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Abstract

Cytomegalovirus (CMV) remains a significant cause of morbidity and mortality in solid organ
transplant (SOT) recipients. Despite advancements in prophylaxis and antiviral therapy, CMV
continues to pose clinical challenges in transplant medicine. This review provides a
comprehensive overview of CMV, exploring its pathophysiology, epidemiology, and clinical
presentation in SOT patients, in whom CMV infection can lead to direct organ involvement
and systemic symptoms. Additionally, CMV has indirect effects, including graft dysfunction
and an increased risk of opportunistic infections. We examine the immune responses to CMV,
focusing on the roles of both innate and adaptive immunity. The importance of personalized
prophylaxis and preemptive therapy is emphasized based on serostatus and individual risk
factors. Furthermore, this review discusses resistance mechanisms to standard therapies
exploring alternative treatments.
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1. Introduction

Cytomegalovirus (CMV) is a double-stranded DNA virus belonging to the Herpesviridae family,
which infects humans worldwide across all age groups. Since CMV is present in various body fluids,
including saliva, semen, urine, tears, feces, cervicovaginal secretions, breast milk, and blood, it
carries the risk of transmission through sexual contact, blood transfusion, organ or bone marrow
transplantation, breastfeeding, and close contact with infected individuals. CMV can also be
transmitted vertically from an infected mother to the fetus. The primary infection is often
asymptomatic in immunocompetent individuals. However, infectious mononucleosis cases rarely
have been reported with clinical manifestations such as hepatitis, encephalitis, transverse myelitis,
thrombocytopenia, hemolytic anemia, pericarditis, myocarditis, uveitis, and pneumonia [1, 2]. After
primary infection in immunocompetent individuals, CMV remains a latent infection within myeloid
cells with the potential for reactivation.

The uncontrolled CMV replication in immunosuppressed patients is a significant cause of
mortality and morbidity [3]. CMV can cause severe presentations in individuals who have undergone
hematopoietic stem cell transplantation, patients with acquired immunodeficiency, solid organ
transplant (SOT) recipients, and immunocompromised fetuses [4]. Additionally, the indirect effects
of CMV disease in SOT recipients are graft dysfunction or rejection, increased risk of opportunistic
infections, and accelerated coronary artery atherosclerosis. These complications can negatively
affect long-term patient survival and transplant success [5-7]. The management of CMV in
transplant recipients is guided by several consensus statements and guidelines, including the Third
International Consensus Guidelines on CMV in Solid Organ Transplantation (2018) and the UK
Guidelines on CMV Prevention and Management in Solid Organ Transplantation (2020).

A systematic literature search was conducted using PubMed, Scopus, and Web of Science to
identify relevant studies on CMV management in SOT recipients. Inclusion criteria encompassed
studies focusing on antiviral therapies, prophylaxis, immunological responses, and resistance
mechanisms, prioritizing peer-reviewed research and clinical trials. Articles in English with full-text
availability were considered. Studies were excluded if they focused on non-transplant populations,
had incomplete data, were duplicates, or lacked methodological rigor. Two independent reviewers
conducted the selection, resolving discrepancies through discussion.

2. Epidemiology

CMV seroprevalence varies geographically, with higher rates in developing countries. In the
2010s, rates as high as 100% were reported in developing countries, likely due to poor
socioeconomic conditions and overcrowded living environments that facilitate viral transmission [8].
The highest seroprevalence in the United States is 50% among women, elderly individuals, and those
with lower income levels [9]. The incidence and prevalence of CMV are notably higher in specific
transplant populations. The incidence of CMV is reported to range between 50% and 75% in patients
undergoing lung or heart-lung transplantation and around 50% in pancreas or kidney-pancreas
transplanted patients. Conversely, CMV incidence varies from 9% to 23% in heart transplants, 22%
to 29% in liver transplants, and 8% to 32% in kidney transplants [3, 10, 11]. CMV disease develops
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in approximately 30% of allogeneic and 5% of autologous hematopoietic stem cell transplantation
(HSCT) recipients.

3. Immunology

CMV is a DNA virus with a genome size of approximately 230 kilobases (kb) that consists of long
(UL) and short (US) segments. The UL segment contains homologous regions encoding DNA
polymerase, glycoprotein B (gB), and glycoprotein H (gH). The remaining portion of the genome
comprises CMV-specific genes [4]. CMV strains have frequent mutations, deletions, and
rearrangements in these genes [12].

CMV enters host cells, specifically fibroblasts, through interactions between viral glycoproteins
and integrins or growth factor receptors on the cell membrane [13]. CMV proliferates slowly within
endothelial cells. Within the first 0-4 hours after infecting the cells, viral transcription is regulated
by early genes, which then facilitate DNA replication and further transcriptional regulation between
4 and 48 hours. Then, the structural proteins are encoded by late genes. While CMV encodes a
functional DNA polymerase, it utilizes the host’s RNA polymerase [14].

Both innate and adaptive immune responses play a role in controlling CMV infection [15]. Among
innate immune mechanisms, type | interferons (IFNs), and natural killer (NK) cells play a crucial role
during the early stages of infection [16]. CD8 and CD4 T cells are active in the late stages of acute
infection. Cytotoxic CD8+ T cells are essential for inhibiting viral replication in most tissues.
Additionally, CD4 T cells effectively resolve persistent infections in tissues such as salivary glands,
which are necessary for viral dissemination. When CMV infects the host, it encounters a coordinated
immune response within lymphoid tissues, such as lymph nodes and the spleen [17]. Despite fully
activating the immune response, CMV can successfully establish latency in the bone marrow, spleen,
and lymph nodes [18]. In non-lymphoid organs, the initial immune response to CMV infection begins
with the activation of tissue-resident macrophages. Kupffer cells in the liver, alveolar macrophages
in the lungs, and histiocytes in the intestinal tissue rapidly respond to infection [19]. Kupffer cells
secrete type | interferon (IFNaf) during the innate immune response to infection in the liver,
stimulating the production of Monocyte chemoattractant protein-1 (MCP-1). MCP-1 activates
inflammatory macrophages, which produce Macrophage Inflammatory Protein-l1a (MIP-1a), to
recruit natural killer (NK) cells to the sites of infection. NK cells control the viral infection in the liver
through an IFNy-dependent mechanism. However, NK cells can also secrete TNFa, which may
contribute to the persistence of the viral infection [20] (Figure 1). CD8 T cells exhibit cytotoxic
activity, a key component of the adaptive immune response, in the liver. On the other hand, the
CD8 T cell response can become pathologically exaggerated. Regulatory T cells (Tregs, CD4* Foxp3*
T cells) and activated NK cells suppress the immune response, which can lead to an excessive CD8 T
cell response. Tregs accumulate and exert their effects in response to IL-33, which is produced by
macrophages. Besides Treg, NK cells also contribute to the regulation of cytotoxicimmunopathology
by secreting IL-10 and perforin [21].
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Figure 1 Hepatic immune response against CMV. IFN-y is a cytokine released by NK and
T cells. TNF-a involved in systemic inflammation, while MCP-1 and MIP-1a involved in
immune cell recruitment. Perforin and Granzyme (Prf/GzmB) are released by CD8+ T
cells, inducing cell death in infected cells. IFN-y, Interferon-y; MIP-1a, Macrophage

Inflammatory Protein-1a; MCP-1, Monocyte Chemoattractant Protein-1; TNF-a, Tumor
Necrosis Factor-a.

The earliest stage of the host immune response to CMV infection involves the release of
cytokines and interferons [22]. Both innate immunity (including NK and y6 cells) and adaptive
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immunity (mainly CD8* and CD4* T cells, with a lesser contribution from B cells) are essential for
controlling infection [23]. NK cells are identified by flow cytometry using specific antibodies,
including CD3, CD16, CD56, NKG2C, and CD57. In healthy individuals with CMV infection, NK cells
with activated CD94/NKG2C receptors are essential [24]. Pre-existing NK memory cells become
activated during viremia in CMV-seropositive transplant recipients, and increased expression of
activating NK receptors can provide enhanced protection against CMV infection [23].

In humans, y8 T cells are divided into two main subgroups based on the expressionofyand 6 T
cell receptor (TCR) chains: V61 and V82 T cells. Vy9V62 T cells express the 62 chain, while non-
Vy9V62 v6 T cells do not. The presence of non-Vy9Vvé2 yb T cells in the peripheral blood of SOT
recipients who have experienced CMV infection is notable. Longitudinal monitoring of these cells in
kidney transplant recipients has been considered helpful for evaluating CMV treatment efficacy and
antiviral drug resistance [23, 25].

CMV-specific CD8* T cells can be categorized into two subsets based on their cytotoxic potential
and proliferative capacity. A central memory T cell population (CD27* CD28 CD45R0*) that has low
cytotoxic potential but high proliferative ability differentiates early during primary infection [26]. A
large percentage (up to 75%) of CMV-specific CD8* T cells exhibit a TEMRA phenotype (CD27 CD28"
CD45RA"), characterized by high cytotoxic potential but low proliferative capacity. In healthy CMV-
seropositive individuals, CMV-specific CD8" T cells can account for up to 10% of the memory CD8*
lymphocyte pool following viral clearance [23, 26, 27].

After primary CMV infection in SOT recipients, CMV-specific CD4* T cells can be detected
approximately one week after viremia, exhibiting a CD4* CD28" granzyme B* phenotype [28, 29].
During the chronic infection phase following viral clearance, CMV-specific CD4* T cells can comprise
as much as 9% of the memory T lymphocyte pool. These CD4"* T cells play a crucial role in anti-CMV
immunity by eliminating CMV peptide-loaded cells, supporting B cells in generating specific humoral
responses to viral antigens, and enhancing the effector functions of CD8* T cells [30].

3.1 Immunocompetent Individuals

In immunocompetent individuals, CMV infection is typically asymptomatic and rarely manifests
as a mononucleosis-like CMV syndrome. The diagnosis of CMV viral syndrome requires detection of
CMV in the blood through viral isolation, rapid culture, antigenemia, or quantitative nucleic acid
testing (QNAT), along with the presence of at least two of the following criteria: fever, malaise,
fatigue, leukopenia or neutropenia on two separate measurements, thrombocytopenia, >5%
atypical lymphocytes, or a two-fold elevation in aminotransferase levels [31]. Pericarditis and
myocarditis can occur in immunocompetent individuals with acute CMV infection [32]. Some studies
suggest that CMV accelerates atherosclerosis following cardiac transplantation [33], but the
relationship between CMV infection and atheroma formation is not fully understood.

CMV infection can also manifest with various neurological symptoms in immunocompetent
individuals. CMV should be considered in cases of unexplained encephalitis [34]. Guillain-Barré
syndrome (GBS) is associated with several infectious agents, including CMV, in which antibodies
against ganglioside GM2 play a role. Anti-GM2 IgM antibodies can be detected in CMV infections
with or without GBS [35]. The ocular involvement is not typically seen inimmunocompetent patients
[36], but CMV retinitis can occur in HIV patients. CMV-associated pneumonia is rare in
immunocompetent individuals. It is challenging to prove CMV as the etiological agent in patients
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with CMV pneumonia. The diagnosis is based on CMV PCR positivity in blood and bronchoalveolar
samples and a positive response to CMV-specific treatment [37].

3.2 Immunosuppressed Individuals

CMV disease typically emerges between 30 and 90 days post-transplant in SOT recipients, and
cases beyond 180 days are rare. Antiviral prophylaxis can delay the onset of the disease, though it
can still develop later in some instances [38-40].

Subclinical transaminitis is the most common finding, though elevated alkaline phosphatase and
total bilirubin are not typically expected [41]. Acute CMV hepatitis often presents with prolonged
unexplained fever and should be considered in the differential diagnosis of granulomatous hepatitis
[41]. Itis rarely complicated by portal vein thrombosis [35]. In contrast to hepatitis, gastrointestinal
involvement of CMV is uncommon. However, they can lead to significant morbidity and mortality
and are associated with a wide range of gastrointestinal conditions, including esophagitis [42],
gastritis [43], gastric ulcers [44], gastroparesis [45], Ménétrier's disease [46], ileitis [47], and
appendicitis [48]. CMV has also been linked to CMV colitis, typically caused by primary infection in
immunocompetents, while it is often the reactivation of a latent infection in immunosuppressed
patients [43]. CMV-associated pancreatitis has been reported in several case reports [49].

The symptoms of CMV infection can be localized to a single organ and, in rare cases, may involve
multiple systems under immunosuppressive conditions. The most common clinical manifestation in
transplant recipients is a viral syndrome characterized by fever, fatigue, leukopenia,
thrombocytopenia, and elevated liver enzymes [31]. Gastrointestinal symptoms, particularly
abdominal pain, are frequent. Hematochezia is less common but is suggestive of colonic
involvement.

4. Risk Factors for the Infection

Several factors, including donor and recipient serology, organ type, immunosuppressive
therapies, and genetic predisposition, influence the risk of CMV disease in SOT recipients.

4.1 Serological Risks

The most significant risk factor for SOT is the CMV serostatus mismatch between donor and
recipient. The most significant risk factor for CMV disease in SOT is a serological mismatch between
the donor (D) and recipient (R). Specifically, CMV-seronegative recipients (R-) receiving organs from
seropositive donors (D+) are at the highest risk for primary CMV disease due to the transmission of
latent virus through the allograft [50]. CMV D+/R+ and CMV D-/R+ transplants also carry an
intermediate risk for disease development, while CMV D-/R- transplants are classified as low-risk
groups [51, 52]. Among recipients receiving valganciclovir prophylaxis, the 1-year incidence of CMV
disease in high-risk serological groups (D+/R-) was 19.2% after kidney transplantation and 31.3%
after liver transplantation [53]. The incidence of CMV infection was found to be 47%, with CMV
disease occurring in 7.5% of patients during 1-year follow-up of heart-transplanted patients
receiving both prophylaxis and preemptive treatment after the transplantation [54]. On the other
hand, in HSCT recipients, the leading risk factor differs—seropositive recipient (R+) status is the
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most significant concern, as CMV reactivation can lead to severe disease, particularly within the first
100 days post-transplant [55-57].

4.2 Immunosuppressive Risks

The degree of immunosuppression plays a crucial role in CMV susceptibility. Lymphocyte-
depleting agents, including Anti-thymocyte globulin (ATG), Anti-lymphocyte globulin (ALG), Anti-
CD3 antibody (OKT3), alemtuzumab (anti-CD52 antibody), increase the risk of CMV reactivation
when used to treat acute rejection [58-60]. In contrast, mTOR inhibitors (e.g., everolimus) have been
associated with a reduced risk of CMV disease [61]. Additionally, proinflammatory conditions from
allograft rejection can further trigger CMV activation [55].

4.3 Genetic Risks

Host genetic factors also contribute to CMV susceptibility. Specific genetic polymorphisms affect
immune function, including variations in the Toll-like receptor (TLR) gene [62], deficiencies or
polymorphisms in ficolin-2 or mannose-binding lectin (MBL) [63], and weak CMV-specific CD4" and
CD8 T cell responses [64]. Moreover, low complement C3 levels within the first-week post-
transplant, hypogammaglobulinemia, low NK cell counts, and pre-transplant lymphopenia have
been linked to higher CMV disease risk, particularly in heart and liver transplant recipients [65-68].

5. The Definitions and Terms for Clinical Presentations of Cytomegalovirus

CMV Infection is defined by the detection of viral isolation, viral proteins, or viral nucleic acid in
body fluid samples, such as serum, urine, cerebrospinal fluid, bronchoalveolar lavage, whole blood,
or in pathological tissue specimens, regardless of whether the patient exhibits CMV-related clinical
symptoms [10, 31, 69-71]. CMV infection can present as active or latent infections:

e Active Infection refers to the period during which active viral replication occurs. This term

encompasses asymptomatic CMV infection, CMV disease, and CMV syndrome.

o Latent Infection refers to a prior exposure to CMV in which the virus remains dormant without
ongoing replication.

CMV infection can also be classified as primary or secondary infections:

e Primary CMV Infection is identified by CMV IgM and IgG serology in an individual not
previously exposed to the virus. The antibody responses may be inadequate in
immunosuppressed patients, so detecting viral proteins or isolating viruses from body fluids
or tissues became critical for diagnosing CMV replication.

e Secondary CMV Infection refers to the re-detection of CMV infection in a patient who has
previously been exposed to CMV and tested seropositive. It can result from the reactivation
of a latent infection or reinfection. Diagnosing CMV reactivation requires identifying the initial
viral strain as the causative agent through molecular techniques. If a new strain of CMV
different from the initial strain is detected, this is referred to as CMV reinfection, indicating
that the patient has acquired an exogenous new viral strain.

CMV Disease is defined by the presence of CMV-related symptoms and signs, along with

evidence of CMV infection. It can be manifested as either CMV syndrome or target organ disease:
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e CMV Syndrome is characterized by systemic symptoms such as fatigue, fever, lymphocytosis,
leukopenia or neutropenia, thrombocytopenia, and elevated liver enzymes, combined with
the detection of CMV in body fluids.

e Target Organ CMV Disease occurs when the virus is pathologically detected in the affected
organ and is associated with symptoms related to that organ. Clinical presentations may
include pneumonia, colitis, hepatitis, encephalitis, ventriculitis, nephritis, cystitis, myocarditis,
and pancreatitis.

Post-transplant CMV (PT-CMV) is a CMV disease that occurs after SOT or HSCT. PT-CMV can

develop through three main pathways: transmission from the allograft, reactivation of latent
infection, or the onset of primary infection in seronegative transplant recipients [4].

6. Diagnostic Tests

Several methods are used to diagnose CMV infections, including serology, viral culture, immune
histopathology, molecular tests (such as quantitative polymerase chain reaction, qPCR), and
phosphoprotein 65 (pp65) antigenemia assays.

6.1 Serological Tests

Neutralizing antibodies specific to CMV develop within the first four weeks following primary
infection, primarily targeting CMV glycoproteins. These glycoproteins are critical for viral
attachment to host cells, membrane penetration, and fusion of the viral envelope with the host cell
membrane [72]. It is worth noting that a positive CMV-IgG result does not necessarily indicate
protection against viral reactivation or reinfection. Serology is particularly useful for determining
the pre-transplant serological status of the donor and recipient, thus helping assess the risk of post-
transplant CMV infection. However, serology has limited value after transplantation and does not
differentiate active disease or infection [6].

6.1.1 Interpretation of Serological Tests in Immunocompetent Individuals

Serological tests in CMV infections primarily measure CMV IgM and IgG antibodies. CMV IgM is
the first antibody detected following primary infection in immunocompetent individuals and can
remain in the serum for an extended period. Since it may reappear following CMV reinfection, it is
unreliable for diagnosing primary infections [3]. I1gG antibodies typically become detectable 6-8
weeks after infection and may remain elevated indefinitely. CMV IgM should be interpreted in
conjunction with CMV IgG during the pre-transplant period, as false positivity is possible. This makes
CMV IgG the primary test for the CMV status of donor and recipient [70, 73]. If there is a significant
gap between serological testing and transplantation, or if blood products have been administered,
the serological status of the recipient should be reassessed before transplantation.

6.1.2 Interpretation of Serological Tests in the Post-Transplantation Period

In the post-transplant period, immunosuppression often disrupts humoral immunity, thus
complicating the interpretation of serological tests. Additionally, patients may require blood or
intravenous immunoglobulin (IVIG) transfusions during this period, further reducing the reliability
of serology [3]. However, CMV IgM and IgG seroconversion after transplantation is not a reliable
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predictor of CMV disease. In some D+/R- patients, CMV-specific IgG antibodies are present post-
transplantation without the occurrence of CMV infection, suggesting the existence of pre-formed
CMV-specific memory B cells before transplantation [74].

6.2 Viral Culture

Viral cultures from blood, urine, or sputum are not recommended for diagnosing active CMV
infection or disease, as these samples offer limited clinical utility [75]. CMV can be detected using
culture techniques such as conventional tube cell culture or the shell-vial assay. Clinical samples are
inoculated into culture tubes, where infected cells with cytoplasmic "ground-glass" inclusions are
observed under microscopic examination. This appearance indicates the presence of viral
cytopathic effects (CPE). Once CPE is observed, the identity of the specific viral isolate is confirmed
via immunofluorescence using a specific antiserum. A significant drawback of the conventional tube
cell culture test is the slow replication of the virus in culture. The most critical limitation, however,
is the low sensitivity of this traditional tube test [76]. In a study examining 47 liver biopsy samples
from patients with histopathologically confirmed CMV, the sensitivity of cell culture was found to
be 52% [77]. Culture for CMV diagnosis is no longer employed as a first-line method.

6.3 Histopathology

To diagnose invasive CMV disease in tissues, biopsy samples can be obtained via fine-needle
aspiration or open surgery for pathological evaluation. The most commonly used samples are from
lung, gastrointestinal, and liver tissues, selected based on the patient's clinical presentation.
Histologically, viral inclusions can be demonstrated, along with the detection of CMV-specific
antigens and viral DNA. Biopsy specimens may be stained with hematoxylin and eosin to reveal the
presence of giant cells with characteristic intracellular viral inclusions [76]. Intranuclear and
intracytoplasmic inclusions called owl eyes can be observed [78]. To detect the presence of viral
antigens in biopsy material, monoclonal antibodies against CMV antigens are used for indirect
immunoperoxidase staining [76]. The confirmation of the diagnosis may require in situ hybridization
and immunohistochemical tests [79]. Histopathological examination is essential in instances where
CMV disease is suspected, yet blood tests for CMV return negative results. This scenario is
particularly relevant in a few cases of gastrointestinal CMV disease, where a histological assessment
can provide crucial insights for an accurate diagnosis [80].

6.4 Molecular Tests

In situ hybridization methods, such as a biotinylated DNA probe or formalin-fixed CMV-PCR, can
be selected to detect CMV DNA in tissue [81, 82]. gPCR is the most widely used method for
diagnosing CMV infection, guiding preemptive therapy decisions, and monitoring response to
treatment [70]. gPCR detects and quantifies CMV nucleic acid, and its primary limitation is variability
in results due to differences in standardization across laboratories. The results should be calibrated
according to WHO standards and reported in IU/ml.

gPCR should be performed on plasma or whole blood samples. Thus, qPCR of urine or oral
secretions is not recommended for monitoring or diagnosing CMV disease. Serum gPCR values three
times or more above the lower detection limit are clinically significant. Serum CMV DNA should be
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monitored weekly during treatment in patients requiring antiviral therapy. Therapy should be
discontinued once viral loads fall below the detection limit in susceptible tests or based on two
consecutive negative results in less sensitive qPCR tests [70].

The definitive diagnosis of target organ CMV disease is made by demonstrating CMV’s cytopathic
effects and antigens in tissue samples using immunohistochemical methods [69]. CMV DNA levels
may be low despite active disease in patients with gastrointestinal disease or pneumonia following
lung transplantation [80, 83]. In cases where serum CMV DNA levels are high and treatment is
indicated, invasive diagnostic procedures may not be necessary. However, histopathological
evaluation is crucial in suspected allograft rejection, co-infection with other pathogens, or when
CMV is considered tissue-invasive but undetectable in blood [55].

Molecular tests can identify three key genomic regions responsible for CMV antiviral treatment
resistance due to mutations. Mutations in the UL97 region (which encodes phosphotransferase)
cause resistance to ganciclovir and maribavir, while mutations in the UL54 region, encoding DNA
polymerase, confer resistance to ganciclovir, foscarnet, and cidofovir. Additionally, mutations in the
UL56 region, encoding part of the viral terminase complex, can cause resistance to letermovir [84].

6.5 Antigenemia Tests

The CMV antigenemia test detects the presence of CMV by identifying polymorphonuclear
leukocytes (PMNLs) that have phagocytosed the virus in peripheral blood. Monoclonal antibodies
against the CMV pp65 protein are used as early and specific markers of active infection. The number
of infected cells is quantified proportionately to the total number of PMNLs. The antigenemia test
can be performed immediately after blood collection, providing rapid results useful for early
detection. However, the test may yield inaccurate results in patients with neutropenia [3]. This test
is beneficial for CMV detection and correlates with the severity of disease based on the number of
infected cells. In this regard, it has a predictive value comparable to qPCR. Since significant infections
can occur even with low viral cell counts, the antigenemia test determines when to initiate therapy
and assess antiviral treatment response [3].

Based on the literature, when patients from different risk groups were evaluated using various
tests at other times, the results were not evenly distributed across all scenarios. CMV-specific cell-
mediated immunity (CMI) tests contribute to predicting individual risk for CMV infection and to
personalizing the management [23, 85]. However, the most appropriate use of CMV-CMI tests is to
personalize prophylaxis duration. Besides donor and recipient's CMV serostatus, CMV infection risk
primarily depends on the status of the recipient’s CMI [86]. Measuring CMV-specific T-cell responses
can help predict individual risk for post-transplant CMV disease and guide prophylactic or
preemptive therapy [70].

Most CMV CMI tests assess interferon-gamma (IFN-y) production after whole blood or peripheral
blood PMNL stimulation with CMV-specific antigens or peptides [87, 88]. Combining IFN-y analysis
with markers such as IL-2 and Programmed cell death protein 1 (PD-1) can enhance the ability to
predict viremia risk. This approach allows for a more comprehensive evaluation of the CMI response,
improving the accuracy of CMV viremia prediction [89]. Commercially available tests for assessing
CMV-CMI responses include QuantiFERON-CMV, T-SPOT CMV, and T-SPOT.TB CMV.CMV, and CMV
inSIGHT T-Cell Immunity Panel. All these tests measure T cell-mediated effector immune responses
to two key CMV immunogenic antigens, pp65 and Immediate early protein 1 (IE-1), by evaluating
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IFN-y production [90]. QuantiFERON-CMYV is an ELISA-based test that measures IFN-y release by
CMV-specific CD8* T cells after in vitro stimulation of whole blood with immunogenic viral peptides
presented by MHC class | molecules [44]. It can help identify viremia risk in transplant patients,
especially when pre-transplant results are negative [91]. However, its sensitivity may be reduced in
lymphopenic patients due to insufficient cells for IFN-y production [70]. T-Track CMV and T-
SPOT.CMV are ELISpot tests that measure IFN-y production without differentiating between CD4*
and CD8* T cells [85]. inSIGHT T-Cell Immunity Panel uses intracellular cytokine staining (ICS) and
flow cytometry to detect IFN-y production in CMV-stimulated CD4* and CD8* T cells. This approach
enables the quantitative and qualitative assessment of CMV-specific T cells, providing an advantage
over ELISpot or QuantiFERON tests [70].

During the induction phase in SOT recipients, agents such as ATG and high-dose steroids can
suppress CMV-CMI levels for 1-3 months, and their use during rejection episodes can be considered
a risk factor for CMV disease [92, 93]. Tacrolimus inhibits the release of CMV-specific cytokines,
thereby reducing T-cell activation and proliferation [94]. Mycophenolic acid has been associated
with dysfunctional T cell profiles, whereas everolimus may activate T cell function, leading to
improved CMV control [95].

7. Treatment

In immunocompetent patients, symptomatic CMV infection is typically benign and self-limiting,
with observation without treatment generally recommended. However, in cases of primary CMV
infection, symptoms may persist for a prolonged period in immunocompetent individuals [96]. In a
study with a follow-up period of two and a half years, the average duration of symptoms in 124
immunocompetent patients with CMV infection was 7-8 weeks [97]. Additionally, severe CMV
infection can lead to life-threatening complications [1]. Numerous studies indicate that patients
experience rapid symptom resolution following antiviral therapy, demonstrating its morbidity-
reducing effects [34, 98]. Therefore, antiviral therapy may be reconsidered for immunocompetent
patients if there is clinical deterioration, need for immunosuppressive therapy, intensive care
requirements, or prolonged symptom duration. Further prospective studies are required on this
topic.

The action mechanisms of antiviral agents used in the treatment of CMV disease are summarized
in Figure 2. Intravenous ganciclovir and oral valganciclovir are considered the standard first-line
therapies for managing CMV in transplant recipients [99]. However, some patients cannot tolerate
these treatments due to side effects or develop resistance to them. For patients who develop
resistance to ganciclovir, second-line therapies such as foscarnet or cidofovir should be considered,
though both agents carry the risk of nephrotoxicity [100].
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Figure 2 The action mechanisms of anti-CMV drugs. The specific action and resistance
mechanisms of ganciclovir (GCV), cidofovir (CDV), and maribavir (MBV) are illustrated,
highlighting their interactions with cellular kinases and the pUL97 kinase in the
cytoplasm, as well as CMV DNA polymerase within the nucleus.

Ganciclovir is a DNA polymerase inhibitor and is used as an intravenous treatment for severe or
life-threatening infections, very high viral loads (>5000-10,000 IU/ml), or patients with inadequate
gastrointestinal absorption [101]. To prevent treatment failure and the development of refractory
or resistant CMV disease, drug dosages should be optimized based on renal function. The
recommended dose for intravenous ganciclovir is 5 mg/kg every 12 hours [84]. Close monitoring for
adverse effects, such as leukopenia and renal impairment, is essential. Guidelines recommend a
minimum treatment duration of 2 weeks, with therapy continuing until CMV DNA levels fall below
detectable limits and clinical signs of CMV disease have resolved [31].

Valganciclovir is a widely used nucleoside reverse transcriptase inhibitor that halts viral
replication. Common side effects include leukopenia, anemia, thrombocytopenia, and
gastrointestinal symptoms. Due to its known myelosuppressive and nephrotoxic effects, regular
monitoring of complete blood counts and serum creatinine levels is essential during treatment [102].
The recommended oral treatment dose for valganciclovir is 900 mg twice daily [84].

Foscarnet is a pyrophosphate analog that directly blocks the pyrophosphate binding site on DNA
polymerase [103]. Foscarnet can be administered intravenously at a dose of 60 mg/kg over one hour
using peripheral lines. The infusion time should be extended to 2 hours for higher doses (90-120
mg/kg). Renal toxicity typically manifests around the second week of therapy, although it can occur
at any time. Foscarnet may also cause electrolyte imbalances, anemia, and QT prolongation [102].
Its benefits outweigh the risks in refractory or antiviral-resistant CMV cases, high viral loads, patients
with severe diseases like gastritis, retinitis, or encephalitis, and patients who cannot tolerate oral
medications [102].

Cidofovir, like ganciclovir, is a DNA polymerase inhibitor. It is a cytidine monophosphate analog.
Unlike foscarnet, cidofovir is not directly active and requires kinase activation to exert its effect
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[103]. Cidofovir should be infused over 1 hour in 100 mL of normal saline, with dose adjustments
based on renal function. Patients should be monitored for potential side effects such as metabolic
acidosis, neutropenia, neurological symptoms, anemia, and vision changes. Cidofovir is effective
against CMV strains with UL97 mutations but not those with UL54 mutations. Like foscarnet, it is
preferred for severe disease, high viral loads, and patients intolerant to oral therapy [102].

Letermovir is a viral terminase inhibitor that inhibits CMV replication by targeting the CMV DNA
terminase complex (pUL51, pUL56, pUL89). It does not require renal dose adjustment, although
data are insufficient for patients with creatinine clearance below 10 mL/min [102]. Letermovir is not
recommended in patients with severe liver disease (Child-Pugh class C). Side effects are generally
mild and include atrial fibrillation, tachycardia, peripheral edema, abdominal pain, diarrhea, and
thrombocytopenia [102]. Due to its low resistance threshold (UL56), letermovir should only be
considered a last-resort option for low-level CMV viremia [104].

Maribavir is a benzimidazole riboside that shows anti-CMV activity by competitively inhibiting
UL97 protein kinase activity, thereby preventing protein phosphorylation and inhibiting CMV
replication. Maribavir has recently been approved for the treatment of refractory or resistant CMV
infections and is available in oral form. Maribavir is generally well tolerated, with common side
effects including diarrhea, nausea, vomiting, anemia, thrombocytopenia, and taste disturbances.
The absence of renal and bone marrow toxicity is a crucial advantage over other agents. Maribavir
is a substrate for CYP3A4 and a weak inhibitor of CYP3A4 and p-glycoprotein, so dose adjustments
may be required when used with CYP3A4 inducers [102]. Maribavir is effective against CMV strains
that have developed resistance to ganciclovir, foscarnet, or cidofovir due to UL54 or UL97 kinase
mutations, making it a valuable alternative for managing resistant CMV infections [105, 106].

In summary, ganciclovir and valganciclovir have comparable high efficacy, with valganciclovir
preferred for oral administration, while ganciclovir is administered intravenously for severe cases.
Foscarnet and cidofovir are effective against ganciclovir-resistant CMV but carry high nephrotoxicity
risks. Letermovir is primarily used for prophylaxis, with a better safety profile but lower efficacy in
active infections. Maribavir is effective against drug-resistant CMV, with fewer bone marrow
toxicities, but can cause Gl symptoms and taste disturbances.

8. Vaccine Development

Recent advancements in cytomegalovirus (CMV) vaccine development have yielded promising
candidates aimed at preventing CMV infections, particularly in immunocompromised individuals.
Currently, there are two types of vaccines against CMV infection:

8.1 Triplex Vaccine

Triplex is a CMV vaccine designed to elicit robust T-cell responses against CMV. In a Phase Il
clinical trial involving pediatric HSCT recipients, Triplex vaccination resulted in high levels of
functional CMV-specific T cells, potentially contributing to protective antiviral immunity. Notably,
vaccinated pediatric recipients did not require preemptive therapy to control CMV reactivation
[107].
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8.2 mRNA-1647 Vaccine

Developed by Moderna, mRNA-1647 is an mRNA-based vaccine targeting multiple proteins of
CMV. A Phase I, randomized, observer-blind, placebo-controlled, dose-finding trial demonstrated
that mRNA-1647 elicited strong humoral and cellular immune responses in healthy adults aged 18-
40 years. The vaccine was generally well-tolerated, with an acceptable safety profile [108]. These
developments represent significant progress in CMV vaccine research, offering hope for effective
prevention strategies in populations at risk for CMV-related complications.

Prophylaxis and preemptive therapy are two different strategies used to prevent CMV infection
in SOT recipients. Prophylaxis involves the proactive administration of antiviral drugs to all high-risk
patients for a defined period after transplantation, regardless of evidence of CMV infection. In
contrast, preemptive therapy involves initiating antiviral treatment as soon as early signs of CMV
replication are detected, typically through a positive antigenemia test or when the viral load exceeds
a specific threshold [109].

Both prophylaxis and preemptive therapy have proven practical approaches for preventing CMV
infection in SOT recipients. However, no consensus exists on which strategy is superior [110]. The
choice of approach often depends on clinical factors, including the patient’s risk profile, the donor
and recipient’s serostatus, the level of immunosuppression, and the type of organ transplant (Table
1). Prophylaxis offers several advantages over preemptive therapy, including improved graft survival,
lower rates of rejection, and enhanced protection against other opportunistic infections. However,
it is associated with a higher incidence of late-onset CMV disease and more significant risks of drug
toxicity [55, 86]. This distinction between the two strategies underscores the importance of
individualized decision-making tailored to the patient’s condition and specific transplant
circumstances.
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Table 1 CMV Serostatus Combinations and Associated Risks in Solid Organ Transplantation.

CMV Serostatus Donor (D) Recipient (R) Risk of CMV Infection Clinical Considerations Recommended Strategy
Prophylaxis with valganciclovir

High Risk . ) Highest risk No pre-existing immunity; CMV Py i &

Positive Negative ] ) . L . or letermovir for 3-6 months,
(D+/R-) (Primary infection) transmission from donor likely L

close monitoring
Intermediate Moderate risk o . . . Preemptive therapy or short-
) . . . . Pre-existing immunity, but reinfection ) .
Risk Positive Positive (Reinfection or o . term prophylaxis, depending on
o or reactivation is possible . .
(D+/R+) reactivation) the immunosuppression level
Intermediate . CMV is already present in the recipient, .
. . . Moderate risk . . L Preemptive therapy,
Risk Negative Positive L and there is a risk of reactivation under L .
(Reactivation) ) ) monitoring viral load
(D-/R+) immunosuppression
. . . No routine prophylaxis, but

Low Risk . . . No CMV exposure in donor or recipient, .

Negative Negative Lowest risk . . monitor for de novo CMV
(D-/R-) but risk from community exposure

infection
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8.3 Prophylaxis

Prophylaxis for CMV infection in SOT recipients involves administering antiviral medications
within 10 days after transplantation and continuing for 3-6 months. Common antiviral agents used
for prophylaxis include acyclovir, valacyclovir (particularly in kidney transplant recipients),
intravenous ganciclovir, and valganciclovir. These drugs are also effective against other
herpesviruses. However, late-onset CMV disease can still occur after discontinuation of prophylaxis,
particularly in high-risk D+/R- patients [55, 111]. High-dose valacyclovir has effectively prevented
CMV disease in both D+/R- and D#/R+ kidney transplant recipients [112, 113]. Valganciclovir
prevents CMV infection by halting viral replication, especially in transplant patients [84]. The
recommended prophylactic doses are oral valganciclovir 900 mg once daily, oral valacyclovir 2
grams four times daily, and intravenous ganciclovir 5 mg/kg/day [71]. Dose adjustments based on
renal function are necessary for all antiviral agents.

Letermovir is available in both oral and intravenous forms and is approved for the prevention of
CMV infection among allogeneic hematopoietic stem cell transplant (HSCT) recipients. In a
randomized D+/R- kidney transplantation trial, letermovir was as effective as valganciclovir for CMV
prophylaxis. Since rates of leukopenia and neutropenia were lower, fewer patients discontinued
letermovir due to side effects [114]. Another study comparing valganciclovir and maribavir for
preemptive treatment responses yielded similar results. However, the incidence of serious adverse
events was higher in the maribavir group, with common side effects including acute graft-versus-
host disease, diarrhea, renal failure, and urinary tract infections [115]. Since letermovir and
maribavir do not cover herpes simplex virus (HSV) and varicella-zoster virus (VZV), additional
antiviral prophylaxis is required when using these agents. Additionally, their use for SOT prevention
is not yet approved; further studies are needed to assess their efficacy in this population.

The decision for prophylaxis should be made based on the donor and recipient's CMV serostatus
and the type of transplantation. For patients with D-/R- serostatus, the risk of CMV infection is
minimal, and routine prophylaxis is not recommended. However, considering the risk of HSV and
VZV infection, antiviral prophylaxis with acyclovir, famciclovir, or valacyclovir should be regarded as
[70]. For D+/R- kidney transplant recipients, a 6-month prophylaxis is recommended, whereas liver,
heart, and pancreas recipients may receive prophylaxis for 3 to 6 months. In D+/R- lung transplant
recipients, extended prophylaxis (6 to 12 months) is advised to prevent late-onset CMV disease, as
early discontinuation of prophylaxis may increase the risk of delayed disease onset. In D+/R+
recipients, a 3-month prophylaxis strategy is generally recommended for kidney, pancreas, liver,
and heart transplant recipients, though this may be extended to 6 months in those receiving
intensive immunosuppressive therapy [70].

Routine CMV prophylaxis in SOT recipients typically prevents CMV disease within the first three
months post-transplant. However, in high-risk serological patient groups, late-onset CMV disease
may occur. In these cases, CMV disease often emerges after the cessation of antiviral prophylaxis
[55, 87]. Risk factors for late-onset disease are D+/R- serostatus, short duration of prophylaxis, high
levels of immunosuppression, allograft rejection, and lung transplantation [60, 111, 116]. In D+/R-
lung recipients, longer prophylaxis may be necessary. A study that included both D+/R- and R+ lung
transplant recipients found that extending valganciclovir prophylaxis to 12 months significantly
reduced CMV infection and disease compared to 3 months of prophylaxis [117]. However, even with
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6 months of prophylaxis, nearly 50% of D+/R- lung transplant recipients developed late-onset CMV
infection or disease [116].

8.4 Preemptive Therapy

Despite effective antiviral prophylaxis in SOT recipients, many patients develop CMV viremia or
disease after discontinued prophylaxis. Monitoring CMV viral load weekly can detect early viral
replication, allowing for timely intervention. It is recommended that patients be monitored for at
least 3-4 months [70]. This approach enables a more targeted use of antiviral therapy, ensuring that
only patients at a significant risk of progressing to CMV disease receive treatment.

Preemptive therapy aims to reduce the incidence of late-onset CMV disease, selectively use
antiviral medications, and minimize the associated costs and toxicities of these drugs. There is no
universally agreed-upon threshold for initiating preemptive therapy. However, decisions should be
made based on observed increases in viral load during weekly monitoring and the individual
patient's risk of developing CMV infection. The highest-risk patients, such as D+/R- recipients or
those receiving T-cell suppressive therapies, should have a lower threshold for starting treatment
[70].

9. Conclusion

CMV remains a significant challenge in managing SOT recipients, with a substantial impact on
patient outcomes and graft success. Understanding the complex interplay between CMV and the
immune system is essential for developing effective prophylactic and therapeutic strategies. Current
evidence supports the implementation of personalized approaches to CMV management by
considering the donor and recipient serostatus, the type of organ transplanted, and the level of
immunosuppression. While antiviral prophylaxis has proven effective in reducing the incidence of
CMV disease, there is still a risk of late-onset infections, particularly in high-risk populations.
Ongoing research into antiviral resistance and alternative treatment options is crucial for improving
the management of CMV in transplant recipients. Ultimately, a multidisciplinary approach that
includes vigilant monitoring and tailored therapy can enhance patient safety and improve long-term
outcomes of CMV infection in SOT patients.
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