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Cytomegalovirus (CMV) remains a major infectious complication after solid-organ
transplantation, driven by immunosuppressive therapies that alter CMV-specific cell-
mediated immunity. Antithymocyte globulin induces profound and prolonged T-cell
depletion, transiently impairing CMV-specific cell-mediated immunity and increasing
CMV risk in seropositive recipients. Calcineurin inhibitors suppress cytokine production,
notably IL-2 and [FN-y, without significantly impairing cytotoxic function, while
mycophenolate mofetil limits lymphocyte proliferation but preserves effector capacity.
In contrast, mTOR inhibitors exert dual antiviral and immunomodulatory effects by directly
inhibiting CMV replication and enhancing CMV-specific T-cell memory formation.
Belatacept, through CD28-CD80/CD86 blockade, may predispose to late, severe, or
relapsing CMV disease, particularly in elderly or D*/R™ recipients. Corticosteroids broadly
inhibit NK cell cytotoxicity and CMV-specific T-cell responses, but clinical data on steroid
withdrawal remain inconsistent. Overall, CMV risk is determined less by a single drug than
by the cumulative depth of immunosuppression. Integrating immune monitoring tools,
such as CMV-specific T-cell assays, could enable tailored immunosuppressive regimens
balancing antiviral protection with graft survival.
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INTRODUCTION

Cytomegalovirus (CMV) is a major opportunistic pathogen in solid-organ transplantation (SOT),
where immunosuppressive therapy promotes viral reactivation and disease.

In immunocompetent hosts, early recognition of CMV by dendritic cells and macrophages
through Toll-like receptors triggers type I interferon and cytokine production, activating natural
killer (NK) cells and limiting initial viral replication.

Long-term viral control, however, relies on adaptive immunity, particularly CMV-specific CD8"
T cells. Upon antigen presentation, these cells expand and differentiate into effector and memory
subsets that clear infected cells via cytotoxic mechanisms (perforin, granzymes) and cytokine release
(IFN-y, TNF-a). Persistent infection drives “memory inflation,” characterized by the progressive
accumulation of highly differentiated, functional CD8" T cells targeting dominant antigens (IE1,
pp65) [1]. These cells are crucial for maintaining viral latency, and their deficiency correlates with
uncontrolled replication in immunocompromised patients. Functional monitoring of CMV-specific
T-cell responses can be achieved using intracellular cytokine staining (ICS), CMV-ELISPOT, or
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interferon-gamma release assays (e.g., QuantiFERON®-CMV),
which differ in sensitivity and clinical applicability [2].

Although off CD8" and CD4" T cells dominate adaptive
control, y§ T cells—especially nonVé2Vg9 subsets—also
expand during infection and exhibit cytotoxic, IFN-
y-producing  effector  functions, compensating when
conventional T-cell immunity is impaired [3], together with
NK CD57" NKG2C (high) NK cells [4].

Understanding immune dynamics is critical to assess how
immunosuppressive therapies influence CMV susceptibility and
clinical outcomes. This review examines the impact of each
immunosuppressant class on CMV risk, adopting a structured
approach according to risk level.

HIGH-RISK AGENTS FOR CMV INFECTION

This section identifies immunosuppressive agents that
substantially increase CMV infection risk through profound
immunosuppression, requiring heightened vigilance and
tailored management strategies.

Antithymocyte Globulin: The Most
Depleting Agent

Mechanisms of Action

Antithymocyte globulins (ATG) cause profound T-cell depletion
by targeting multiple surface antigens. Their main mechanisms
include  complement-dependent lysis, apoptosis, and
opsonization with phagocytosis. Beyond depletion, ATG
modulate immune responses by downregulating adhesion
molecules and chemokine receptors, disrupting leukocyte
trafficking [5]. ATG induces rapid and profound depletion of
naive CD4" T cells, more pronounced than that observed for
CD8" T cells. Notably, CD4" lymphopenia often persists at
12 months post-transplantation [6].

ATG has been widely associated with profound
immunosuppression and an increased incidence of
cytomegalovirus (CMV) infection [7-11]. Since its initial use,
it has been recognized that ATG may promote CMYV infection by
depleting CMV-specific cell-mediated immunity (CMI) [12].

Impact According to Serological Status

According to the prospective multicenter observational study by
Kumar et al,, very few D+R- SOTRs exhibit detectable CMV-
specific CMI, as measured by ELISPOT assay, at the time of
transplantation [13]. However, this finding has been challenged
by a single-center Spanish cohort study, which reported that
approximately 25% of D'/R™ patients had detectable CMV-
specific CMI at transplantation [14]. These differences may, at
least in part, be explained by differences in CMV prevalence
worldwide. Furthermore, most CMV-seronegative recipients do
not develop a detectable T-cell response during the prophylactic
period [12]. Consequently, at the end of prophylaxis, only a small
proportion of D*/R™ SOTRs exhibit CMV-specific T-cell CMI
[13]. Specifically, only 12.1% of D+R— patients have a positive
QuantiFERON-CMV assay at the end of prophylaxis [15], a
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number that can rise to 20.9% when measured by ELISPOT
assay [16]. Following these immunological observations, it has
been demonstrated that ATG induction therapy, compared to
anti-IL-2 receptor antagonists (IL-2RA), did not confer an
additional risk of CMV DNAemia or disease in D/R™ kidney
transplant recipients [17]. As the increased risk of CMV
associated with ATG is probably related to its depleting effect
on CMV-specific T lymphocytes, this risk does not increase in
patients who mostly lack CMV-specific CMI. Nevertheless, this
treatment may exacerbate infection severity or recurrence rate, a
possibility that requires further investigation.

In CMV-seropositive recipients (R+), most of the SOTRs have
a CMV-specific CMI both at the time of transplantation and at
the end of prophylaxis but this response is highly heterogeneous
between the patients [13-18]. Consistent with these findings, it
has been demonstrated that ATG induction therapy, compared
with IL-2RA, confers an additional risk of CMV DNAemia and
disease exclusively in R+ kidney transplant recipients [17].
Specifically, ATG increased the risk of CMV DNAemia in R+
recipients with detectable pretransplant CMI while no difference
was observed among R+ recipients lacking detectable CMI,
highlighting the pivotal role of CMV-CMI in the prevention
of CMV infection (Figure 1). Furthermore, longitudinal analysis
of CMV-specific CMI kinetics revealed that R+CMI+ recipients
receiving rATG experienced a more pronounced suppression of
their pre-existing CMV-specific immunity during the first two
months post-transplantation compared to those treated with
anti-IL-2RA, whereas no significant impact was observed in
R+ CMI- recipients.

Recovery of CMV-Specific Immunity

The recovery of CMV-specific CMI after ATG has been studied in
few studies. At one-month post-transplantation, approximately
50% of R+ SOTRs receiving ATG recover a detectable CMV-
specific CMI, as measured by the QuantiFERON-CMV assay
[19]. By 3 months post-transplant using ELISPOT, CMV-specific
immune recovery is comparable between ATG-treated and
non-ATG-treated patients [17], and among patients with
detectable  pretransplant CMV-specific = CMI, immune
responses recovered by 6 months post-transplant to levels
similar to those observed prior to transplantation [18].

Taken together, these findings suggest that ATG transiently
impairs CMV-specific T-cell responses in R+ SOTRs, while
allowing for subsequent immune reconstitution over time [12].
The transient loss of CMV-specific CMI in these patients is highly
correlated with the risk of CMV disease. Few data are available
about ATG effect on y§ T cells and NK cells.

Belatacept: The Special Case of Late and

Atypical Infections

Clinical Evidence

Belatacept, a costimulation blocker targeting the CD28-CD80/
CD86 pathway, has demonstrated efficacy in preventing
alloimmune responses while preserving renal function. Clinical
trials showed that belatacept used from transplantation did not
increase CMV risk compared to cyclosporine. In the BENEFIT
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FIGURE 1 | Effect of rabbit anti-thymocyte globulin (rATG) on CMV-specific immunity according to recipient serostatus. This figure is a schematic representation of
the restoration of CMV- specific immunity. (A) In CMV-seropositive (R*) recipients, rATG transiently depletes CMV-specific T cells, increasing CMV disease risk until
immune reconstitution occurs. (B). In CMV-seronegative (D*/R") recipients, CMV risk is high with or without rATG, as CMV-specific cell mediated immunity is largely
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and BENEFIT-EXT trials, CMV infection rates were similar (6%—
9% and 11%-14%, respectively) between belatacept and
cyclosporine groups [20, 21]. In a smaller trial, Mannon et al.
[22] observed more CMV viremia in the belatacept arm (20.7%),
but differences were not statistically significant. Similarly,
Woodle et al. [23] found comparable CMV rates (~11%)
across tacrolimus and two belatacept regimens. Switching
from Calcineurin inhibitors (CNIs) to belatacept did not also
appear to increase CMV disease incidence. Budde et al. [24] and
Divard et al. [25] reported no rise in CMV complications after
conversion, even in high-risk patients.

On the opposite, several retrospective studies have highlighted
an increased risk of CMV infection in patients receiving
belatacept. Bertrand et al. reported a higher incidence of late-
onset CMV disease, following conversion to belatacept [26]. A
subsequent study by the same group confirmed that both CMV-
seropositive (R*) and high-risk CMV D*/R™ recipients were
affected [27]. Similarly, Chavarot et al. described an increased
incidence of atypical, often severe CMV disease—sometimes with
intestinal or ocular involvement—occurring several years after
transplantation (median 43.6 months post-conversion) [28].
These infections were particularly common among elderly
recipients (>70 years), patients with impaired graft function,
or those who underwent late conversion to belatacept.
Moreover, CMV infections in belatacept-treated recipients
frequently relapse despite initial antiviral therapy, occasionally
necessitating discontinuation of belatacept [29]. A U.S. cohort by
Karadkhele and colleagues similarly found higher CMV disease
rates in CMV high-risk patients on belatacept, reinforcing that
this association is not restricted to specific geographic regions or
clinical settings [30].

Pathophysiological Mechanisms
Xu et al. demonstrated that belatacept’s immunosuppressive
effects are more pronounced in naive T cells but attenuate as

T cells mature [31]. Belatacept trough levels vary widely among
kidney transplant recipients, ranging from 1.4 to 24.8 ug/L, with a
mean of 8.4 £ 3.9 pg/L [32]. In vitro, belatacept demonstrates
strong immunosuppressive effects on alloreactive T cells, with an
IC50 of 4 ng/mL for IL-2 production [33]. However, CMV-
specific T cells are less susceptible to belatacept’s antiproliferative
effect compared to alloreactive T cells [31]. In vivo, CMV-specific
CD4" and CD8" T-cell responses remain stable during the first
year after switching to belatacept, with no significant decline in
IFN-y or TNF-a secretion [34] (Figure 2).

The immunopathogenesis of CMV reactivation under
belatacept likely stems from its targeted blockade of the
CD28 CD80/CD86 costimulatory pathway, which is essential
for the activation of naive T cells. Regarding antiviral
function, belatacept reduces IFN-gamma production by 50%
in peripheral blood mononuclear cells (PBMCs) stimulated
with a CMV peptide pool [33]. This inhibition dampens the
primary CMV-specific T cell response, a particularly critical
defect in seronegative recipients of CMV-positive organs (D*/
R"). Consistent with this, Kleiboeker et al. reported a case of failed
CMV-specific cellular immunity development in a high-risk D*/
R patient treated with belatacept in combination with low-dose
tacrolimus, MPA, and steroids [35].

Belatacept does not impair the frequency of IL-2/TNF-a/IFN-
y triple-positive CD28~ memory CMV-specific T cells, indicating
that cytokine production by these memory cells remains largely
preserved [31]. However, beyond its effects on naive T cells,
belatacept may indirectly impair CMV-specific memory T cells
that are CD28-independent. Under physiological conditions,
CD80 interacts in cis with PD-L1 on antigen-presenting cells,
thereby limiting PD-1/PD-L1 engagement. Because belatacept
has a high binding affinity for CD80, it can disrupt CD80/PD-
L1 heterodimers [36]. This displacement could release free PD-
L1, enhancing trans interactions between PD-1 and PD-L1, and
thereby promoting functional exhaustion of PDI-expressing
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FIGURE 2 | Simplified in-vitro effects of major immunosuppressive agents on CMV-specific T-cell functions. Assessed functions include early activation
(CD69 upregulation), IL-2 production, proliferation, IFN-y secretion, and cytotoxic potential (perforin/granulysin expression and target-cell killing). Data are derived from
comparative in vitro studies using clinically relevant drug concentrations [31, 33, 51].
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FIGURE 3 | Proposed mechanisms by which belatacept promotes CMV-specific T-cell exhaustion. Belatacept disrupts CD80-PD-L1 cis interactions on antigen-
presenting cells, increasing free PD-L1 and enhancing PD-1/PD-L1 inhibitory signaling. CMV amplifies this pathway via UL146-mediated PD-L1 upregulation.
Downstream, NFAT/AP-1 unbalance promotes TOX-driven exhaustion of CMV-specific CD8* T cells (adapted from [37]).
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CMV-specific CD8" T cells [37]. CMV infection itself may
further amplify this inhibitory axis. The viral UL146 gene
product (vCXCL1) has been shown to upregulate PD-L1
expression on infected hepatic cells, thereby strengthening PD-
1/PD-L1-mediated suppression [38]. Moreover, CD28 blockade
alters downstream signaling balance between NFAT and AP-1,
fostering TOX-driven transcriptional programs associated with
T-cell exhaustion. Consistent with this mechanism, Long et al.
demonstrated that abatacept—another ~CD28 pathway
inhibitor—induced T-cell exhaustion, supporting a class effect
of CD28 blockade [39]. Finally, rare human cases of inherited

CD28 deficiency are characterized by susceptibility to chronic
viral infections, providing genetic evidence of the central role of
this pathway in antiviral immunity [40] (Figure 3).

Management Strategies

Given the increased CMYV risk observed under belatacept, several
strategies have been proposed to optimize its use while
minimizing infection. In a recent study by Del Bello et al,
conversion from MPA to an mTOR inhibitor in belatacept-
treated kidney transplant recipients during or after a first
CMYV episode, led to a marked reduction in CMV replication
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or recurrence rates. In this study, the incidence of CMV
DNAemia was 0.072 per month of exposure in patients
treated with belatacept-MPA, compared with 0.035 in patients
treated with belatacept-mTOR inhibitor (p = 0.0002) [41]. High-
risk populations—particularly D'/R™ recipients, elderly
patients—could also benefit early initiation of antiviral
prophylaxis or pre-emptive therapy for at least 6 months
following the initiation of belatacept therapy [26]. In the
future, combining belatacept with agents that preserve CMV-
specific immunity may help maintain the delicate balance
between graft protection and antiviral defense [42].

NEUTRAL OR MODERATE RISK AGENTS

This section examines immunosuppressive agents that do not
independently increase CMV risk when used as monotherapy,
but may contribute to CMV susceptibility through cumulative
immunosuppression when combined with other agents.

Calcineurin Inhibitors (CNI): Tacrolimus and

Cyclosporine

Mechanisms and Clinical Data

CNIs target specific cytoplasmic proteins—cyclophilins for
cyclosporine and FK-binding proteins for tacrolimus—thereby
inhibiting calcineurin, a key phosphatase involved in the
activation of lymphocytes. This inhibition prevents the
transcription of cytokines such as IL-2, TNF-a, and IFN-y,
which are critical for the immune response following
alloantigen recognition.

CNIs remain the cornerstone of immunosuppressive therapy,
and most CNI-sparing strategies have been compared to
regimens based on mTOR inhibitors or belatacept. This makes
it particularly challenging to isolate the specific effect of CNIs on
the risk of CMV infection after transplantation. However, a few
studies have attempted to assess the risk of CMV viremia and/or
infection in KTRs undergoing CNI withdrawal compared to
those maintained on CNI therapy. In the Cochrane meta-
analysis by Karpe et al. [43], which
83 studies—including 30 that specifically reported on CMV-
related disease incidence—a trend toward a protective effect of
CNI withdrawal was observed. However, this trend did not reach
statistical significance. Therefore, the clinical impact of CNI on
CMYV infection has not been definitively documented in clinical
trials. Another important question is whether tacrolimus and
cyclosporine have a similar impact on CMV infection. In the
pivotal trials comparing the two CNIs, the incidence of CMV
infection was found to be similar [44, 45]. In the SYMPHONY
study, Ekberg et al. [46] reported CMV infection rates of 14.6% in
the standard-dose cyclosporine group, 11% in the low-dose
cyclosporine group, and 9.7% in the low-dose tacrolimus
group. More recently, a retrospective comparison between the
EVERCMV study and a post hoc analysis by Tedesco-Silva and
colleagues showed comparable CMV DNAemia rates between
patients treated with cyclosporine and those treated with
tacrolimus, whether combined with everolimus (EVR) (39.2%
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vs. 43.3%) or with mycophenolic acid (MPA) (77.8% vs. 77.9%)
[47, 48]. Additionally, the type of CNI (tacrolimus versus
cyclosporine) was not associated with viral eradication in the
VICTOR study [49]. These findings support the hypothesis that
both the incidence and severity of CMV infection are largely
independent of the type of CNI used.

Impact on CMV-Specific Immunity

CNIs have been shown to exhibit direct antiviral properties,
including the ability to impair viral replication. A recent study
demonstrated that CNIs exert antiproliferative effects on CMV
in vitro, with a sixfold increase in anti-CMV activity when
combined with MPA. However, these effects were observed at
drug concentrations exceeding those typically achieved in vivo
based on pharmacokinetic data [50].

Additionally, several studies have investigated the impact of
CNI on CMV-specific lymphocyte responses. In a recent study by
Krueger et al, low-dose tacrolimus (5 ng/mL) did not
significantly reduce early activation of CD4" and CD8" T cells
upon stimulation with CMV pp65, as measured by
CD69 expression [51]. However, tacrolimus alone significantly
suppressed IL-2 production by both CMV-specific CD4" and
CD8" T cells. Tacrolimus showed high potency in suppressing IL-
2, with an ICs; of approximately 1 ng/mL [33]. However, this IL-2
inhibition had little impact on the proliferative capacity of CMV-
specific T cells, suggesting that another cytokine such as IL-15
could act as a substitute [51]. Cyclosporin has been tested on the
proliferation capacity of both conventional CMV-specific and y§
T cells. A decreased proliferation capacity was observed at doses
as low as 25 ng/mL [52].

Tacrolimus also reduces the production of IFN-y, a key
antiviral cytokine that limits CMV replication and
dissemination. This effect is particularly pronounced in the
CD4" CMV-specific T cell subset [51]. Additional studies have
confirmed that CNIs also suppress IFN-y production in virus-
specific memory CD8" T cells [53]. Even at very low
concentrations (1.5 ng/mL), tacrolimus was shown to reduce
IFN-y production by 80%-90% in CMV-specific T cells
stimulated with CMV peptide pools for 72 h [33].
Furthermore, tacrolimus inhibits T cell responses in both
CMV-naive and CMV-immune individuals [31]. However,
tacrolimus does not appear to significantly impair cytolytic
function, as it does not reduce the expression of perforin or
granulysin in CMV pp65-stimulated PBMC [51].

Collectively, these findings highlight the nuanced impact of
tacrolimus on CMV-specific T cell responses—sparing early
activation and cytolytic potential, while strongly suppressing
key cytokines like IFN-y, which is essential for antiviral
control (Figure 2).

Mycophenolate Mofetil (MPA): Risk Related

to Cumulative Effects

Mechanisms and Clinical Data

MPA acts as a noncompetitive, selective, and reversible inhibitor
of inosine monophosphate dehydrogenase, the rate-limiting
enzyme in de novo guanosine nucleotide synthesis [54].
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Because lymphocytes depend exclusively on this pathway for
purine synthesis, MPA profoundly inhibits T- and B-cell
proliferation while sparing other cell types that can utilize
salvage pathways.

In patients with lupus nephritis, MPA therapy showed no
higher incidence of CMV infection compared to
cyclophosphamide or azathioprine, both during induction and
maintenance phases [55, 56]. The absence of CMV disease in
these patients likely reflects the absence of allograft-derived viral
reintroduction or post-transplant-specific “hits,” such as
ischemia-reperfusion injury, which are known triggers of
CMV infection [57]. In renal transplantation, early landmark
trials found no significant increase in CMV infection with MPA/
cyclosporine regimens compared with azathioprine or placebo
[58-60]. Later, Miller et al. reported that MPA (1-2 g/day) in
combination with tacrolimus did not result in higher CMV
infection rates than azathioprine-based therapy [61]. In the
VICTOR trial, the use of MPA had no significant influence on
viral eradication [49]. More recent retrospective analyses confirm
that MPA was not an independent risk factor for CMV
recurrence or late CMV DNAemia [62, 63]. Together, these
clinical data suggest that MPA use, per se, does not increase
CMV replication risk.

Impact on CMV-Specific Immunity

Among immunosuppressive agents, MPA displays the most
selective antiviral actions against CMV in vitro. In
combination with tacrolimus, MPA demonstrated synergistic
lethality against CMV in cell culture models, although these
effects occurred at concentrations exceeding those achieved
clinically [50].

MPA induces broad suppression of adaptive immunity by
depleting CD4", CD8", and CD19" lymphocytes, in part through
apoptosis [54]. It downregulates CD25 expression, thereby
impairing IL-2-driven T-cell activation and proliferation. In
vitro, MPA decreases IFN-y production, not by impairing
cytokine synthesis per cell, but by reducing the total
lymphocyte pool capable of activation. Consequently, the
antiviral arm of the immune response may be dampened in
proportion to overall lymphocyte depletion. Recent studies have
examined the effects of MPA on CMV-specific T-cell responses.
Krueger et al. reported that activation of CD4" and CD8" T cells
by CMV pp65 antigen is not significantly affected by MPA alone
[51]. MPA had high IC50 values at 3 ng/mL for IL-2. However,
MPA strongly reduces the proliferation of purified CMV-specific
T cells and y§ T cells in vitro [52], indicating a selective
antiproliferative effect without full functional suppression.
Indeed, Egli et al. showed that MPA induced a moderate
reduction in IFN-y production by CMV peptide-stimulated
T cells [33], and Krueger et al. found no significant reduction
in IFN-y-producing CMV-specific T cells upon MPA exposure
[51]. Moreover, MPA does not impair cytotoxic T-cell function,
since Krueger et al. observed preserved perforin and granulysin
production and intact cytolytic activity of CMV-specific T cells
exposed to MPA (Figure 2) [51].

In conclusion, MPA has not been shown to independently
increase CMV replication or recurrence in SOT recipients.

Immunosuppressive Regimens and Cytomegalovirus Infection

However, it is frequently the first immunosuppressive agent to
be reduced or discontinued during CMV infection, mainly
because of its myelosuppressive effects, its strong inhibitory
impact on T-cell proliferation critical for CMV control, and its
contribution to the overall burden of immunosuppression.
Reducing or withdrawing MPA may therefore help limit

cytopenias and promote immune recovery during
CMV infection.
Corticosteroids

Maintenance steroid dose has been shown to significantly
associate with death with a functioning graft due to
cardiovascular disease or infection during years 2-5 after
kidney transplantation [64]. Glucocorticoids inhibit NK cell
cytotoxicity and may impair antigen presentation by reducing
the expression of major histocompatibility complex (MHC) class
II molecules on circulating monocytes, thereby diminishing
T-helper cell activation [65]. In addition, prednisolone (at a
high dose of 0.5 pg/mL) exerts broad inhibitory effects on
CMV-specific T cells, including decreased activation, reduced
IL-2 production, lower frequencies of CMV-specific IFN-
y-producing T cells, decreased production of perforin and
granulysin, and inhibition of cytotoxic activity [51] (Figure 2).
Consistent with these findings, the 2-year cumulative incidence of
CMV infection in simultaneous pancreas-kidney transplant
recipients was significantly lower in those managed with a
prednisone-free protocol compared to standard steroid-based
regimens, particularly among high-risk recipients (D*/R™ or
D'R") (18% vs. 36%, p < 0.05) [66]. However, this clinical
observation remains isolated in the literature, as subsequent
randomized trials did not demonstrate a reduced incidence of
CMYV infection with rapid steroid withdrawal [67, 68], nor did the
2016 Cochrane meta-analysis confirm such an effect [69].

Although corticosteroids impair immune function, evidence
that steroid withdrawal reduces CMV risk remains inconsistent.
This discrepancy likely reflects the higher doses used in vitro
compared with the much lower maintenance doses used
clinically.

THE PROTECTIVE EXCEPTION: MTOR
INHIBITORS

Multiple randomized trials and meta-analyses demonstrated a
lower incidence of CMV infection and disease in patients
receiving de novo mTOR inhibitors compared to CNI-based or
MPA-containing regimens [70]. Trials comparing CNI + EVR to
CNI + MPA consistently report fewer CMV events in the mTORi
groups [71-79]. Prospective studies designed with CMV
infection as a primary endpoint confirmed that CMV
DNAemia and clinically significant infections were
substantially reduced in EVR + low-dose CNI regimens,
particularly among CMV-seropositive recipients [47, 77].
Head-to-head comparisons between EVR and sirolimus
demonstrated comparable protection against CMV [78]. Even
in high-risk patients receiving ATG, EVR was associated with
fewer CMV events compared to MPA [71, 79]. Accordingly, the

Transplant International | Published by Frontiers

April 2026 | Volume 39 | Article 15987



Bellier et al.

Fourth International Consensus Guidelines for CMV in SOT
recipients recommend preemptive or close clinical monitoring in
CMV-seropositive kidney transplant patients receiving de novo
mTOR-based immunosuppression [80].

Data in D*/R” kidney transplant recipients remain limited but
suggest reduced CMV disease with CNI-EVR compared with
CNI-MPA regimens. In a monocentric study, basal and peak viral
loads were significantly lower under CNI-EVR [81], consistent
with the TRANSFORM study findings [82]. However, other
studies found no significant difference in CMV DNAemia
[83], warranting further investigation in this subgroup.

Similar reductions in CMV incidence under mTORi therapy
have been observed in heart transplantation [84-88], pediatric
renal transplantation [87], lung transplantation [88-90], and liver
transplantation [91]. Meta-analyses and systematic reviews
further confirm that mTOR inhibitors reduce CMV infection
rates across various organ types [92, 93].

Conversion to mTOR inhibitors immediately after treatment
of a first CMV episode significantly reduces the risk of recurrence
in R" kidney transplant recipients [94]. However, a retrospective
analysis including heterogeneous cohorts did not show a
significant difference in recurrence [95], highlighting the need
for prospective data in D*/R™ high-risk population. Interestingly,
in belatacept-treated patients, conversion from MPA to mTORi
reduced CMV replication and recurrence [41], supporting the
protective effect of mTOR inhibition even in settings of
costimulation blockade.

CMYV replication depends on both rapamycin-sensitive
and rapamycin-resistant mTORC1 activity [96]. mTOR
activation supports the translation of viral proteins and the
maintenance of protein synthesis during infection [96, 97]. In
vitro, inhibition of mTORCI prevents the accumulation of
immediate early, early, and late CMV proteins [98]. During
late infection phases, sustained mTOR activation is required
for synthesis of late viral proteins such as pUL44 and pp65.
Rapamycin strongly suppressed CMV replication three to five
days post-infection in macrophages, confirming that mTOR is
essential for viral replication in myeloid cells [99]. Pre-
infection treatment with everolimus suppresses viral spread
and reduces the number of infected cells in vitro [100]. These
findings collectively indicate that mTOR inhibition can
directly impair CMV replication, particularly in the late
stages of the viral cycle, by interfering with viral protein
translation and host cell metabolism.

mTOR plays also a central role in T-cell differentiation and
memory formation. mTOR inhibition has been shown to
enhance both the quantity and functional quality of virus-
specific CD8" T cells, promoting the generation of long-lived
memory populations [101, 102]. Under sirolimus monotherapy,
antigen-specific CD8" responses are suppressed toward allografts
but augmented against viral or bacterial pathogens. In vitro,
activation of CD4 and CD8" T cells by CMV pp65 antigen is
not significantly inhibited by EVR alone [51]. Sirolimus inhibits
IL-2 production at low ICs, concentrations (~2 ng/mL) [33], and
EVR reduces CMV-specific T-cell proliferation [51].
Nevertheless, in vivo, switching from cyclosporine-MPA to
EVR-based therapy increases circulating CMV-specific CD8"

Immunosuppressive Regimens and Cytomegalovirus Infection

T-cell counts [103]. These data indicate that mTOR inhibition
transiently dampens proliferation in vitro but enhances
functional antiviral T-cell responses in vivo (Figure 2).

Sirolimus markedly reduces IFN-y production in vitro
[33]. However, EVR does not significantly impair IFN-y
production by CMV-specific T cells stimulated with
pp65 antigen [51]. Such discrepancies may reflect
differences in  experimental conditions or drug
concentrations. Indeed, in renal transplant recipients,
mTORi therapy has been associated with higher
frequencies of IFN-y-producing CMV-specific cells
compared with MPA [104]. Mechanistically, mTOR
inhibition converts dysfunctional CMV-specific T cells into
functional effector cells, enhancing y§ and af T-cell responses
and correlating with lower CMV incidence [52]. mTORi
therapy improves the proliferation and survival of
terminally differentiated effector memory cells (TEMRA),
reduces exhaustion markers (PD-1", CD85j"), and shifts
transcriptional profiles toward Hobit"/EOMES™
phenotypes. Low-dose mTOR inhibition enhances T-cell
receptor signaling and IFN-y production in y§ T cells
when compared to MPA [52]. In the EVER-CMV trial,
continuous EVR therapy maintained improved CMV-
specific T-cell functionality, while discontinuation led to
loss of this benefit [47] (Figure 4).

Furthermore, EVR does not inhibit cytotoxic function: CMV
pp65-stimulated PBMCs maintain perforin and granulysin
production, and EVR-treated CMV-specific T cells preserve
cytotoxicity against infected fibroblasts [51].

Overal, mTOR inhibition represents a dual-action
strategy—providing  effective  immunosuppression  while
conferring viro-immunologic protection against CMV in R*
patients. Nevertheless, mTOR inhibitors are discontinued in
approximately one third of patients because of intolerance,
which may subsequently re-expose these patients to an
increased risk of CMV infection.

THE CUMULATIVE RISK PARADIGM

CNI alone or MPA alone have not been shown to independently
increase the risk of CMV infection in SOT recipients. Therefore,
the increased risk observed is likely attributable to transplant-
related factors such as the risk of primary infection in D'R™
patients and the overall degree of immunosuppression. A
prospective study by De Weerd et al. found no statistically
significant differences in CMV replication between patients
receiving tacrolimus monotherapy and those on a
tacrolimus-MPA regimen in low-risk kidney transplant
recipients without corticosteroids [105]. However, an earlier
study by Shapiro et al. —one of the first to introduce the
concept of triple combination regimens to prevent allograft
rejection—reported a twofold higher incidence of CMV
infection when MPA was added to a tacrolimus/prednisone
regimen (8.5% vs. 16.7% at 15 months) [106]. In line with this
finding, CNIs appear to affect viral eradication during antiviral
therapy. In the VICTOR trial, patients on dual
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FIGURE 4 | Everolimus restores CMV-specific T-cell functionality and enhances antiviral immunity. mTOR inhibition promotes the proliferation and survival of CMV-
specific terminally differentiated effector memory T cells (TEMRA), reduces exhaustion markers (PD-1*, CD85j*), and shifts transcriptional programs toward a Hobit™/
EOMES™ effector phenotype. Low-dose mTOR inhibitor therapy also enhances IFN-y production in CMV-specific y8 T cells, thereby supporting effective CMV control.
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immunosuppressive therapy (versus triple) and those with lower
CNI concentrations (<150 ng/mL for cyclosporine and <5 ng/mL
for tacrolimus) demonstrated significantly higher rates of viral
clearance, with odds ratios of 2.55 and 5.52, respectively [49].
These clinical observations are further supported by recent
experimental data from Krueger et al, who showed that
activation, IL-2 production, proliferation, IFN-y secretion, and
cytotoxicity of CMV pp65-specific CD4" and CD8" T cells were
significantly reduced in the presence of Tacrolimus + EVR +
Prednisolone or Tacrolimus + MPA + Prednisolone compared
with Tacrolimus or MPA alone [51]. Taken together, the
cumulative burden of immunosuppressive therapy, rather than
any single agent, appears to drive CMV susceptibility and delayed
viral clearance.

CONCLUSION

In summary, CMV infection results from the combined impact of
immunosuppressive agents on both innate and adaptive
immunity. While ATG exert the strongest inhibitory effects on
CMV-specific T-cell function, CNIs and MPA contribute mainly
through cumulative immunosuppression rather than direct viral
promotion. In contrast, mTOR inhibitors show protective
antiviral and immunomodulatory properties. Belatacept carries
a specific risk of late and atypical CMV disease. Overall,
optimizing immunosuppressive balance and incorporating

immune monitoring remain essential to prevent CMV
complications.

AUTHOR CONTRIBUTIONS

LC, HK, and PM designed the figures. All authors contributed to
the article and approved the submitted version.

FUNDING

The author(s) declared that financial support was not received for
this work and/or its publication.

CONFLICT OF INTEREST

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

GENERATIVE Al STATEMENT

The author(s) declared that generative Al was used in the creation
of this manuscript. During the preparation of this work, the

Transplant International | Published by Frontiers

April 2026 | Volume 39 | Article 15987



Bellier et al.

author(s) used: - Mistral Al Le Chat for: text translation, academic
synthaxis - OpenEvidence, 2025: bibliographic research.

Any alternative text (alt text) provided alongside figures in

this article has been generated by Frontiers with the support

REFERENCES

10.

11.

12.

13.

14.

15.

. Khairallah C, Déchanet-Merville ], Capone M. y8 T Cell-Mediated Immunity

to Cytomegalovirus Infection. Front Immunol (2017) 8:105. doi:10.3389/
fimmu.2017.00105

. Bestard O, Kaminski H, Couzi L, Fernidndez-Ruiz M, Manuel O.

Cytomegalovirus Cell-Mediated Immunity: Ready for Routine Use?
Transpl Int (2023) 36:11963. doi:10.3389/ti.2023.11963

. Kaminski H, Couzi L, Eber] M. Unconventional T Cells and Kidney Disease.

Nat Rev Nephrol (2021) 17(12):795-813. doi:10.1038/s41581-021-00466-8

. Lopez-Verges S, Milush JM, Schwartz BS, Pando M]J, Jarjoura J, York VA,

et al. Expansion of a Unique CD57+NKG2Chi Natural Killer Cell Subset
During Acute Human Cytomegalovirus Infection. PNAS (2011) 108:
14725-32. do0i:10.1073/pnas.1110900108

. Mohty M. Mechanisms of Action of Antithymocyte Globulin: T-Cell

Depletion and Beyond. Leukemia (2007) 21:1387-94. doi:10.1038/sj.leu.
2404683

. Gurkan S, Luan Y, Dhillon N, Allam SR, Montague T, Bromberg JS, et al.

Immune Reconstitution Following Rabbit Antithymocyte Globulin. Am
J Transpl (2010) 10(9):2132-41. doi:10.1111/j.1600-6143.2010.03210.x

. Brennan DC, Daller JA, Lake KD, Cibrik D, Castillo DD, Thymoglobulin

Induction Study Group. Rabbit Antithymocyte Globulin Versus Basiliximab
in Renal Transplantation. N Engl ] Med (2006) 355(19):1967-77. d0i:10.1056/
NEJMo0a060068

. Hardinger KL, Brennan DC, Klein CL. Selection of Induction Therapy in

Kidney Transplantation. Transpl Int (2013) 26:662-72. doi:10.1111/tri.12043

. Luan Fl, Samaniego M, Kommareddi M, Park Jm., Ojo Ao. Choice of

Induction Regimens on the Risk of Cytomegalovirus Infection in Donor-
Positive and Recipient-Negative Kidney Transplant Recipients. Transpl Infect
Dis (2010) 12(6):473-9. doi:10.1111/j.1399-3062.2010.00532.x

Lebranchu Y, Bridoux F, Biichler M, Meur YL, Etienne I, Toupance O, et al.
Immunoprophylaxis with Basiliximab Compared with Antithymocyte
Globulin in Renal Transplant Patients Receiving MMF-Containing Triple
Therapy. Am ] Transpl (2002) 2(1):48-56. doi:10.1034/j.1600-6143.2002.
020109.x

Webster AC, Ruster LP, McGee RG, Matheson SL, Higgins GY, Willis NS,
et al. Interleukin 2 Receptor Antagonists for Kidney Transplant Recipients.
Cochrane Database Syst Rev (2010) (1):CD003897. doi:10.1002/14651858.
CD003897.pub3

Abate D, Saldan A, Fiscon M, Cofano S, Paciolla A, Furian L, et al. Evaluation
of Cytomegalovirus (CMV)-Specific T Cell Immune Reconstitution Revealed
that Baseline Antiviral Immunity, Prophylaxis, or Preemptive Therapy but
Not Antithymocyte Globulin Treatment Contribute to CMV-Specific T Cell
Reconstitution in Kidney Transplant Recipients. J Infect Dis (2010) 202(4):
585-94. doi:10.1086/654931

Kumar D, Chin-Hong P, Kayler L, Wojciechowski D, Limaye AP, Osama
Gaber A, et al. A Prospective Multicenter Observational Study of Cell-
Mediated Immunity as a Predictor for Cytomegalovirus Infection in
Kidney Transplant Recipients. Am J Transpl (2019) 19(9):2505-16. doi:10.
1111/ajt.15315

Lucia M, Crespo E, Melilli E, Cruzado JM, Luque S, Llaudé I, et al. Preformed
Frequencies of Cytomegalovirus (CMV)-Specific Memory T and B Cells
Identify Protected CMV-Sensitized Individuals Among Seronegative Kidney
Transplant Recipients. Clin Infect Dis (2014) 59(11):1537-45. doi:10.1093/
cid/ciu589

Manuel O, Husain S, Kumar D, Zayas C, Mawhorter S, Levi ME, et al.
Assessment of Cytomegalovirus-Specific Cell-Mediated Immunity for the
Prediction of Cytomegalovirus Disease in High-Risk Solid-Organ Transplant
Recipients: A Multicenter Cohort Study. Clin Infect Dis (2013) 56(6):817-24.
doi:10.1093/cid/cis993

Immunosuppressive Regimens and Cytomegalovirus Infection

of artificial intelligence and reasonable efforts have been
made to ensure accuracy, including review by the authors

wherever

possible. If you identify any issues,

please contact us.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Manuel O, Laager M, Hirzel C, Neofytos D, Walti LN, Hoenger G, et al.
Immune Monitoring-Guided Versus Fixed Duration of Antiviral Prophylaxis
Against Cytomegalovirus in Solid-Organ Transplant Recipients: A
Multicenter, Randomized Clinical Trial. Clin Infect Dis (2024) 78(2):
312-23. doi:10.1093/cid/ciad575

Kaminski H, Jarque M, Halfon M, Taton B, Di Ascia L, Pfirmann P, et al.
Different Impact of rATG Induction on CMV Infection Risk in D+R- and R+
KTRs. J Infect Dis (2019) 220(5):761-71. doi:10.1093/infdis/jiz194
Martin-Gandul C, Pérez-Romero P, Mena-Romo D, Molina-Ortega A,
Gonzilez-Roncero FM, Sufier M, et al. Kinetic of the CMV-Specific T-Cell
Immune Response and CMV Infection in CMV-Seropositive Kidney
Transplant Recipients Receiving Rabbit Anti-Thymocyte Globulin
Induction Therapy: A Pilot Study. Transpl Infect Dis (2018) 20(3):e12883.
doi:10.1111/tid.12883

Paez-Vega A, Gutiérrez-Gutiérrez B, Agiiera ML, Facundo C, Redondo-
Pachén D, Sufier M, et al. Immunoguided Discontinuation of Prophylaxis for
Cytomegalovirus Disease in Kidney Transplant Recipients Treated with
Antithymocyte Globulin: A Randomized Clinical Trial. Clin Infect Dis
(2022) 74(5):757-65. doi:10.1093/cid/ciab574

Vincenti F, Charpentier B, Vanrenterghem Y, Rostaing L, Bresnahan B, Darji
P, et al. A Phase III Study of Belatacept-Based Immunosuppression Regimens
Versus Cyclosporine in Renal Transplant Recipients (BENEFIT Study). Am
J Transpl (2010) 10(3):535-46. doi:10.1111/j.1600-6143.2009.03005.x
Durrbach A, Pestana JM, Pearson T, Vincenti F, Garcia VD, Campistol J, et al.
Phase III Study of Belatacept Versus Cyclosporine in Kidney Transplants
from Extended Criteria Donors (BENEFIT-EXT Study). Am ] Transpl (2010)
10(3):547-57. doi:10.1111/j.1600-6143.2010.03016.x

Mannon RB, Armstrong B, Stock PG, Mehta AK, Farris AB, Watson N, et al.
Avoidance of CNI and Steroids Using Belatacept — Results of the Clinical
Trials in Organ Transplantation 16 Trial. Am J Transpl Off ] Am Soc Transpl
Am Soc Transpl Surg (2020) 20(12):3599-608. doi:10.1111/ajt.16152
Woodle ES, Kaufman DB, Shields AR, Leone J, Matas A, Wiseman A, et al.
Belatacept-Based Immunosuppression with Simultaneous Calcineurin
Inhibitor Avoidance and Early Corticosteroid Withdrawal: A Prospective,
Randomized Multicenter Trial. Am ] Transpl (2020) 20(4):1039-55. doi:10.
1111/ajt.15688

Budde K, Prashar R, Haller H, Rial MC, Kamar N, Agarwal A, et al.
Conversion from Calcineurin Inhibitor- to Belatacept-Based Maintenance
Immunosuppression in Renal Transplant Recipients: A Randomized Phase 3b
Trial. ] Am Soc Nephrol (2021) 32(12):3252-64. doi:10.1681/ASN.2021050628
Divard G, Aubert O, Debiais-Deschamp C, Raynaud M, Goutaudier V, Sablik
M, et al. Long-Term Outcomes After Conversion to a Belatacept-Based
Immunosuppression in Kidney Transplant Recipients. Clin | Am Soc
Nephrol (2024) 19(5):628-37. doi:10.2215/CJN.0000000000000411

Bertrand D, Chavarot N, Gatault P, Garrouste C, Bouvier N, Grall-Jezequel A,
et al. Opportunistic Infections After Conversion to Belatacept in Kidney
Transplantation. Nephrol Dial Transplant (2020) 35:336-45. doi:10.1093/ndt/
gfz255

Bertrand D, Terrec F, Etienne I, Chavarot N, Sberro R, Gatault P, et al.
Opportunistic Infections and Efficacy Following Conversion to Belatacept-
Based Therapy After Kidney Transplantation: A French Multicenter Cohort.
J Clin Med (2020) 9(11):3479. doi:10.3390/jcm9113479

Chavarot N, Divard G, Scemla A, Amrouche L, Aubert O, Leruez-Ville M,
et al. Increased Incidence and Unusual Presentations of CMV Disease in
Kidney Transplant Recipients After Conversion to Belatacept. Am ] Transpl
(2021) 21(7):2448-58. doi:10.1111/ajt.16430

Magua W, Johnson AC, Karadkhele GM, Badell IR, Vasanth P, Mehta AK,
et al. Impact of Belatacept and Tacrolimus on Cytomegalovirus Viral Load
Control and Relapse in Moderate and High-Risk Cytomegalovirus Serostatus
Kidney Transplant Recipients. Transpl Infect Dis (2022) 24:¢13983. doi:10.
1111/tid.13983

Transplant International | Published by Frontiers

April 2026 | Volume 39 | Article 15987


https://doi.org/10.3389/fimmu.2017.00105
https://doi.org/10.3389/fimmu.2017.00105
https://doi.org/10.3389/ti.2023.11963
https://doi.org/10.1038/s41581-021-00466-8
https://doi.org/10.1073/pnas.1110900108
https://doi.org/10.1038/sj.leu.2404683
https://doi.org/10.1038/sj.leu.2404683
https://doi.org/10.1111/j.1600-6143.2010.03210.x
https://doi.org/10.1056/NEJMoa060068
https://doi.org/10.1056/NEJMoa060068
https://doi.org/10.1111/tri.12043
https://doi.org/10.1111/j.1399-3062.2010.00532.x
https://doi.org/10.1034/j.1600-6143.2002.020109.x
https://doi.org/10.1034/j.1600-6143.2002.020109.x
https://doi.org/10.1002/14651858.CD003897.pub3
https://doi.org/10.1002/14651858.CD003897.pub3
https://doi.org/10.1086/654931
https://doi.org/10.1111/ajt.15315
https://doi.org/10.1111/ajt.15315
https://doi.org/10.1093/cid/ciu589
https://doi.org/10.1093/cid/ciu589
https://doi.org/10.1093/cid/cis993
https://doi.org/10.1093/cid/ciad575
https://doi.org/10.1093/infdis/jiz194
https://doi.org/10.1111/tid.12883
https://doi.org/10.1093/cid/ciab574
https://doi.org/10.1111/j.1600-6143.2009.03005.x
https://doi.org/10.1111/j.1600-6143.2010.03016.x
https://doi.org/10.1111/ajt.16152
https://doi.org/10.1111/ajt.15688
https://doi.org/10.1111/ajt.15688
https://doi.org/10.1681/ASN.2021050628
https://doi.org/10.2215/CJN.0000000000000411
https://doi.org/10.1093/ndt/gfz255
https://doi.org/10.1093/ndt/gfz255
https://doi.org/10.3390/jcm9113479
https://doi.org/10.1111/ajt.16430
https://doi.org/10.1111/tid.13983
https://doi.org/10.1111/tid.13983

Bellier et al.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Karadkhele G, Hogan J, Magua W, Zhang W, Badell IR, Mehta A, et al. CMV
High-Risk Status and Posttransplant Outcomes in Kidney Transplant Recipients
Treated with Belatacept. Am J Transpl (2021) 21(1):208-21. doi:10.1111/ajt.16132
Xu H, Perez SD, Cheeseman J, Mehta AK, Kirk AD. The allo- and Viral-
Specific Immunosuppressive Effect of Belatacept, but Not Tacrolimus,
Attenuates with Progressive T Cell Maturation. Am ] Transpl Off ] Am
Soc Transpl Am Soc Transpl Surg (2014) 14(2):319-32. doi:10.1111/ajt.12574
Chhun S, Trauchessec M, Melicine S, Nicolas F, Miele A, Lukic S, et al. A
Validated LC-MS/MS Method for Performing Belatacept Drug Monitoring in
Renal Transplantation. Biomedicines (2023) 11(11):2955. doi:10.3390/
biomedicines11112955

Egli A, Kumar D, Broscheit C, O’Shea D, Humar A. Comparison of the Effect
of Standard and Novel Immunosuppressive Drugs on CMV-Specific T-Cell
Cytokine Profiling. Transplantation (2013) 95(3):448-55. doi:10.1097/TP.
0b013e318276a19f

Schaenman J, Rossetti M, Pickering H, Sunga G, Wilhalme H, Elashoff D,
et al. Preservation of Antiviral Immunologic Efficacy Without Alloimmunity
After Switch to Belatacept in Calcineurin Inhibitor-Intolerant Patients.
Kidney Int Rep (2023) 8(1):126-40. doi:10.1016/j.ekir.2022.10.015
Kleiboeker HL, Jorgenson MR, Smith JA. Belatacept May Result in Profound
and Persistent Loss of Cytomegalovirus-Specific Cell-Mediated Immunity: A
Case Report. Transpl Infect Dis Off ] Transpl Soc (2022) 24(2):e13795. doi:10.
1111/tid.13795

Tekguc M, Wing JB, Osaki M, Long J, Sakaguchi S. Treg-Expressed CTLA-4
Depletes CD80/CD86 by Trogocytosis, Releasing Free PD-L1 on Antigen-
Presenting Cells. Proc Natl Acad Sci (2021) 118(30):¢2023739118. doi:10.
1073/pnas.2023739118

Zuber ], Leon ], Déchanet-Merville J, Kaminski H. Belatacept-Related
Cytomegalovirus Infection: Advocacy for Tailored Immunosuppression
Based on Individual Assessment of Immune Fitness. Am | Transpl (2025)
25(2):277-83. doi:10.1016/j.ajt.2024.09.035

Hu L, Wen Z, Chen ], Chen Y, Jin L, Shi H, et al. The Cytomegalovirus
UL146 Gene Product vCXCL1 Promotes the Resistance of Hepatic Cells to
CD8+ T Cells Through Upregulation of PD-LI1. Biochem Biophys Res
Commun (2020) 532(3):393-9. doi:10.1016/j.bbrc.2020.08.060

Long SA, Muir VS, Jones BE, Wall VZ, Ylescupidez A, Hocking AM, et al.
Abatacept Increases T Cell Exhaustion in Early RA Individuals Who Carry
HLA Risk Alleles. Front Immunol (2024) 15:1383110. doi:10.3389/fimmu.
2024.1383110

Béziat V, Rapaport F, Hu J, Titeux M, Claustres MBd, Bourgey M, et al.
Humans with Inherited T Cell CD28 Deficiency Are Susceptible to Skin
Papillomaviruses but Are Otherwise Healthy. Cell (2021) 184(14):
3812-28.e30. doi:10.1016/j.cell.2021.06.004

Del Bello A, Cachoux ], Abravanel F, Prudhomme T, Kamar N. The
Conversion from Mycophenolic Acid to Mammalian Target of Rapamycin
Inhibitor Reduces the Incidence of Cytomegalovirus Replication in
Belatacept-Treated Kidney-Transplant Recipients. Kidney Int Rep (2024)
9(6):1912-5. doi:10.1016/j.ekir.2024.02.1433

Kirk AD, Adams AB, Durrbach A, Ford ML, Hildeman DA, Larsen CP, et al.
Optimization of De Novo Belatacept-Based Immunosuppression
Administered to Renal Transplant Recipients. Am J Transpl (2021) 21(5):
1691-8. doi:10.1111/ajt.16386

Karpe KM, Talaulikar GS, Walters GD. Calcineurin Inhibitor Withdrawal or
Tapering for Kidney Transplant Recipients. Cochrane Database Syst Rev
(2017) 2017(7):CD006750. doi:10.1002/14651858.CD006750.pub2

Pirsch JD, Miller J, Deierhoi MH, Vincenti F, Filo RS. A Comparison of
Tacrolimus (FK506) and Cyclosporine for Immunosuppression After
Cadaveric Renal Transplantation. FK506 Kidney Transplant Study Group.
Transplantation (1997) 63(7):977-83. doi:10.1097/00007890-199704150-
00013

Mayer AD, Dmitrewski J, Squifflet JP, Besse T, Grabensee B, Klein B, et al.
Multicenter Randomized Trial Comparing Tacrolimus (FK506) and
Cyclosporine in the Prevention of Renal Allograft Rejection: A Report of
the European Tacrolimus Multicenter Renal Study Group. Transplantation
(1997) 64(3):436-43. doi:10.1097/00007890-199708150-00012

Ekberg H, Tedesco-Silva H, Demirbas A, Vitko S, Nashan B, Giirkan A, et al.
Reduced Exposure to Calcineurin Inhibitors in Renal Transplantation. N Engl
J Med (2007) 357(25):2562-75. doi:10.1056/NEJM0a067411

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Immunosuppressive Regimens and Cytomegalovirus Infection

Kaminski H, Kamar N, Thaunat O, Bouvier N, Caillard S, Garrigue I, et al.
Incidence of Cytomegalovirus Infection in Seropositive Kidney Transplant
Recipients Treated with Everolimus: A Randomized, Open-Label,
Multicenter Phase 4 Trial. Am J Transpl (2022) 22(5):1430-41. doi:10.
1111/ajt.16946

Basso G, Felipe CR, Cristelli MP, Mansur Siliano J, Viana L, Ferreira Brigido
AN, et al. The Effect of Anti-Thymocyte Globulin and Everolimus on the
Kinetics of Cytomegalovirus Viral Load in Seropositive Kidney Transplant
Recipients Without Prophylaxis. Transpl Infect Dis Off ] Transpl Soc (2018)
20(4):€12919. doi:10.1111/tid.12919

Asberg A, Jardine AG, Bignamini AA, Rollag H, Pescovitz MD, Gahlemann
CC, et al. Effects of the Intensity of Immunosuppressive Therapy on Outcome
of Treatment for CMV Disease in Organ Transplant Recipients. Am ] Transpl
Off ] Am Soc Transpl Am Soc Transpl Surg (2010) 10(8):1881-8. doi:10.1111/j.
1600-6143.2010.03114.x

Carretero-Ledesma M, Aguilar-Guisado M, Berastegui-Cabrera J, Balsera-
Manzanero M, Pachén J, Cordero E, et al. Antiviral Activity of
Immunosuppressors Alone and in Combination Against Human
Adenovirus and Cytomegalovirus. Int J Antimicrob Agents (2024) 63(5):
107116. doi:10.1016/j.jjantimicag.2024.107116

Krueger MB, Bonifacius A, Dragon AC, Santamorena MM, Nashan B,
Taubert R, et al. In Vitro Profiling of Commonly Used Post-Transplant
Immunosuppressants Reveals Distinct Impact on Antiviral T-Cell Immunity
Towards CMV. Transpl Int (2024) 37:12720. doi:10.3389/ti.2024.12720
Kaminski H, Marseres G, Yared N, Nokin MJ, Pitard V, Zouine A, et al. Mtor
Inhibitors Prevent CMV Infection Through the Restoration of Functional of
and y§ T Cells in Kidney Transplantation. ] Am Soc Nephrol JASN (2022)
33(1):121-37. doi:10.1681/ASN.2020121753

Kiihne JF, Neudorfl C, Beushausen K, Keil J, Malysheva S, Wandrer F, et al.
Differential Effects of Belatacept on Virus-Specific Memory Versus De Novo
Allo-Specific T Cell Responses of Kidney Transplant Recipients and Healthy
Donors. Transpl Immunol (2020) 61:101291. doi:10.1016/j.trim.2020.101291
Krawczyk A, Kravcenia B, Maslanka T. Mycophenolate Mofetil: An Update
on Its Mechanism of Action and Effect on Lymphoid Tissue. Front Immunol
(2025) 15:1463429. doi:10.3389/fimmu.2024.1463429

Appel GB, Contreras G, Dooley MA, Ginzler EM, Isenberg D, Jayne D, et al.
Mycophenolate Mofetil Versus Cyclophosphamide for Induction Treatment
of Lupus Nephritis. ] Am Soc Nephrol JASN (2009) 20(5):1103-12. doi:10.
1681/ASN.2008101028

Houssiau FA, D’Cruz D, Sangle S, Remy P, Vasconcelos C, Petrovic R, et al.
Azathioprine  Versus ~ Mycophenolate ~ Mofetil  for ~ Long-Term
Immunosuppression in Lupus Nephritis: Results from the MAINTAIN
Nephritis Trial. Ann Rheum Dis (2010) 69(12):2083-9. doi:10.1136/ard.
2010.131995

Zhang Z, Qiu L, Yan S, Wang JJ, Thomas PM, Kandpal M, et al. A Clinically
Relevant Murine Model Unmasks a “Two-Hit” Mechanism for Reactivation
and Dissemination of Cytomegalovirus After Kidney Transplant. Am
J Transpl (2019) 19(9):2421-33. doi:10.1111/ajt.15376

European Mycophenolate Mofetil Cooperative Study Group. Placebo-
Controlled Study of Mycophenolate Mofetil Combined with Cyclosporin
and Corticosteroids for Prevention of Acute Rejection. The Lancet (1995)
345(8961):1321-5. doi:10.1016/S0140-6736(95)92534-1

Sollinger HW. Mycophenolate Mofetil for the Prevention of Acute Rejection
in Primary Cadaveric Renal Allograft Recipients. Transplantation (1995)
60(3):225-32. doi:10.1097/00007890-199508000-00003

Browne BJ. The Tricontinental Mycophenolate Mofetil Trial. Transplantation
(1996) 62(11):1697. doi:10.1097/00007890-199612150-00033

Miller J, Mendez R, Pirsch JD, Jensik SC, Group for the FDRKTS. Safety and
Efficacy of Tacrolimus in Combination with Mycophenolate Mofetil (MMF)
in Cadaveric Renal Transplant Recipientsl. Transplantation (2000) 69(5):
875-80. doi:10.1097/00007890-200003150-00035

Natori Y, Humar A, Husain S, Rotstein C, Renner E, Singer L, et al.
Recurrence of CMV Infection and the Effect of Prolonged Antivirals in
Organ Transplant Recipients. Transplantation (2017) 101(6):1449-54. doi:10.
1097/TP.0000000000001338

Viot B, Garrigue I, Taton B, Bachelet T, Moreau JF, Dechanet-Merville J, et al.
Post-Transplantation ~ Cytomegalovirus ~ DNAemia  in
Asymptomatic Kidney Transplant Recipients: Incidence, Risk Factors, and

Two-Year

Transplant International | Published by Frontiers

10

April 2026 | Volume 39 | Article 15987


https://doi.org/10.1111/ajt.16132
https://doi.org/10.1111/ajt.12574
https://doi.org/10.3390/biomedicines11112955
https://doi.org/10.3390/biomedicines11112955
https://doi.org/10.1097/TP.0b013e318276a19f
https://doi.org/10.1097/TP.0b013e318276a19f
https://doi.org/10.1016/j.ekir.2022.10.015
https://doi.org/10.1111/tid.13795
https://doi.org/10.1111/tid.13795
https://doi.org/10.1073/pnas.2023739118
https://doi.org/10.1073/pnas.2023739118
https://doi.org/10.1016/j.ajt.2024.09.035
https://doi.org/10.1016/j.bbrc.2020.08.060
https://doi.org/10.3389/fimmu.2024.1383110
https://doi.org/10.3389/fimmu.2024.1383110
https://doi.org/10.1016/j.cell.2021.06.004
https://doi.org/10.1016/j.ekir.2024.02.1433
https://doi.org/10.1111/ajt.16386
https://doi.org/10.1002/14651858.CD006750.pub2
https://doi.org/10.1097/00007890-199704150-00013
https://doi.org/10.1097/00007890-199704150-00013
https://doi.org/10.1097/00007890-199708150-00012
https://doi.org/10.1056/NEJMoa067411
https://doi.org/10.1111/ajt.16946
https://doi.org/10.1111/ajt.16946
https://doi.org/10.1111/tid.12919
https://doi.org/10.1111/j.1600-6143.2010.03114.x
https://doi.org/10.1111/j.1600-6143.2010.03114.x
https://doi.org/10.1016/j.ijantimicag.2024.107116
https://doi.org/10.3389/ti.2024.12720
https://doi.org/10.1681/ASN.2020121753
https://doi.org/10.1016/j.trim.2020.101291
https://doi.org/10.3389/fimmu.2024.1463429
https://doi.org/10.1681/ASN.2008101028
https://doi.org/10.1681/ASN.2008101028
https://doi.org/10.1136/ard.2010.131995
https://doi.org/10.1136/ard.2010.131995
https://doi.org/10.1111/ajt.15376
https://doi.org/10.1016/S0140-6736(95)92534-1
https://doi.org/10.1097/00007890-199508000-00003
https://doi.org/10.1097/00007890-199612150-00033
https://doi.org/10.1097/00007890-200003150-00035
https://doi.org/10.1097/TP.0000000000001338
https://doi.org/10.1097/TP.0000000000001338

Bellier et al.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Outcome. Transpl Infect Dis Off ] Transpl Soc (2015) 17(4):497-509. doi:10.
1111/tid.12408

Opelz G, Dohler B. Association Between Steroid Dosage and Death with a
Functioning Graft After Kidney Transplantation. Am ] Transpl (2013) 13(8):
2096-105. doi:10.1111/ajt.12313

Chastain DB, Spradlin M, Ahmad H, Henao-Martinez AF. Unintended
Consequences: Risk of Opportunistic Infections Associated with Long-
Term Glucocorticoid Therapies in Adults. Clin Infect Dis (2024) 78(4):
e37-56. doi:10.1093/cid/ciad474

Axelrod D, Leventhal JR, Gallon LG, Parker MA, Kaufman DB. Reduction of
CMV Disease with Steroid-Free Immunosuppresssion in Simultaneous
Pancreas-Kidney Transplant Recipients. Am ] Transpl (2005) 5(6):1423-9.
doi:10.1111/j.1600-6143.2005.00855.x

Vincenti F, Schena FP, Paraskevas S, Hauser IA, Walker RG, Grinyo J, et al. A
Randomized, Multicenter Study of Steroid Avoidance, Early Steroid
Withdrawal or Standard Steroid Therapy in Kidney Transplant Recipients.
Am ] Transpl (2008) 8(2):307-16. doi:10.1111/j.1600-6143.2007.02057.x
Thomusch O, Wiesener M, Opgenoorth M, Pascher A, Woitas RP, Witzke O,
et al. Rabbit-ATG or Basiliximab Induction for Rapid Steroid Withdrawal
After Renal Transplantation (Harmony): An Open-Label, Multicentre,
Randomised Controlled Trial. Lancet Lond Engl (2016) 388(10063):
3006-16. doi:10.1016/S0140-6736(16)32187-0

Haller MC, Royuela A, Nagler EV, Pascual ], Webster AC. Steroid Avoidance
or Withdrawal for Kidney Transplant Recipients. Cochrane Database Syst Rev
(2016) 2016(8):CD005632. doi:10.1002/14651858.CD005632.pub3

Mallat SG, Tanios BY, Itani HS, Lotfi T, McMullan C, Gabardi S, et al. CMV
and BKPyV Infections in Renal Transplant Recipients Receiving an mTOR
Inhibitor-Based Regimen Versus a CNI-Based Regimen: A Systematic
Review and Meta-Analysis of Randomized, Controlled Trials. Clin ] Am
Soc Nephrol CJASN (2017) 12(8):1321-36. doi:10.2215/CJN.13221216

Silva JHT, Cibrik D, Johnston T, Lackova E, Mange K, Panis C, et al.
Everolimus plus Reduced-Exposure CsA Versus Mycophenolic Acid plus
Standard-Exposure CsA in Renal-Transplant Recipients. Am J Transpl (2010)
10(6):1401-13. doi:10.1111/j.1600-6143.2010.03129.x

Cibrik D, Silva HT]J, Vathsala A, Lackova E, Cornu-Artis C, Walker RG, et al.
Randomized Trial of Everolimus-Facilitated Calcineurin Inhibitor
Minimization over 24 Months in Renal Transplantation. Transplantation
(2013) 95(7):933-42. doi:10.1097/TP.0b013e3182848e03

Brennan DC, Legendre C, Patel D, Mange K, Wiland A, McCague K, et al.
Cytomegalovirus Incidence Between Everolimus Versus Mycophenolate in
De Novo Renal Transplants: Pooled Analysis of Three Clinical Trials. Am
J Transpl (2011) 11(11):2453-62. doi:10.1111/j.1600-6143.2011.03674.x
Qazi Y, Shaffer D, Kaplan B, Kim DY, Luan FL, Peddi VR, et al. Efficacy and
Safety of Everolimus Plus Low-Dose Tacrolimus Versus Mycophenolate
Mofetil plus Standard-Dose Tacrolimus in De Novo Renal Transplant
Recipients: 12-Month Data. Am ] Transpl (2017) 17(5):1358-69. doi:10.
1111/ajt.14090

Pascual ], Berger SP, Witzke O, Tedesco H, Mulgaonkar S, Qazi Y, et al.
Everolimus with Reduced Calcineurin Inhibitor Exposure in Renal
Transplantation. ] Am Soc Nephrol (2018) 29(7):1979-91. doi:10.1681/
ASN.2018010009

Sommerer C, Suwelack B, Dragun D, Schenker P, Hauser IA, Witzke O, et al.
An Open-Label, Randomized Trial Indicates that Everolimus with
Tacrolimus  or  Cyclosporine Is  Comparable to  Standard
Immunosuppression in De Novo Kidney Transplant Patients. Kidney Int
(2019) 96(1):231-44. doi:10.1016/j.kint.2019.01.041

Tedesco- Silva H, Felipe C, Ferreira A, Cristelli M, Oliveira N, Sandes-Freitas
T, et al. Reduced Incidence of Cytomegalovirus Infection in Kidney
Transplant Recipients Receiving Everolimus and Reduced Tacrolimus
Doses. Am ] Transpl (2015) 15(10):2655-64. doi:10.1111/ajt.13327

Toniato de Rezende Freschi J, Cristelli MP, Viana LA, Ficher KN, Nakamura
MR, Proenga H, et al. A Head-to-Head Comparison of De Novo Sirolimus or
Everolimus plus Reduced-Dose Tacrolimus in Kidney Transplant Recipients:
A Prospective and Randomized Trial. Transplantation (2024) 108(1):261-75.
doi:10.1097/TP.0000000000004749

Cervera C, Cofan F, Hernandez C, Soy D, Marcos MA, Sanclemente G, et al.
Effect of Mammalian Target of Rapamycin Inhibitors on Cytomegalovirus
Infection in Kidney Transplant Recipients Receiving Polyclonal

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Immunosuppressive Regimens and Cytomegalovirus Infection

Antilymphocyte Globulins: A Propensity Score-Matching Analysis. Transpl
Int (2016) 29(11):1216-25. doi:10.1111/tri.12848

Gardiner BJ, Westall GP, Sester M, Torre-Cisneros J, Kotton CN. Immune
Monitoring Assays: Predicting Cytomegalovirus and Other Infections in Solid
Organ Transplant Recipients. Transplantation (2025) 109(3):395-8. doi:10.
1097/TP.0000000000005218

Devresse A, Leruez-Ville M, Scemla A, Avettand-Fenoel V, Morin L, Lebreton
X, et al. Reduction in Late Onset Cytomegalovirus Primary Disease After
Discontinuation of Antiviral Prophylaxis in Kidney Transplant Recipients
Treated with De Novo Everolimus. Transpl Infect Dis (2018) 20(2):e12846.
doi:10.1111/tid.12846

Tedesco-Silva H, Pascual J, Viklicky O, Basic-Jukic N, Cassuto E, Kim DY,
et al. Safety of Everolimus with Reduced Calcineurin Inhibitor Exposure in De
Novo Kidney Transplants: An Analysis from the Randomized TRANSFORM
Study.  Transplantation  (2019) 103(9):1953-63.  doi:10.1097/TP.
0000000000002626

Cristelli MP, Esmeraldo RM, Pinto CM, Sandes-Freitas TV, Felipe C, Lobo
CF, et al. The Influence of Mtor Inhibitors on the Incidence of CMV Infection
in High-Risk Donor Positive-Recipient Negative (D+/R-) Kidney Transplant
Recipients. Transpl Infect Dis (2018) 20(4):e12907. doi:10.1111/tid.12907
Kobashigawa J, Ross H, Bara C, Delgado Jf., Dengler T, Lehmkuhl Hb., et al.
Everolimus Is Associated with a Reduced Incidence of Cytomegalovirus
Infection Following De Novo Cardiac Transplantation. Transpl Infect Dis
(2013) 15(2):150-62. doi:10.1111/tid.12007

Diaz Molina B, Velasco Alonso E, Lambert Rodriguez JL, Rodriguez Bernardo
M]J, Rozado Castafio J, Padron ER, et al. Effect of Early Conversion to
Everolimus Together with Prophylaxis with Valganciclovir in the
Prevention of Cytomegalovirus Infection in Heart Transplant Recipients.
Transpl Proc (2015) 47(1):130-1. doi:10.1016/j.transproceed.2014.11.026
Durante-Mangoni E, Andini R, Pinto D, Iossa D, Molaro R, Agrusta F, et al.
Effect of the Immunosuppressive Regimen on the of
Cytomegalovirus Infection in 378 Heart Transplant Recipients: A Single
Centre, Prospective Cohort Study. J Clin Virol (2015) 68:37-42. doi:10.1016/j.
jcv.2015.04.017

Hocker B, Zencke S, Pape L, Krupka K, Koster L, Fichtner A, et al. Impact of
Everolimus and Low-Dose Cyclosporin on Cytomegalovirus Replication and
Disease in Pediatric Renal Transplantation. Am ] Transpl (2016) 16(3):921-9.
doi:10.1111/ajt.13649

Ritta M, Costa C, Solidoro P, Sidoti F, Libertucci D, Boffini M, et al.
Everolimus-Based Immunosuppressive Regimens in Lung Transplant
Recipients: Impact on CMV Infection. Antivir Res (2015) 113:19-26.
doi:10.1016/j.antiviral.2014.10.016

Strueber M, Warnecke G, Fuge J, Simon AR, Zhang R, Welte T, et al.
Mycophenolate Mofetii De Novo After Lung
Transplantation: A Prospective, Randomized, Open-Label Trial. Am
] Transpl (2016) 16(11):3171-80. doi:10.1111/ajt.13835

Ghassemieh B, Ahya VN, Baz MA, Valentine VG, Arcasoy SM, Love RB, et al.
Decreased Incidence of Cytomegalovirus Infection with Sirolimus in a Post
Hoc Randomized, Multicenter Study in Lung Transplantation. ] Heart Lung
Transpl (2013) 32(7):701-6. doi:10.1016/j.healun.2013.04.010

Sheng L, Jun S, Jianfeng L, Lianghui G. The Effect of Sirolimus-Based
Immunosuppression ~ Vs.  Conventional —Prophylaxis Therapy on
Cytomegalovirus Infection After Liver Transplantation. Clin Transpl
(2015) 29(6):555-9. doi:10.1111/ctr.12552

Bowman LJ, Brueckner AJ, Doligalski CT. The Role of Mtor Inhibitors in the
Management of Viral Infections: A Review of Current Literature.
Transplantation (2018) 102(2S):S50. doi:10.1097/TP.0000000000001777
Ueyama H, Kuno T, Takagi H, Alvarez P, Asleh R, Briasoulis A. Maintenance
Immunosuppression in Heart Transplantation: Insights from Network Meta-
Analysis of Various Immunosuppression Regimens. Heart Fail Rev (2022)
27(3):869-77. doi:10.1007/s10741-020-09967-3

Viana LA, Cristelli MP, Basso G, Santos DW, Dantas MTC, Dreige YC, et al.
Conversion to mTOR Inhibitor to Reduce the Incidence of Cytomegalovirus
Recurrence in Kidney Transplant Recipients Receiving Preemptive
Treatment: A Prospective, Randomized Trial. Transplantation (2023)
107(8):1835-45. doi:10.1097/TP.0000000000004559

Kaminski H, Belanger ], Mary J, Garrigue I, Acquier M, Déchanet-Merville J,
et al. Effect of mTOR Inhibitors During CMV Disease in Kidney Transplant

Incidence

Everolimus Versus

Transplant International | Published by Frontiers

11

April 2026 | Volume 39 | Article 15987


https://doi.org/10.1111/tid.12408
https://doi.org/10.1111/tid.12408
https://doi.org/10.1111/ajt.12313
https://doi.org/10.1093/cid/ciad474
https://doi.org/10.1111/j.1600-6143.2005.00855.x
https://doi.org/10.1111/j.1600-6143.2007.02057.x
https://doi.org/10.1016/S0140-6736(16)32187-0
https://doi.org/10.1002/14651858.CD005632.pub3
https://doi.org/10.2215/CJN.13221216
https://doi.org/10.1111/j.1600-6143.2010.03129.x
https://doi.org/10.1097/TP.0b013e3182848e03
https://doi.org/10.1111/j.1600-6143.2011.03674.x
https://doi.org/10.1111/ajt.14090
https://doi.org/10.1111/ajt.14090
https://doi.org/10.1681/ASN.2018010009
https://doi.org/10.1681/ASN.2018010009
https://doi.org/10.1016/j.kint.2019.01.041
https://doi.org/10.1111/ajt.13327
https://doi.org/10.1097/TP.0000000000004749
https://doi.org/10.1111/tri.12848
https://doi.org/10.1097/TP.0000000000005218
https://doi.org/10.1097/TP.0000000000005218
https://doi.org/10.1111/tid.12846
https://doi.org/10.1097/TP.0000000000002626
https://doi.org/10.1097/TP.0000000000002626
https://doi.org/10.1111/tid.12907
https://doi.org/10.1111/tid.12007
https://doi.org/10.1016/j.transproceed.2014.11.026
https://doi.org/10.1016/j.jcv.2015.04.017
https://doi.org/10.1016/j.jcv.2015.04.017
https://doi.org/10.1111/ajt.13649
https://doi.org/10.1016/j.antiviral.2014.10.016
https://doi.org/10.1111/ajt.13835
https://doi.org/10.1016/j.healun.2013.04.010
https://doi.org/10.1111/ctr.12552
https://doi.org/10.1097/TP.0000000000001777
https://doi.org/10.1007/s10741-020-09967-3
https://doi.org/10.1097/TP.0000000000004559

Bellier et al.

96.

97.

98.

99.

100.

101.

102.

Recipients: Results of a Pilot Retrospective Study. Microbiol Immunol (2020)
64(7):520-31. doi:10.1111/1348-0421.12794

Moorman NJ, Shenk T. Rapamycin-Resistant mTORCI Kinase Activity Is
Required for Herpesvirus Replication. J Virol (2010) 84(10):5260-9. doi:10.
1128/JV1.02733-09

Kudchodkar SB, Yu Y, Maguire TG, Alwine JC. Human Cytomegalovirus
Infection Induces Rapamycin-Insensitive Phosphorylation of Downstream
Effectors of mMTOR Kinase. J Virol (2004) 78(20):11030-9. doi:10.1128/JVL.78.
20.11030-11039.2004

Clippinger AJ, Maguire TG, Alwine JC. The Changing Role of mTOR Kinase
in the Maintenance of Protein Synthesis During Human Cytomegalovirus
Infection. J Virol (2011) 85(8):3930-9. doi:10.1128/JV1.01913-10

Poglitsch M, Weichhart T, Hecking M, Werzowa J, Katholnig K, Antlanger
M, et al. CMV Late Phase-Induced mTOR Activation Is Essential for Efficient
Virus Replication in Polarized Human Macrophages. Am J Transpl (2012)
12(6):1458-68. d0i:10.1111/j.1600-6143.2012.04002.x

Tan L, Sato N, Shiraki A, Yanagita M, Yoshida Y, Takemura Y, et al
Everolimus Delayed and Suppressed Cytomegalovirus DNA Synthesis,
Spread of the Infection, and Alleviated Cytomegalovirus Infection. Antivir
Res (2019) 162:30-8. doi:10.1016/j.antiviral.2018.12.004

Araki K, Turner AP, Shaffer VO, Gangappa S, Keller SA, Bachmann MF, et al.
mTOR Regulates Memory CD8 T-Cell Differentiation. Nature (2009)
460(7251):108-12. doi:10.1038/nature08155

Ferrer IR, Araki K, Ford ML. Paradoxical Aspects of Rapamycin
Immunobiology in Transplantation. Am ] Transpl (2011) 11(4):654-9.
doi:10.1111/j.1600-6143.2011.03473.x

103.

104.

105.

106.

Immunosuppressive Regimens and Cytomegalovirus Infection

Havenith SHC, Yong SL, van Donselaar-van der Pant KAMI, van Lier RAW,
ten Berge IJM, Bemelman FJ]. Everolimus-Treated Renal Transplant
Recipients Have a More Robust CMV-Specific CD8+ T-Cell Response
Compared with Cyclosporine- or Mycophenolate-Treated Patients.
Transplantation (2013) 95(1):184-91. doi:10.1097/TP.0b013e318276alef
Hauser IA, Marx S, Sommerer C, Suwelack B, Dragun D, Witzke O, et al.
Effect of Everolimus-Based Drug Regimens on CMV-Specific T-Cell
Functionality ~ After Renal Transplantation: 12-Month ~ATHENA
Subcohort-Study Results. Eur ] Immunol (2021) 51(4):943-55. doi:10.1002/
€ji.202048855

de Weerd AE, Fatly ZA, Boer-Verschragen M, Kal-van Gestel JA, Roelen DL,
Dieterich M, et al. Tacrolimus Monotherapy Is Safe in Immunologically Low-
Risk Kidney Transplant Recipients: A Randomized-Controlled Pilot Study.
Transpl Int (2022) 35:10839. doi:10.3389/ti.2022.10839

Shapiro R, Jordan ML, Scantlebury VP, Vivas C, Marsh JW, McCauley J, et al.
A Prospective, Randomized Trial of Tacrolimus/Prednisone Versus
Tacrolimus/Prednisone/Mycophenolate Mofetil in Renal Transplant
Recipients*.  Transplantation (1999) 67(3):411-5. doi:10.1016/S0022-
5347(01)62219-5

Copyright © 2026 Bellier, Kaminski, Merville and Couzi. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Transplant International | Published by Frontiers

12

April 2026 | Volume 39 | Article 15987


https://doi.org/10.1111/1348-0421.12794
https://doi.org/10.1128/JVI.02733-09
https://doi.org/10.1128/JVI.02733-09
https://doi.org/10.1128/JVI.78.20.11030-11039.2004
https://doi.org/10.1128/JVI.78.20.11030-11039.2004
https://doi.org/10.1128/JVI.01913-10
https://doi.org/10.1111/j.1600-6143.2012.04002.x
https://doi.org/10.1016/j.antiviral.2018.12.004
https://doi.org/10.1038/nature08155
https://doi.org/10.1111/j.1600-6143.2011.03473.x
https://doi.org/10.1097/TP.0b013e318276a1ef
https://doi.org/10.1002/eji.202048855
https://doi.org/10.1002/eji.202048855
https://doi.org/10.3389/ti.2022.10839
https://doi.org/10.1016/S0022-5347(01)62219-5
https://doi.org/10.1016/S0022-5347(01)62219-5
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Interactions Between Immunosuppressive Regimens and Cytomegalovirus Infection After Solid-Organ Transplantation
	Introduction
	High-Risk Agents for CMV Infection
	Antithymocyte Globulin: The Most Depleting Agent
	Mechanisms of Action
	Impact According to Serological Status
	Recovery of CMV-Specific Immunity

	Belatacept: The Special Case of Late and Atypical Infections
	Clinical Evidence
	Pathophysiological Mechanisms
	Management Strategies


	Neutral or Moderate Risk Agents
	Calcineurin Inhibitors (CNI): Tacrolimus and Cyclosporine
	Mechanisms and Clinical Data
	Impact on CMV-Specific Immunity

	Mycophenolate Mofetil (MPA): Risk Related to Cumulative Effects
	Mechanisms and Clinical Data
	Impact on CMV-Specific Immunity

	Corticosteroids

	The Protective Exception: mTOR Inhibitors
	The Cumulative Risk Paradigm
	Conclusion
	Author Contributions
	Funding
	Conflict of Interest
	Generative AI Statement
	References


