarte RF, Florescu
DF, Kamar N, Kumar D, Maertens J, Marty FM,
Papanicolaou GA, Silveira FP, Witzke O, Wu J,
Sundberg AK and Fournier M; SOLSTICE Trial
Investigators. Maribavir for refractory cytomeg-
alovirus infections with or without resistance
post-transplant: results from a phase 3 ran-
domized clinical trial. Clin Infect Dis 2022; 75:
690-701.

Taylor AL, Bowles KM, Callaghan CJ, Wimperis
JZ, Grant JW, Marcus RE and Bradley JA. An-
thracycline-based chemotherapy as first-line
treatment in adults with malignant posttrans-
plant lymphoproliferative disorder after solid
organ transplantation. Transplantation 2006;
82: 375-381.

Trappe R, Oertel S, Leblond V, Mollee P, Sender
M, Reinke P, Neuhaus R, Lehmkuhl H, Horst
HA, Salles G, Morschhauser F, Jaccard A, Lamy
T, Leithauser M, Zimmermann H, Anagnosto-
poulos |, Raphael M, Riess H and Choquet S;
German PTLD Study Group; European PTLD
Network. Sequential treatment with rituximab
followed by CHOP chemotherapy in adult B-cell
post-transplant lymphoproliferative disorder
(PTLD): the prospective international multicen-
tre phase 2 PTLD-1 trial. Lancet Oncol 2012;
13: 196-206.

Kant S, Dasgupta A, Bagnasco S and Brennan
DC. BK virus nephropathy in kidney transplan-
tation: a state-of-the-art review. Viruses 2022;
14: 1616.

Green ML, Leisenring W, Stachel D, Pergam
SA, Sandmaier BM, Wald A, Corey L and
Boeckh M. Efficacy of a viral load-based, risk-
adapted, preemptive treatment strategy for
prevention of cytomegalovirus disease after
hematopoietic cell transplantation. Biol Blood
Marrow Transplant 2012; 18: 1687-1699.
Marty FM, Ljungman P, Chemaly RF, Maertens
J, Dadwal SS, Duarte RF, Haider S, Ullmann AJ,
Katayama Y, Brown J, Mullane KM, Boeckh M,
Blumberg EA, Einsele H, Snydman DR, Kanda
Y, DiNubile MJ, Teal VL, Wan H, Murata Y, Kart-
sonis NA, Leavitt RY and Badshah C. Letermo-
vir prophylaxis for cytomegalovirus in hemato-
poietic-cell transplantation. N Engl J Med
2017; 377: 2433-2444,

Frietsch JJ, Michel D, Stamminger T, Hunstig F,
Birndt S, Schnetzke U, Scholl S, Hochhaus A

Am J Transl Res 2026;18(1):13-34



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

31

Immunotherapy for viral infections in organ transplantation

and Hilgendorf I. In vivo emergence of UL56
C325Y cytomegalovirus resistance to letermo-
vir in a patient with acute myeloid leukemia
after hematopoietic cell transplantation. Medi-
terr J Hematol Infect Dis 2019; 11: e2019001.
Wang B, Kang W, Zuo J, Kang W and Sun Y. The
significance of type-i interferons in the patho-
genesis and therapy of human immunodefi-
ciency virus 1 infection. Front Immunol 2017;
8:1431.

Wang Y, Zhang Z, Luo J, Han X, Wei Y and Wei
X. mRNA vaccine: a potential therapeutic strat-
egy. Mol Cancer 2021; 20: 33.

Pei XY, Zhao XY, Liu XF, Mo XD, Lv M, Xu LP,
Wang Y, Chang YJ, Zhang XH, Liu KY and Huang
XJ. Adoptive therapy with cytomegalovirus-spe-
cific T cells for cytomegalovirus infection after
haploidentical stem cell transplantation and
factors affecting efficacy. Am J Hematol 2022;
97: 762-769.

Hughes BL, Clifton RG, Rouse DJ, Saade GR,
Dinsmoor MJ, Reddy UM, Pass R, Allard D, Mal-
lett G, Fette LM, Gyamfi-Bannerman C, Varner
MW, Goodnight WH, Tita ATN, Costantine MM,
Swamy GK, Gibbs RS, Chien EK, Chauhan SP,
El-Sayed YY, Casey BM, Parry S, Simhan HN,
Napolitano PG and Macones GA; Eunice Ken-
nedy Shriver National Institute of Child Health
and Human Development Maternal-Fetal Med-
icine Units Network. A trial of hyperimmune
globulin to prevent congenital cytomegalovirus
infection. N Engl J Med 2021, 385: 436-444.
Weikert BC and Blumberg EA. Viral infection
after renal transplantation: surveillance and
management. Clin J Am Soc Nephrol 2008; 3
Suppl 2: S76-86.

Brennan DC. Cytomegalovirus in renal trans-
plantation. J Am Soc Nephrol 2001; 12: 848-
855.

Hanto DW. Classification of Epstein-Barr virus-
associated posttransplant lymphoproliferative
diseases: implications for understanding their
pathogenesis and developing rational treat-
ment strategies. Annu Rev Med 1995; 46:
381-394.

Mylonakis E, Goes N, Rubin RH, Cosimi AB,
Colvin RB and Fishman JA. BK virus in solid or-
gan transplant recipients: an emerging syn-
drome. Transplantation 2001; 72: 1587-1592.
Babel N, Volk HD and Reinke P. BK polyomavi-
rus infection and nephropathy: the virus-im-
mune system interplay. Nat Rev Nephrol 2011;
7: 399-406.

Tough DF. Modulation of T-cell function by type
| interferon. Immunol Cell Biol 2012; 90: 492-
497.

Mohamed K, Rzymski P, Islam MS, Makuku R,
Mushtaq A, Khan A, Ivanovska M, Makka SA,
Hashem F, Marquez L, Cseprekal O, Filgueiras

(71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

IS, Fonseca DLM, Mickael E, Ling I, Arero AG,
Cuschieri S, Minakova K, Rodriguez-Roman E,
Abarikwu SO, Faten AB, Grancini G, Cabral-
Marques O and Rezaei N. COVID-19 vaccina-
tions: the unknowns, challenges, and hopes. J
Med Virol 2022; 94: 1336-1349.

Cargill T and Barnes E. Therapeutic vaccina-
tion for treatment of chronic hepatitis B. Clin
Exp Immunol 2021; 205: 106-118.

Pass RF. Development and evidence for effica-
cy of CMV glycoprotein B vaccine with MF59
adjuvant. J Clin Virol 2009; 46 Suppl 4: S73-
76.

Bernstein DI, Munoz FM, Callahan ST, Rupp R,
Wootton SH, Edwards KM, Turley CB, Stanberry
LR, Patel SM, McNeal MM, Pichon S, Amega-
shie C and Bellamy AR. Safety and efficacy of a
cytomegalovirus glycoprotein B (gB) vaccine in
adolescent girls: a randomized clinical trial.
Vaccine 2016; 34: 313-319.

Griffiths PD, Stanton A, McCarrell E, Smith C,
Osman M, Harber M, Davenport A, Jones G,
Wheeler DC, O'Beirne J, Thorburn D, Patch D,
Atkinson CE, Pichon S, Sweny P, Lanzman M,
Woodford E, Rothwell E, Old N, Kinyanjui R,
Haque T, Atabani S, Luck S, Prideaux S, Milne
RS, Emery VC and Burroughs AK. Cytomegalo-
virus glycoprotein-B vaccine with MF59 adju-
vant in transplant recipients: a phase 2 ran-
domised placebo-controlled trial. Lancet 2011;
377: 1256-1263.

La Rosa C, Longmate J, Martinez J, Zhou Q,
Kaltcheva TI, Tsai W, Drake J, Carroll M, Wus-
sow F, Chiuppesi F, Hardwick N, Dadwal S, Al-
doss I, Nakamura R, Zaia JA and Diamond DJ.
MVA vaccine encoding CMV antigens safely in-
duces durable expansion of CMV-specific T
cells in healthy adults. Blood 2017; 129: 114-
125.

Aldoss |, La Rosa C, Baden LR, Longmate J,
Ariza-Heredia EJ, Rida WN, Lingaraju CR, Zhou
Q, Martinez J, Kaltcheva T, Dagis A, Hardwick
N, Issa NC, Farol L, Nademanee A, Al Malki
MM, Forman S, Nakamura R and Diamond DJ;
TRIPLEX VACCINE Study Group. Poxvirus vec-
tored cytomegalovirus vaccine to prevent cyto-
megalovirus viremia in transplant recipients: a
phase 2, randomized clinical trial. Ann Intern
Med 2020; 172: 306-316.

Kharfan-Dabaja MA, Boeckh M, Wilck MB,
Langston AA, Chu AH, Wloch MK, Guterwill DF,
Smith LR, Rolland AP and Kenney RT. A novel
therapeutic cytomegalovirus DNA vaccine in al-
logeneic haemopoietic stem-cell transplanta-
tion: a randomised, double-blind, placebo-con-
trolled, phase 2 trial. Lancet Infect Dis 2012;
12: 290-299.

Nakamura R, La Rosa C, Longmate J, Drake J,
Slape C, Zhou Q, Lampa MG, O’Donnell M, Cai

Am J Transl Res 2026;18(1):13-34



[79]

[80]

[81]

[82]

[83]

(84]

[85]

(86]

[87]

(88]

32

Immunotherapy for viral infections in organ transplantation

JL, Farol L, Salhotra A, Snyder DS, Aldoss |, For-
man SJ, Miller JS, Zaia JA and Diamond DJ. Vi-
raemia, immunogenicity, and survival outco-
mes of cytomegalovirus chimeric epitope vac-
cine supplemented with PF03512676 (CMV-
PepVax) in allogeneic haemopoietic stem-cell
transplantation: randomised phase 1b trial.
Lancet Haematol 2016; 3: e87-98.

Cohen JI. Vaccine development for epstein-
barr virus. Adv Exp Med Biol 2018; 1045: 477-
493.

Bu W, Joyce MG, Nguyen H, Banh DV, Aguilar F,
Tariq Z, Yap ML, Tsujimura Y, Gillespie RA, Tsyb-
ovsky Y, Andrews SF, Narpala SR, McDermott
AB, Rossmann MG, Yasutomi Y, Nabel GJ,
Kanekiyo M and Cohen JI. Immunization with
components of the viral fusion apparatus elic-
its antibodies That neutralize epstein-barr vi-
rus in B cells and epithelial cells. Immunity
2019; 50: 1305-1316, e1306.

Cui X, Cao Z, Ishikawa Y, Cui S, Imadome Kl
and Snapper CM. Immunization with epstein-
barr virus core fusion machinery envelope pro-
teins elicit high titers of neutralizing activities
and protect humanized mice from lethal dose
EBV challenge. Vaccines (Basel) 2021; 9: 285.
Dasari V, Sinha D, Neller MA, Smith C and
Khanna R. Prophylactic and therapeutic strate-
gies for Epstein-Barr virus-associated diseas-
es: emerging strategies for clinical develop-
ment. Expert Rev Vaccines 2019; 18: 457-474.
Minz C, Bickham KL, Subklewe M, Tsang ML,
Chahroudi A, Kurilla MG, Zhang D, O’Donnell M
and Steinman RM. Human CD4(+) T lympho-
cytes consistently respond to the latent Ep-
stein-Barr virus nuclear antigen EBNA1. J Exp
Med 2000; 191: 1649-1660.

Straathof KC, Leen AM, Buza EL, Taylor G, Huls
MH, Heslop HE, Rooney CM and Bollard CM.
Characterization of latent membrane protein 2
specificity in CTL lines from patients with EBV-
positive nasopharyngeal carcinoma and lym-
phoma. J Immunol 2005; 175: 4137-4147.

Lo AK, Dawson CW, Lung HL, Wong KL and
Young LS. The role of EBV-encoded LMP1 in
the NPC tumor microenvironment: from func-
tion to therapy. Front Oncol 2021; 11: 640207.
Cui X and Snapper CM. Epstein barr virus: de-
velopment of vaccines and immune cell thera-
py for EBV-associated diseases. Front Immunol
2021; 12: 734471.

Kennedy DA and Read AF. Why does drug resis-
tance readily evolve but vaccine resistance
does not? Proc Biol Sci 2017; 284: 20162562.
Pei XY, Zhao XY, Chang YJ, Liu J, Xu LP, Wang Y,
Zhang XH, Han W, Chen YH and Huang XJ. Cy-
tomegalovirus-specific T-cell transfer for refrac-
tory cytomegalovirus infection after haploiden-
tical stem cell transplantation: the quantitative

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

and qualitative immune recovery for cytomega-
lovirus. J Infect Dis 2017; 216: 945-956.
Smith C, Beagley L, Rehan S, Neller MA, Crooks
P, Solomon M, Holmes-Liew CL, Holmes M,
McKenzie SC, Hopkins P, Campbell S, Francis
RS, Chambers DC and Khanna R. Autologous
adoptive T-cell therapy for recurrent or drug-
resistant cytomegalovirus complications in
solid organ transplant recipients: a single-arm
open-label phase | clinical trial. Clin Infect Dis
2019; 68: 632-640.

Holmes-Liew CL, Holmes M, Beagley L, Hop-
kins P, Chambers D, Smith C and Khanna R.
Adoptive T-cell immunotherapy for ganciclovir-
resistant CMV disease after lung transplanta-
tion. Clin Transl Immunology 2015; 4: e35.
Taherian MR, Azarbar P, Barkhordar M, Toufani
S, Aliabadi LS, Bahri T, Ahmadvand M, Yagh-
maie M, Daneshvar A and Vaezi M. Efficacy
and safety of adoptive T-cell therapy in treating
cytomegalovirus infections post-haematopoi-
etic stem cell transplantation: a systematic re-
view and meta-analysis. Rev Med Virol 2024;
34: e2558.

Heldman MR, Boeckh MJ and Limaye AP. Cur-
rent and future strategies for the prevention
and treatment of cytomegalovirus infections in
transplantation. Clin Infect Dis 2025; 81: 581-
592.

Amini L, Wagner DL, Réssler U, Zarrinrad G,
Wagner LF, Vollmer T, Wendering DJ, Kornak U,
Volk HD, Reinke P and Schmueck-Henneresse
M. CRISPR-Cas9-edited tacrolimus-resistant
antiviral T cells for advanced adoptive immu-
notherapy in transplant recipients. Mol Ther
2021; 29: 32-46.

Keller MD, Darko S, Lang H, Ransier A, Lazar-
ski CA, Wang Y, Hanley PJ, Davila BJ, Heimall
JR, Ambinder RF, Barrett AJ, Rooney CM, Hes-
lop HE, Douek DC and Bollard CM. T-cell recep-
tor sequencing demonstrates persistence of
virus-specific T cells after antiviral immuno-
therapy. Br J Haematol 2019; 187: 206-218.
Bonifacius A, Lamottke B, Tischer-Zimmer-
mann S, Schultze-Florey R, Goudeva L, Heuft
HG, Arseniev L, Beier R, Beutel G, Cario G,
Frohlich B, Greil J, Hansmann L, Hasenkamp J,
H6fs M, Hundsdoerfer P, Jost E, Kafa K, Kriege
O, Kroéger N, Mathas S, Meisel R, Nathrath M,
Putkonen M, Ravens S, Reinhardt HC, Sala E,
Sauer MG, Schmitt C, Schroers R, Steckel NK,
Trappe RU, Verbeek M, Wolff D, Blasczyk R, Eiz-
Vesper B and Maecker-Kolhoff B. Patient-tai-
lored adoptive immunotherapy with EBV-spe-
cific T cells from related and unrelated donors.
J Clin Invest 2023; 133: €163548.

Jahan S, Scuderi C, Francis L, Neller MA, Re-
han S, Crooks P, Ambalathingal GR, Smith C,
Khanna R and John GT. T-cell adoptive im-

Am J Transl Res 2026;18(1):13-34



Immunotherapy for viral infections in organ transplantation

munotherapy for BK nephropathy in renal
transplantation. Transpl Infect Dis 2020; 22:
€13399.

[97] Stringaris K and Barrett AJ. The importance of
natural killer cell killer immunoglobulin-like re-
ceptor-mismatch in transplant outcomes. Curr
Opin Hematol 2017; 24: 489-495.

[98] Zamir MR, Shahi A, Salehi S and Amirzargar A.
Natural killer cells and killer cell immunoglobu-
lin-like receptors in solid organ transplanta-
tion: protectors or opponents? Transplant Rev
(Orlando) 2022; 36: 100723.

[99] Rajalingam R. The impact of HLA class I-specif-
ic killer cell immunoglobulin-like receptors on
antibody-dependent natural killer cell-mediat-
ed cytotoxicity and organ allograft rejection.
Front Immunol 2016; 7: 585.

[100] Saunders PM, llling PT, Coin L, Wong SC, Oates
CVL, Purcell AW and Brooks AG. Peptide selec-
tivity of killer cell immunoglobulin-like recep-
tors differs with allotypic variation in HLA class
I. J Immunol 2025; 214: 747-761.

[1041] Nakid-Cordero C, Baron M, Guihot A and Vieil-
lard V. Natural Killer cells in post-transplant
lymphoproliferative disorders. Cancers (Basel)
2021; 13: 1836.

[102] Terrén |, Orrantia A, Astarloa-Pando G, Amaril-
la-lrusta A, Zenarruzabeitia O and Borrego F.
Cytokine-induced memory-like nk cells: from
the basics to clinical applications. Front Immu-
nol 2022; 13: 884648.

[103] Sinha O, Abhipsha SK and Sen Santara S. Pow-
er of memory: a natural killer cell perspective.
Cells 2025; 14: 846.

[104] Wang S, He B, Liu H, Muhammad I, Cai J and
Wang F. Immunoglobulin-like receptor geno-
type-associated protection from cytomegalovi-
rus infection after liver transplantation. Transpl
Immunol 2025; 88: 102171.

[105] Grossi P, Mohacsi P, Szabolcs Z and Potena L.
Cytomegalovirus immunoglobulin after thorac-
ic transplantation: an overview. Transplanta-
tion 2016; 100 Suppl 3: S1-4.

[106] Kotton CN, Kumar D, Caliendo AM, Huprikar S,
Chou S, Danziger-lsakov L and Humar A; The
Transplantation Society International CMV
Consensus Group. The third international con-
sensus guidelines on the management of cyto-
megalovirus in solid-organ transplantation.
Transplantation 2018; 102: 900-931.

[107] Camilleri B, Bridson JM and Halawa A. Calci-
neurin inhibitor-sparing strategies in renal
transplantation: where are We? A comprehen-
sive review of the current evidence. Exp Clin
Transplant 2016; 14: 471-483.

[108] Webster AC, Ruster LP, McGee R, Matheson
SL, Higgins GY, Willis NS, Chapman JR and
Craig JC. Interleukin 2 receptor antagonists for
kidney transplant recipients. Cochrane Data-
base Syst Rev 2010; 2010: CD003897.

33

[109] Barten MJ, Baldanti F, Staus A, Hiiber CM, Gly-
nou K and Zuckermann A. Effectiveness of pro-
phylactic human cytomegalovirus hyperimmu-
noglobulin in preventing cytomegalovirus in-
fection following transplantation: a systematic
review and meta-analysis. Life (Basel) 2022;
12: 361.

[110] Morton M, Coupes B, Roberts SA, Johnson SL,
Klapper PE, Vallely PJ and Picton ML. Epstein-
Barr virus infection in adult renal transplant
recipients. Am J Transplant 2014; 14: 1619-
1629.

[111] Bamoulid J, Courivaud C, Coaquette A, Chalo-
pin JM, Gaiffe E, Saas P and Ducloux D. Sub-
clinical Epstein-Barr virus viremia among adult
renal transplant recipients: incidence and con-
sequences. Am J Transplant 2013; 13: 656-
662.

[112] Holman CJ, Karger AB, Mullan BD, Brund-
age RC and Balfour HH Jr. Quantitative Ep-
stein-Barr virus shedding and its correlation
with the risk of post-transplant lymphoprolifer-
ative disorder. Clin Transplant 2012; 26: 741-
T747.

[113] Holmes MV, Caplin B, Atkinson C, Smith C, Har-
ber M, Sweny P and Haque T. Prospective mon-
itoring of Epstein-Barr virus DNA in adult renal
transplant recipients during the early post-
transplant period: role of mycophenolate mo-
fetil. Transplantation 2009; 87: 852-856.

[114] Gutiérrez-Hoya A and Soto-Cruz |. NK Cell regu-
lation in cervical cancer and strategies for im-
munotherapy. Cells 2021; 10: 3104.

[115] Boutolleau D, Coutance G, Désiré E, Bouglé A,
Bréchot N, Leprince P and Varnous S. Associa-
tion between cytomegalovirus infection and al-
lograft rejection in a large contemporary co-
hort of heart transplant recipients. Transpl
Infect Dis 2021; 23: e13569.

[116] Pullerits K, Garland S, Rengarajan S, Guiver M,
Chinnadurai R, Middleton RJ, Chukwu CA and
Kalra PA. Kidney transplant-associated viral
infection rates and outcomes in a single-centre
cohort. Viruses 2022; 14: 2406.

[117] Abdullatif H, Dhawan A and Verma A. Epidemi-
ology and risk factors for viral infections in pe-
diatric liver transplant recipients and impact
on outcome. Viruses 2023; 15: 1059.

[118] Martin-Gandul C, Stampf S, Héquet D, Mueller
NJ, Cusini A, van Delden C, Khanna N, Boggian
K, Hirzel C, Soccal P, Hirsch HH, Pascual M,
Meylan P and Manuel O; Swiss Transplant Co-
hort Study (STCS). Preventive strategies
against cytomegalovirus and incidence of
a-Herpesvirus infections in solid organ trans-
plant recipients: a nationwide cohort study. Am
J Transplant 2017; 17: 1813-1822.

[119] Randhawa P, Uhrmacher J, Pasculle W, Vats A,
Shapiro R, Eghtsead B and Weck K. A compar-
ative study of BK and JC virus infections in or-

Am J Transl Res 2026;18(1):13-34



Immunotherapy for viral infections in organ transplantation

gan transplant recipients. J Med Virol 2005;
77:238-243.

[120] Ollivier-Hourmand |, Lebedel L, Lecouf A, Al-

laire M, Nguyen TTN, Lier C and Dao T. Pegylat-
ed interferon may be considered in chronic vi-
ral hepatitis E resistant to ribavirin in kidney
transplant recipients. BMC Infect Dis 2020;
20: 522.

[121] Giersch K, Homs M, Volz T, Helbig M, Allweiss

L, Lohse AW, Petersen J, Buti M, Pollicino T,
Sureau C, Dandri M and Lutgehetmann M.
Both interferon alpha and lambda can reduce
all intrahepatic HDV infection markers in HBV/
HDV infected humanized mice. Sci Rep 2017;
7: 3757.

[122] Mombelli M, Neofytos D, Huynh-Do U, San-

chez-Céspedes J, Stampf S, Golshayan D, Dah-
dal S, Stirnimann G, Schnyder A, Garzoni C,
Venzin RM, Magenta L, Schdnenberger M,
Walti L, Hirzel C, Munting A, Dickenmann M,
Koller M, Aubert JD, Steiger J, Pascual M, Muel-
ler TF, Schuurmans M, Berger C, Binet |, Villard
J, Mueller NJ, Egli A, Cordero E, van Delden C
and Manuel O. Immunogenicity of high-dose
versus MF59-adjuvanted versus standard in-
fluenza vaccine in solid organ transplant re-
cipients: the Swiss/Spanish trial in solid organ
transplantation on prevention of influenza
(STOP-FLU Trial). Clin Infect Dis 2024; 78: 48-
56.

[123] Vink P, Ramon Torrell JM, Sanchez Fructuoso

34

A, Kim SJ, Kim SI, Zaltzman J, Ortiz F, Campis-
tol Plana JM, Fernandez Rodriguez AM, Rebollo
Rodrigo H, Campins Marti M, Perez R, Gonzalez
Roncero FM, Kumar D, Chiang YJ, Doucette K,
Pipeleers L, Aglera Morales ML, Rodriguez-
Ferrero ML, Secchi A, McNeil SA, Campora L,
Di Paolo E, El Idrissi M, Lépez-Fauqued M, Sa-
laun B, Heineman TC and Oostvogels L; Z-041
Study Group. Immunogenicity and safety of the
adjuvanted recombinant zoster vaccine in
chronically immunosuppressed adults follow-
ing renal transplant: a Phase 3, randomized
clinical trial. Clin Infect Dis 2020; 70: 181-
190.

[124] Chiu CY, Sampathkumar P, Brumble LM, Vi-

kram HR, Watt KD and Beam E. Optimizing
hepatitis B virus seroprotection in thoracic or-
gan transplantation: the role of HepB-CpG
(Heplisav-B) vaccination schedule. Vaccine
2025; 47: 126705.

[125] Macesic N, Langsford D, Nicholls K, Hughes P,

Gottlieb DJ, Clancy L, Blyth E, Micklethwaite K,
Withers B, Majumdar S, Fleming S and Sasa-
deusz J. Adoptive T cell immunotherapy for
treatment of ganciclovir-resistant cytomegalo-
virus disease in a renal transplant recipient.
Am J Transplant 2015; 15: 827-832.

[126] Haque T, Wilkie GM, Jones MM, Higgins CD,

Urquhart G, Wingate P, Burns D, McAulay K,
Turner M, Bellamy C, Amlot PL, Kelly D, MacGil-
christ A, Gandhi MK, Swerdlow AJ and Craw-
ford DH. Allogeneic cytotoxic T-cell therapy for
EBV-positive posttransplantation lymphoprolif-
erative disease: results of a phase 2 multi-
center clinical trial. Blood 2007; 110: 1123-
1131.

[127] Girmenia C, Lazzarotto T, Bonifazi F, Patriarca

F, Irrera G, Ciceri F, Aversa F, Citterio F, Cillo U,
Cozzi E, Gringeri E, Baldanti F, Cavallo R, Clerici
P, Barosi G and Grossi P. Assessment and pre-
vention of cytomegalovirus infection in alloge-
neic hematopoietic stem cell transplant and in
solid organ transplant: a multidisciplinary con-
sensus conference by the Italian GITMO, SITO,
and AMCLI societies. Clin Transplant 2019; 33:
€13666.

Am J Transl Res 2026;18(1):13-34



