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Abstract: Human cytomegalovirus (HCMYV) is responsible for widespread infections worldwide. In
immunocompetent individuals it is typically latent, while infection or reactivation in immunocom-
promised individuals can result in severe clinical symptoms or even death. Although there has been
significant progress in the treatment and diagnosis of HCMYV infection in recent years, numerous
shortcomings and developmental limitations persist. There is an urgent need to develop innovative,
safe, and effective treatments, as well as to explore early and timely diagnostic strategies for HCMV
infection. Cell-mediated immune responses are the primary factor controlling HCMV infection and
replication, but the protective role of humoral immune responses remains controversial. T-cells, key
effector cells of the cellular immune system, are critical for clearing and preventing HCMYV infection.
The T-cell receptor (TCR) lies at the heart of T-cell immune responses, and its diversity enables the
immune system to differentiate between self and non-self. Given the significant influence of cellular
immunity on human health and the indispensable role of the TCR in T-cell immune responses, we
posit that the impact of TCR on the development of novel diagnostic and prognostic methods, as
well as on patient monitoring and management of clinical HCMYV infection, will be far-reaching and
profound. High-throughput and single-cell sequencing technologies have facilitated unprecedented
quantitative detection of TCR diversity. With these current sequencing technologies, researchers have
already obtained a vast number of TCR sequences. It is plausible that in the near future studies on
TCR repertoires will be instrumental in assessing vaccine efficacy, immunotherapeutic strategies, and
the early diagnosis of HCMYV infection.

Keywords: HCMYV; diagnosis; treatment; adoptive immunotherapy; immune response; TCR

1. Introduction

Human cytomegalovirus (HCMYV), a member of the beta subfamily of the Herpesviri-
dae family, also known as human herpesvirus 5, is the largest of the human herpesviruses.
As an opportunistic pathogen, HCMYV is prevalent worldwide, with infection rates ap-
proaching 100% in developing countries [1]. After primary infection, it establishes lifelong
latency [2]. While primary HCMYV infection is typically asymptomatic in immunocompe-
tent individuals [3], a minority might present with clinical symptoms following infection [4].
The factors influencing this variable clinical presentation are yet unknown. Nonetheless,
viral infection or reactivation can occur in immunocompromised individuals, such as those
with T-cell deficiency or dysfunction following hematopoietic stem cell transplantation
(HCT). This often leads to life-threatening multi-organ diseases and significant morbidity
and mortality [5].

HCMY, the largest DNA virus among human herpesviruses [6], possesses a genome
length of 240 kb. It comprises the unique long component sequence (UL) and the unique
short component sequence (US), which encompass 208 open reading frames and encode
up to 227 proteins. These proteins, categorized as immediate early (IE), early (E) and late
(L) proteins according to their properties, are products of HCMV genome expression at
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different stages. Individually or in combination, these antigens or proteins effectively
induce specific cellular immunity [7]. T-cell immune responses to HCMYV are largely
specific [8]. A vast array of antigens expressed at various stages of viral replication engage
in activating HCMV-specific CD8 + and CD4 + T-cells [3]. The most commonly targeted
HCMV epitopes for immune activation include IE-1, pp65, and UL148 proteins [3,8].
However, opinions differ regarding the most dominant immune antigens and the selection
of antigenic peptides.

Present strategies to prevent and treat HCMV encompass antiviral drugs, vaccines,
and adoptive immunotherapy. However, the effectiveness of antivirals is often limited by
their toxicity and cross-resistance. Fortunately, numerous studies suggest immunotherapy
as a promising approach to counteract the side effects of antiviral therapy and to develop
preventive measures. Novel vaccine therapies and immunotherapies have been tested
in several clinical settings. While these therapies have not yet been widely integrated
into standard practice, they demonstrate promising applications. Furthermore, existing
routine laboratory tests cannot accurately stratify the risk for HCMYV infection, nor can
these tests guide targeted preventive and therapeutic strategies. The lack of effective
prevention, treatment, and timely diagnosis of HCMV may be attributable to the fact that
the immune mechanism of HCMV remains unclear. It is hypothesized that T-cellular
immune reconstitution is vital for long-term control of HCMV reactivation [9], and T-cells
play a significant role in cellular immune responses against HCMYV infection. Recent
studies suggested that variations in the effectiveness of antiviral therapy between patients
might be closely associated with the immune responses of HCMV-specific T-cells. The TCR,
which is central to T-cell immune responses, has become a focus of interest in numerous
disease areas. Consequently, TCR-based immune-specific therapies have been continuously
developed to control HCMV. Moreover, an analysis of TCR repertoires can provide insights
into an individual’s history of antigen exposure and can help in exploring the etiological
mechanisms of immune-related diseases. Studying specific T-cells and their TCR repertoire
could aid in the identification of potential diagnostic biomarkers and the development of
safe and effective immunotherapies. This, in turn, offers a reliable foundation for the clinical
application of adoptive immunotherapy with HCMV-specific T-cells and TCR T-cells.

2. Immune Response to CMV Infection

The severity of HCMYV infection is directly influenced by the level of immune response.
Cell-mediated immunity is vital in combatting HCMV infection. In vivo, HCMV infects a
wide variety of cells, thereby providing conditions for its latency and proliferation. It is
currently thought that o3 T-cells, yd T-cells, natural killer (NK) cells, and B cells play roles
in inhibiting HCMYV infection [10,11]. The pathophysiological process of HCMYV invasion
in humans triggers a complex cascade of immune responses, involving multiple signal
transduction pathways throughout the peripheral immune system. This reaction is not
restricted to individual immune cells or specific immune molecules. For instance, T-cell
antigen recognition and differentiation can be impaired, natural killer (NK) cell killing can
be inhibited, and the secretion of proinflammatory cytokines can be reduced (Figure 1).

2.1. Humoral Immune Response

B cells, which produce antibodies, occupy a unique position in the immune system.
In addition to the cellular immune responses that play a pivotal role, humoral immune
responses also contribute to adaptive immunity in response to HCMYV infection. However,
the relative importance of humoral immunity in humans remains uncertain as no direct
evidence has been provided to date. While some studies have suggested that high anti-
body titers can improve outcomes following HCMYV infection in hematopoietic stem cell
transplantation (HSCT) recipients, other investigations have refuted this conclusion. Clini-
cally, humoral immunity has, at best, demonstrated a role in managing HCMYV infection.
Immune responses mediated by B-cells have shown only partial protection against HCMV
infection. Traditionally, protection against HCMV has been deemed to be more dependent
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on T-cells as animal experiments have revealed that protection can be entirely mediated
by T-cells in scenarios of B cell depletion [12]. Individuals with immunodeficiency who
are incapable of producing specific antibodies do not exhibit an increased risk for HCMV
disease, suggesting that antibodies are not essential for HCMYV resistance. HCMV IgG
levels are inversely correlated with T-cell receptor diversity [13]. Moreover, a positive
relationship has been found between HCMYV IgG antibody levels and the count of HCMV-
specific T-cells in certain transplant recipients [14]. It appears that HCMV antibodies might
bolster cellular immunity. Although recent studies have begun to shed light on the relation-
ship between HCMV humoral and cellular immunity, more concrete results are necessary.
A protective effect of neutralizing antibodies against HCMV infection has been shown
in various experimental and clinical studies, although such antibodies do not prevent
HCMYV infection caused by direct cell-to-cell transmission [15-17]. The current controversy
revolves around choosing the best antigenic target among the abundant HCMYV surface
proteins. The antigenic targets that can stimulate potent monoclonal neutralizing antibody
responses across various target cells remain elusive, which has hindered the development
of an HCMV-neutralizing antibody vaccine. Furthermore, despite the significance of neu-
tralizing antibodies, their detection methods are complex and standards are inconsistent,
something which currently limits their clinical utility. Several other challenges persist in
the realm of HCMYV neutralizing antibody research and vaccine development.
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Figure 1. HCMV infection-associated immune response. Figures in this review are drawn using
MedPeer (www.medpeer.cn).

2.2. Innate Killer Cell Immune Response

The innate immune system plays a vital role in defending against HCMYV infection
and triggering adaptive immune responses. HCMYV primarily stimulates innate immune
cell surface receptors within the body, activating intracellular signal transduction pathways.
This leads to the production of various cytokines, including class I interferons and inflam-
matory cytokines, further recruiting other innate immune cells such as natural killer (NK)
cells, and providing activation signals for adaptive immune responses to initiate T- and
B-cell-specific immune responses [18,19]. Historically, NK cells have been categorized as
innate immune cells. However, recent discoveries have revealed that they possess features
of adaptive immunity, including antigen-driven clonal expansion and long-term memory
formation, and play a significant role in antiviral and antitumor responses [20]. NK cells
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have been shown to play a crucial role in haploidentical hematopoietic stem cell transplan-
tation. With the global outbreak of novel coronaviruses in 2019, the importance of NK cells
in controlling various viral infections has gained researchers’ attention. Numerous studies
in mice and humans have demonstrated NK cells’ integral role in the innate immune
system against HCMYV infection. The study of NK cell immune responses to MCMYV in
mouse models has provided valuable insights into the interaction between NK cells and
HCMV. The activation of resting NK cells is tightly controlled by the balance of inhibitory
and activating surface receptors, a characteristic distinguishing them from T and B cell
receptors which require genetic rearrangements. As the first lymphocyte population to
recover after HSCT, NK cells play a pivotal role in protecting recipients from tumor relapse
and viral infection prior to the full recovery of T-cell immunity. Studies have noted an
increased susceptibility to viruses in patients with NK cell deficiencies [21]. NK cells can
trigger immune responses to HCMV by directly recognizing HCMYV virions [22]. Infection
with or reactivation of HCMV induces swift maturation of NK cells and may profoundly
impact the NK receptor repertoire. In some healthy individuals, HCMV infection can
alter the phenotypic and functional characteristics of NK cells. In animal models, NK
cells develop specific immune responses when stimulated with MCMV antigens. About
half of the NK cells in mice express the Ly49H receptor, which specifically recognizes
viral proteins on the surface of MCMV-infected cells. MCMYV replicates at high levels in
mice lacking the Ly49H receptor [23], while resistance to MCMYV infection significantly
increases in mice with transgenic expression of the Ly49H receptor [24]. Adaptive NK cell
production has also been observed in human studies. In one study, an increased frequency
of NKG2C (+) NK cells was observed in CMV-seropositive healthy individuals compared
to seronegative populations. Expression of the NKG2C receptor on the surface of human
adaptive NK cells was increased, which mirrored the increase in Ly49H receptor expression
on the surface of mouse NK cells induced by MCMYV, and the NKG2C receptor could
recognize CMV antigen and expand. NK cells returned to normal numbers several weeks
after transplantation, and the killing function returned to normal within 1 year [25]. In
another study, HCMV infection or reactivation after HSCT significantly accelerated NK cell
reconstitution, with substantial expansion of NKG2C (+) NK cell subsets, which were the
primary IFN-y-secreting cells [26]. NK cell phenotype and function can serve as biomarkers
to predict HCMYV risk [27]. However, some studies have disputed the effectiveness of
NKG2C (+) NK cells against HCMYV infection or reactivation after transplantation [28].
Further research is required to elucidate the causal relationship between the expansion
of adaptive NK cells and HCMYV infection. In addition, the conditions necessary for the
reconstitution of adaptive NK cells demand further investigation.

2.3. T-Cell Immune Response

T-cells are critical effector cells of the adaptive immune system. In 1977, it was
discovered that [29] immune mechanisms linked with T lymphocytes appeared to be
crucial for recovery from murine cytomegalovirus (MCMYV) infection. While other viruses
triggered the mobilization of no more than 1% of T-cells, up to 50% of T-cells responded
during a CMV infection. T-cells directly targeted numerous HCMYV peptides [30] and
stringently regulated HCMYV latency and reactivation [31].

T-cells primarily include CD4 + T-cells and CD8 + T-cells, which produce immune
responses in vivo by recognizing exogenous and endogenous antigenic peptides bound to
and presented by the major histocompatibility complex (MHC) II and MHC I molecules,
respectively. T-cells target HCMV-infected cells via cytotoxicity, which subsequently in-
duces T-cell clone proliferation, differentiation, memory establishment, and recruitment of
virus-specific subsets [32]. Circulating T-cell populations and T-cell phenotypes in healthy
individuals are profoundly impacted by HCMYV infection [33]. HCMV immune responses
are characterized by a massive expansion of T-cell populations [34], with HCMV-specific
CD8 + T-cells being particularly prevalent [35]. CD8 + T-cells were the earliest and most
researched factor associated with HCMV protection. Numerous experiments indicated [36]
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that virus-specific CD8 + T-cells play a vital role in preventing HCMV disease. The quantity
of CD8 + T lymphocytes found in hematopoietic stem cell transplant recipients predicts
the risk for HCMYV infection in these recipients and has been linked with HCMYV activa-
tion, associated disease protection, and immune recovery [37]. In heart, lung, liver, and
kidney transplantation, the number of HCMV-specific CD8 + T-cells helps determine the
recipient’s risk of developing active HCMYV infection. This measurement is associated with
HCMV-related disease and the maintenance of allograft function, and has proved to be
of great value in post-transplantation recipient management [38,39]. The median number
of CD8 + T-cells in the peripheral blood of healthy virus carriers is 10%, while in older
adults this figure rises to 40% specifically for HCMV antigens [3]. In immunocompetent
mice and humans, latent HCMYV infection contributes to “memory inflation” of memory
CDS8 + T-cells, a process possibly due to repeated exposure to CMV antigens, resulting in
long-term expansion of HCMV-reactive memory T-cells [40,41]. Several aspects remain
unclear in the study of HCMV-specific CD8 + T lymphocytes, such as the selection of
specific antigens, the selection of antigen peptides, and the significance of HCMV-specific
T-cell number and function. CD4 + T lymphocytes generally make up a large portion of
T-cells in healthy people. The traditional view posits that CD4 + T-cells exert immune
effects through helper CD8 + T-cells. CD4 + T-cells primarily play a role in antiviral
immunity in two ways: first, they recruit CD8 + T lymphocytes and B cells to the site
of infection; second, they regulate the expansion and function of other effector cells via
cytokines [42]. Recently, CD4 + T-cells have also been recognized to play an important role
in the control of viral infections [43]. It has been shown previously that [44] the persistence
of transferred cytotoxic CD8 + T-cells can be facilitated by the restoration of CD4 + human
cytomegalovirus-specific helper T-cell responses. Progressive depletion of CD4 + T-cells
increases susceptibility to various pathogens, including herpes viruses [45]. Persistent
dissemination of HCMYV has also been associated with a deficiency in CD4 + T-cells [46].
Some late-differentiated D4 + T-cells, specifically for HCMV, have been observed to expand
abnormally in infected individuals. These cells produce granules and perforin with direct
cytolytic capacity [47]. During the acute phase of the response to HCMYV infection, specific
CD4 + T-cells are highly activated and proliferate. In vitro experiments and observational
studies across different populations have also emphasized the importance of CD4 + T
lymphocytes in the HCMV immune response. In pregnant women with primary CMV
infection, the presence of HCMV-specific memory CD4 + T-cells has been linked with
rapid control of HCMYV infection and a lower risk for vertical transmission of the virus
to the fetus [48]. The count of HCMV-specific CD4 + T-cells has been found to correlate
with viral load, complications, and post-transplant prognosis in various organ transplant
recipients [49]. Notably, CD4 + T-cells have been found to be essential for controlling
HCMYV infection [50]. However, most current studies on the protective mechanism of
CD4 + T-cells have focused on cytokines and surface molecules, with few studies revealing
the underlying response mechanism. Elucidation of the development of cellular immune
responses can foster improved vaccine development and adoptive immunotherapy.

3. T-Cell Receptor

The T-cell repertoire covers a vast array of antigens and includes highly polymorphic
TCRs [51]. These TCRs from the cornerstone of T-cell immune responses. Each individual’s
T-cells contain a repertoire of millions of unique receptors [52].

The TCR is a heterodimeric transmembrane protein composed of either «/3 or v/
chains [53,54]. In peripheral blood, xf3 T-cells constitute more than 90% of the T-cell
population. There are several differences between vy T-cells and «f3 T-cells, such as
variation in antigen recognition, activation, antigen-specific repertoire formation, and
effector function [55]. While most «3 TCRs require binding to peptide fragments MHC,
vd TCRs, in contrast, do not need MHC-mediated antigen presentation and no universal
requirement for coreceptor interaction has been identified. The exact mechanism of v
T-cell function remains elusive. TCRs recognize specific antigens within the context of
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peptide MHC complexes [56]. TCR clonotypes shared between individuals play a pivotal
role in pathogen-specific immune responses and infection control [57]. Different individuals
often [58,59] use the same or similar TCRs for at least one of the chains of a heterodimer in
antigen recognition. This sharing of TCRs is particularly pronounced in chronic or latent
viral infections, such as HCMV [60]. TCR « and { chain sites include variable (V) and
joining (J) gene segments. Moreover, the 3-chain includes a diversity (D) gene segment
which is absent in the «-chain. The expression of TCR-specific sequences is generated by
rearrangements, insertions, mutations, and deletions of V, D, and ] gene segments. These
rearrangements create a diverse TCR repertoire capable of recognizing a broad range of
antigens, thereby providing effective antiviral immunity [61]. Almost no two identical V
(D) ] somatic rearrangements occur within any individual [62]. The V region of the « and
(3 chains has three complementarity-determining regions (CDRs), with CDR3 being the
most variable [63]. This region, which directly contacts the antigen, largely determines the
binding specificity of the TCR to the antigen MHC complex. Upon stimulation with various
antigens, TCR V region genes generate specific recognition, enabling dominant expansion of
T-cells carrying such genes. Specific CDR3 amino acid sequences are abundantly expressed,
and their lengths show significant variation. Previous studies have found that virus-specific
TCRp clonotypes have longer TCRf3 CDR3 lengths compared to autoantigen-specific
clonotypes [64]. CDR3 sequence analysis allows for the tracking and quantification of
T-cell clones within different tissues, time points, individuals, and even species [65,66]. The
analysis of the total CDR3 length and its distribution has been used to measure the degree
of clonality and diversity of T-cells during immune responses.

Several studies have demonstrated a connection between TCR repertoire diversity and
immunity, with specific receptor sequences playing a role in predicting disease risk [67-69].
The particular characteristics of the TCR used are key determinants of the success of TCR
gene therapy [70]. Moreover, TCR repertoire information enables the customization of
immunization strategies for neoantigens to align with the patient’s T-cell repertoire [71].
Most current sequencing analyses of TCRs have focused on the 3-chain. Given that each
a3 T-cell expresses only one variant of the 3-chain, different 3-chain numbers could reflect
the number of clonotypes. The T-cell repertoire can be assessed by sequencing the (3 chain
of the TCR. The o-chain, which lacks the D gene segment and typically does not contact the
antigen, carries less information [72]. However, x-chain sequencing can confirm clonality
and provide more detailed insight about the cell repertoire. Combining total mRNA and
VDJ sequencing could help clarify the transcriptional heterogeneity of both antigen-specific
and non-specific lymphocytes, and the clonal relationships among different T-cell subsets.
TCR sequencing has been a topic of interest in many areas of disease study [73-75]. Its
sequence can serve as a unique identifier for T-cell clones, enabling the monitoring of clonal
dynamics and heterogeneity of T-cell responses, detecting immune status, and assisting
with diagnosis. For instance, Hou et al. [76] discovered a set of TCR sequences related
to SARS-CoV-2 that could serve as potential diagnostic markers for COVID-19 patients.
Other researchers [77] have analyzed the TCRx repertoire to develop biomarkers that aid
the diagnose of primary immunodeficiency. In addition, prognostic risk models based on
TCRs have been explored to effectively predict the prognosis of breast cancer patients [73].
One study sequenced the TCR repertoire and identified three sequences that specifically
bind HCMYV [78]. Specific antigen recognition can bias the TCR repertoire toward antigen-
specific T-cells [79]. Dominant T-cell clones have potential as early diagnostic biomarkers
for T-cell-mediated rejection in renal transplantation [80]. (Figure 2)

HCMYV infection triggers highly complex immune responses, resulting in HCMV-
specific TCRs that are also exceptionally diverse and variable. Related studies have shown
a strong correlation between the diversity of HCMV-specific TCR sequences and the activa-
tion state of HCMYV [81,82]. HCMV-specific T-cell clones influence the clonotypes within the
repertoire, and they also promote the expansion of a limited number of non-HCMYV T-cell
populations [83]. Wang et al. [13] revealed that the diversity of CD8 + T-cell clonotypes
plays a significant role in controlling adverse effects caused by CMV infection. In their
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study, HCMV-specific public TCRx and 3 sequences were heavily used. Human leukocyte
antigen (HLA)-A24-restricted HCMVPP65-specific cytotoxic T-cells have longer amino
acid sequences in the TCR-CDR3 region than do HLA-A2 CTLs [81]. The BV and BJ genes
involved vary depending on the target antigen and HLA. For example, BV7 and BV12
reportedly dominate HLA-AQ2-restricted HCMV PP65-specific cytotoxic T-cells with B]14
and BJ12 [84]. Table 1 lists some reported HLA-A02-restricted HCMV-associated TCR
sequences (Table 1). High-throughput technologies have generated growing amounts of
HCMV-associated TCR sequencing data, as well as epitope and immune receptor databases.
These data have demonstrated that our previous understanding of the mechanisms of the
adaptive immune system in controlling HCMV was far from complete. High-throughput
sequencing technologies now make it possible to analyze millions of T-cells in a single
experiment [62]. Single-cell sequencing technology can effectively address the issue of
cell population heterogeneity to obtain comprehensive receptor information of individual
cells [85,86]. The advancement of sequencing technology has greatly facilitated the study
of HCMV-specific TCR sequences, the understanding of the immune reconstitution pro-
cess after viral activation, and the exploration of the mechanism underlying the immune
response between T-cells and HCMV (Table 1).
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Figure 2. Specific T-cell receptor sequences in diagnosis and therapy.

Table 1. HLA-A02 and HLA-A24 restricted HCMV-associated TCR sequences.

R(;fe(;ztr?iiljrl:A (é;l::;ieg::::;i;) Reported Sequence Reported V Gene Reported J Gene  Reference
CASSFAYGYTF 12.4 1.2
pp65 (MLNIPSINV) CASSFGVNTEAFF 12.3 1.1
CASSFRGDTEAFF 124 1.1
A02 CAGSLVTIGTGWGYTF 6.5 1.2 [87]
CASSFSTGTAGGYTF 6.5 1.2
pPE> (NLVPMVATY) ™ - \ SSLDGVTGELFF 27 22

CASSLDRVTGELFF 27 22
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Table 1. Cont.
R;pe(;l;?iiljrl;A (é;eil::;ieg::::z;ii) Reported Sequence Reported V Gene Reported ] Gene  Reference

SSANYGY 8 1.2
SSVNEA 8 1.1

P65 (NLVPMVATV) SSVSGGASNEQ 13 2.1 [88]
SYATGTAYGY 13 1.2
CASSLDSIASGNTIYF 5-1 1.3
A02 CASSLQRGRTDTQYF 11-2 2.3
IE1 (VLEETSVML) CASSLVSGGWTEAFF 11-2 1.1

CASSPDSQSSGNTIYTF 5-1 1.3 (891
CASNPMGQGILFF 9 2.2
ppeS (NLVPMVATV) ™ -\ 66 COTGAACGYTF 6-5 12

CASSLAPGATNEKLF 07-06*01 01-04*01

pp65 (NLVPMVATV) CASASANYGYT 12 01-02*01 (78]
CAGTGIRSAGELFF 30 2-2
CASSLDTDTQYF 5 2-3
CASSLGAGGPSDTQYF 5 2-3
CASSLNSVGTEAFF 28 1-1

A24 pp65 (QYPDVAALF)  CASSSDNAIGGGSYGYTF 28 1-2 [90]
CASSSTGGGGAEAFF 7 1-1
CASSSTGGGGTEAFF 7 1-1
CASTPRDRSNYEQYF 27 2-7
CSARFSGQGTEAFF 20 1-1

4. Diagnosis of HCMV

Early and prompt diagnosis of active HCMYV infection is crucial to mitigate or even
prevent severe clinical consequences resulting from viral activation. It can also support early
clinical screening, timely treatment, and accurate prognosis. Several laboratory tests are
available for this, including traditional viral isolation and culture, antigen-antibody testing,
viral genetic testing, and immune monitoring. While histopathology remains the gold
standard [91], the complex process of virus isolation and culture is not conducive to early
diagnosis of HCMYV infection, and is primarily used for scientific research purposes. Faster
and more sensitive detection methods are gradually replacing virus isolation and culture,
enabling real-time quantitative detection and monitoring of the virus. The PP65 antigen,
encoded by UL83 in the HCMV genome, is a major component of the viral capsule. During
latent HCMYV infection, the expression of PP65 is minimal, which makes it a commonly used
indicator for diagnosing active HCMYV infection. The PP65 antigenemia test, which detects
the presence of PP65 antigen in peripheral blood leukocytes through specific antibody-
antigen binding, is a semiquantitative method. However, due to the lifespan of neutrophils,
this test requires prompt processing of clinical specimens within hours. In addition, its
results may be influenced by different assay probes or the antibodies used, as well as
neutrophil counts from whole blood samples. However, it is faster and also more cost-
effective than quantitative fluorescence polymerase chain reaction (qPCR). In addition,
the results exhibit better correlations with clinical symptoms in immunocompromised
patients [92]. HCMYV antibody detection methods are categorized into three main groups
based on the antigens used: those based on viral lysate antigens, genetically engineered
recombinant protein antigens, and chemically synthesized polypeptide antigens. HCMV
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IgM and IgG antibodies, along with antibody affinity, are commonly used to determine the
status of HCMYV infection in the body. HCMV IgM and IgG antibodies indicate primary
and previous HCMV infections, respectively [93]. The affinity indicator of HCMV IgG
antibodies reflects the activity of HCMV infection and provides some complementary
diagnostic value for HCMYV infection [94]. Genetic monitoring has emerged as a preferred
method to quickly determine whether CMV is replicating in a patient. Timely monitoring
of genetic changes related to HCMYV is helpful in rapidly diagnosing HCMYV infection and
disease, guiding antiviral therapy, and monitoring treatment response [95]. HCMV viral
load serves as guide for preventive therapy to control HCMV infection, while HCMV RNA
is a highly specific indicator of CMV replication which no commercial assays currently
available are able to detect. Consequently, qPCR for HCMV DNA in blood has become the
preferred diagnostic test due to its high sensitivity and throughput. Determining the rate
of increase in viral load has been used to assess the risk of developing HCMYV disease [96].
Nevertheless, challenges related to variability between PCR detection platforms and assays
persist [97].

Immunological monitoring of nonspecific and HCMV-specific T-cell numbers and func-
tion has emerged as a valuable clinical tool for HCMYV risk stratification and management
following solid organ transplantation [98]. The detection of HCMV-specific cell-mediated
immunity can be useful to determine [91,99] viral load and optimize the use of antiviral
drugs in preemptive treatment strategies. Furthermore, specific cell-mediated immunity
tests can be used alone or in combination with serology tests to assess risk prior to trans-
plantation. Such methods primarily utilize overlapping peptide libraries to stimulate CD4 +
and CD8 + T-cells [99]. Subsequently, the production of cytokines (such as IFN-y) or cell
proliferation is measured using flow cytometry or enzyme-linked immunosorbent assay
(ELISA), with the former generally offering higher sensitivity [100]. However, that method
is challenging to standardize and can only analyze intracellular events, failing to detect
biologically active cytokines secreted during the stimulation period. ELISA-based assays
require small blood volumes and are straightforward to perform [101]. However, they are
limited to detecting IFN-y-producing CD8 + T-cells and do not allow for detection at the
single-cell level. On the other hand, the enzyme-linked immunospot assay (ELISPOT) is
particularly useful for detecting low-level responses and can measure biologically active
cytokine-secreting cells at the single-cell level [102]. ELISPOT exhibits greater sensitivity
than intracellular cytokine staining for detecting antigen-specific cells. Nonetheless, that
method lacks functional readouts, is restricted to certain HLA types, and is not suitable for
routine diagnostic use.

5. Treatment of HCMV

Current treatment options focus on inhibiting the replication process of the HCMV
virus [103]. The introduction of prophylactic strategies has led to a shift in the epidemiology
of HCMYV towards late-onset disease. Ganciclovir has been widely used as the primary an-
tiviral agent for prophylactic treatment of HCMYV. Preemptive administration of ganciclovir
to asymptomatic patients with HCMV DNA or antigenemia has been found to significantly
reduce the risk of HCMYV disease [104]. Letermovir, a novel antiviral agent, has shown good
clinical efficacy in preventing HCMV. However, it may be associated with an increased
incidence of advanced HCMV and may delay the immune reconstitution of HCMV-specific
T-cells. While antiviral drugs are recommended as first-line therapy for HCMYV, they can be
toxic and are susceptible to drug resistance. In addition, their effectiveness is limited in the
absence of cell-mediated immune responses. HCMV remains a significant cause of morbid-
ity and mortality following allogeneic hematopoietic stem cell transplantation, despite the
use of preemptive treatments and effective prophylactic antiviral drugs [105,106]. Antibody
products and vaccines have shown promise for the prevention and treatment of HCMV.
HCMYV immunoglobulin not only prevents HCMV entry into host cells, but also enhances
cytotoxicity and complement-mediated cytolysis. Although the use of immunoglobulin in
combination with antiviral agents is recommended for the treatment of HCMYV, conclusive
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evidence is still lacking. In recipients of hematopoietic stem cell transplantation (HSCT),
prevention or treatment of HCMV with immunoglobulins is often ineffective [107].

The development of HCMV vaccines has been a subject of research for decades,
primarily focused on preventing or mitigating congenital HCMV infection. However, to
date, most vaccines have failed to demonstrate clinical safety and efficacy, and no vaccine
has been licensed. In theory, vaccines could directly target HCMYV reactivation and host
defects in disease, including protective immune responses, to control viral reactivation
and prevent disease. Several vaccines [108,109] have shown successful induction of potent
and broad T-cell responses. Vaccine efficacy may also depend on TCR clonality within
polyclonal antigen-specific T-cell populations [110]. Therefore, the importance of antigen-
specific T-cell repertoire diversity should be considered when designing prophylactic
T-cell vaccines. There are several major challenges in the development of HCMYV vaccines,
including the selection of appropriate targets and optimal vaccination schedules, and the
choice of suitable endpoints and populations for clinical trials. Although prophylactic
vaccines offer an ideal approach to treating and preventing HCMYV, the complex interactions
between the adaptive and innate immune systems and HCMYV itself present significant
challenges in vaccine research.

The emergence of T-cell-based immunotherapy has revolutionized our understanding
of the role of T-cells in combating various diseases, including viral infections, autoimmune
disorders, and malignancies. The clinical use of adoptive HCMV-specific T-cell therapy
against viral infections was first implemented in 1992 [111]. Infusion of virus-specific T-cells
has been explored as a strategy to treat or prevent HCMV disease by directly restoring CMV-
specific cellular immunity. In recent years, adoptive immunotherapy using HCMV-specific
cytotoxic T-cells (CTLs) has emerged as a promising method [112]. Optimal costimulation
of virus-specific T-cells through binding to their native TCRs has been shown to promote
long-term persistence of these cells in patients [113,114]. Experimental studies have demon-
strated that the adoptive transfer of HCMV-specific T-cells facilitates the reconstitution
of functional and durable virus-specific T-cell repertoires. This strategy can significantly
reduce or even prevent HCMYV disease, progressive viral infections, and persistent com-
plications, thereby sparing [115,116] patients from prolonged antiviral therapy. However,
a drawback of this approach is that the expansion of CTLs is time-consuming, and the
efficiency of expansion can vary widely among individuals, which may result in some
patients missing their therapeutic window when in urgent need of treatment.

Studies have indicated that TCR T-cell therapy holds greater potential as HCMV
therapy than virus-specific cytotoxic T-cell therapy [117]. Adoptive cell transfer therapy
(ACT) has emerged as a highly promising approach in cancer immunotherapy. Two notable
forms of ACT are TCR-engineered T-cell therapy (TCR-T) and CAR T-cell therapy, which
confer antigen specificity through genetic modification of T lymphocytes [118]. CAR-T
therapy, including CAR-T targeting HCMYV, enables direct antigen recognition indepen-
dent of MHC restriction [119]. It allows for the development of autologous virus-specific
CTLs without relying on HLA restriction [120]. However, it requires a complex process,
leading to prolonged manufacturing time, high costs, and challenges in scaling up the
process [121,122]. Moreover, it can lead to toxicities such as cytokine release syndrome. A
recent innovative study [123] utilized CRISPR-Cas9 technology to generate non-viral and
gene-specific CAR-T-cells, eliminating the need for viral vectors. This approach simplifies
manufacturing, reduces preparation time and costs, and enhances the safety and efficacy of
CAR-T products. In contrast with CAR-T, TCR-T therapies are based on native T-cells and
their endogenous TCRs, rather than antibody-based CARs [124]. The study of redirected
T-cell specificity through TCR transfer, reported in 1986, ref. [125] has greatly advanced
TCR-T therapy and its application. TCR-T adoptive immunotherapy has shown promise
for the treatment of various diseases, including viral infections, offering new possibilities
for therapeutic approaches [126]. TCRs recognize HLA-presented peptides derived from
various cellular proteins [127]. TCR-based ACT has been found to be efficacious for certain
hematological malignancies and viral-associated malignancies [128]. TCR-T exhibits high



Viruses 2023, 15, 1334

11 of 17

sensitivity in recognizing target antigens even at low concentrations [129]; it also offers
cost advantages through TCR transduction [130]. Transgenic TCR-based ACTs enable
precise redirection of T-cell specificity in response to viral infection. Although TCR-based
ACTS hold promise, there are limitations and challenges to overcome. These include MHC
restriction, the selection of TCRs with optimal affinity for recognizing MHC, the choice
of appropriate target antigens in the context of specific HLA genes, and more. The spe-
cific proteins and epitopes targeted by the TCR directly influence the expected frequency,
affinity, and potential escape mechanisms within the TCR repertoire [131]. Optimal effi-
cacy of TCR-T treatment may be achieved through the selecting of uniformly expressed
antigens to minimize the variability in the TCR repertoire induced by immunodominant
HCMYV antigens.

HLA dependency has emerged as a significant limitation of TCR-T therapy. Most
current studies have focused on targeting a single HLA type, thereby excluding many
patients with different HLA types from receiving TCR-T-cell treatment. Future research
should expand the coverage of TCR-T-cell therapy to encompass a broader range of patients
with diverse HLA types. Advancements in computer technology may aid the prediction
of potential HCMYV epitopes, facilitating the identification of candidate targets. Another
challenge associated with TCR gene therapy is TCR mismatch. Mismatches between
introduced TCR « and f chains and the endogenous 3 and « chains can result in the
generation of novel TCR chains with unknown risks and potential complications. However,
several strategies have been proposed to address this issue. These include introducing
additional disulfide bonds between TCR chains or modifying the structure of TCR chains
to mitigate the risks associated with TCR mismatch [132].

6. Conclusions

HCMV is a highly prevalent and complex pathogen that poses significant challenges in
prevention, diagnosis, and treatment. While some progress has been made in recent years,
several limitations persist. These include issues related to antiviral drug toxicity, drug
resistance, and cost-effectiveness. Furthermore, there has been a lack of substantial progress
in the development of targeted vaccines. Current diagnostic methods often fail to accurately
stratify the infection risk, leading to overtreatment and associated complications. Although
new treatments have improved the management of HCMYV infection, the development
of and research into HCMV vaccines and immunotherapy remain uncertain. Studying
the intricate dynamics of T-cell responses to viruses holds promise for elucidating the
conditions necessary for healthy immune responses and the persistence of functional
antigen-specific cells. Such information would greatly contribute to the design of vaccines
that induce optimal cellular immune responses and long-lasting T-cell memory. Analysis of
the TCR repertoire offers opportunities to develop novel technologies for clinical diagnosis
and to design T-cell-based therapies, laying the foundation for immunodiagnosis and
cellular immunotherapy. The mechanisms of HCMV immunoprotection are complex, and
there is a scarcity of reports on how specific TCR-T-cells function in immune-compromised
patients with HCMYV infection. The study of the TCR repertoire in terms of the diagnosis,
clinical prognosis, and treatment of HCMYV is still in its early stages. The development
of next-generation sequencing and single-cell TCR sequencing technology has enabled
researchers to gain deeper insights into HCMV-induced changes in the TCR repertoire,
providing valuable information on the specific immune response mechanisms against
HCMYV and immune reconstitution. However, the interpretation of TCR sequences remains
limited by the diversity of the TCR repertoire and scarcity of T-cell-specific data. Most
studies on the HCMV TCR repertoire have focused on identifying specific or common TCR
sequences, with few exploring their functional aspects or correlations with clinical practice.
Therefore, future research on HCMV TCR sequences should address clinical challenges,
assist risk stratification, and develop more accurate treatment regimens to guide clinical
decision-making.



Viruses 2023, 15, 1334 12 of 17

Author Contributions: Writing—original draft preparation, X.L.; writing—review and editing, X.L.,
H.L. and J.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zuhair, M.; Smit, G.S.A.; Wallis, G.; Jabbar, F.; Smith, C.; Devleesschauwer, B.; Griffiths, P. Estimation of the worldwide
seroprevalence of cytomegalovirus: A systematic review and meta-analysis. Rev. Med. Virol. 2019, 29, e2034. [CrossRef] [PubMed]

2. Cannon, M.J.; Schmid, D.S.; Hyde, T.B. Review of cytomegalovirus seroprevalence and demographic characteristics associated
with infection. Rev. Med. Virol. 2010, 20, 202-213. [CrossRef] [PubMed]

3.  Crough, T,; Khanna, R. Immunobiology of human cytomegalovirus: From bench to bedside. Clin. Microbiol. Rev. 2009, 22, 76-98.
[CrossRef]

4. Eddleston, M.; Peacock, S.; Juniper, M.; Warrell, D.A. Severe cytomegalovirus infection in immunocompetent patients. Clin. Infect.
Dis. 1997, 24, 52-56. [CrossRef] [PubMed]

5. Ljungman, P; Schmitt, M.; Marty, EM.; Maertens, J.; Chemaly, R.E; Kartsonis, N.A.; Butterton, J.R.; Wan, H.; Teal, V.L.;
Sarratt, K.; et al. A Mortality Analysis of Letermovir Prophylaxis for Cytomegalovirus (CMV) in CMV-seropositive Recipients of
Allogeneic Hematopoietic Cell Transplantation. Clin. Infect. Dis. 2020, 70, 1525-1533. [CrossRef]

6. Suarez, N.M.; Wilkie, G.S.; Hage, E.; Camiolo, S.; Holton, M.; Hughes, J.; Maabar, M.; Vattipally, S.B.; Dhingra, A;
Gompels, U.A ; et al. Human Cytomegalovirus Genomes Sequenced Directly from Clinical Material: Variation, Multiple-Strain
Infection, Recombination, and Gene Loss. J. Infect. Dis. 2019, 220, 781-791. [CrossRef]

7. Xu,J;Wu, R; Xiang, F; Kong, Q.; Hong, J.; Kang, X. Diversified phenotype of antigen specific CD8 + T cells responding to the
immunodominant epitopes of IE and pp65 antigens of human cytomegalovirus. Cell Immunol. 2015, 295, 105-111. [CrossRef]

8.  Sylwester, AW.,; Mitchell, B.L.; Edgar, ].B.; Taormina, C.; Pelte, C.; Ruchti, F; Sleath, P.R.; Grabstein, K.H.; Hosken, N.A;
Kern, F; et al. Broadly targeted human cytomegalovirus-specific CD4 + and CD8 + T cells dominate the memory compartments
of exposed subjects. J. Exp. Med. 2005, 202, 673-685. [CrossRef]

9. Meij, P; Jedema, I.; Zandvliet, M.L.; van der Heiden, P.L.; van de Meent, M.; van Egmond, H.M.; van Liempt, E.; Hoogstraten, C.;
Kruithof, S.; Veld, S.; et al. Effective treatment of refractory CMV reactivation after allogeneic stem cell transplantation with
in vitro-generated CMV pp65-specific CD8 + T-cell lines. J. Immunother. 2012, 35, 621-628. [CrossRef]

10. Huygens, A.; Dauby, N.; Vermijlen, D.; Marchant, A. Inmunity to cytomegalovirus in early life. Front. Immunol. 2014, 5, 552.
[CrossRef]

11. Hammer, Q.; Romagnani, C. About Training and Memory: NK-Cell Adaptation to Viral Infections. Adv. Immunol. 2017,
133, 171-207. [CrossRef] [PubMed]

12.  Polic, B.; Hengel, H.; Krmpotic, A.; Trgovcich, J.; Pavic, I.; Luccaronin, P.; Jonjic, S.; Koszinowski, U.H. Hierarchical and redundant
lymphocyte subset control precludes cytomegalovirus replication during latent infection. J. Exp. Med. 1998, 188, 1047-1054.
[CrossRef] [PubMed]

13.  Wang, G.C; Dash, P.; McCullers, J.A.; Doherty, P.C.; Thomas, P.G. T cell receptor alphabeta diversity inversely correlates with
pathogen-specific antibody levels in human cytomegalovirus infection. Sci. Transl. Med. 2012, 4, 128ra142. [CrossRef] [PubMed]

14. Liang, H.; Xia, J.; Zhang, R.; Yang, B.; Wu, J.; Gui, G.; Huang, Y.; Chen, X.; Yang, R.; Wang, H.; et al. ELISPOT assay of
interferon-gamma secretion for evaluating human cytomegalovirus reactivation risk in allo-HSCT recipients. |. Med. Virol. 2021,
93, 6301-6308. [CrossRef] [PubMed]

15. Reuter, N.; Kropff, B.; Britt, W.J.; Mach, M.; Thomas, M. Neutralizing Antibodies Limit Cell-Associated Spread of Human
Cytomegalovirus in Epithelial Cells and Fibroblasts. Viruses 2022, 14, 284. [CrossRef]

16. Martins, J.P; Andoniou, C.E.; Fleming, P; Kuns, R.D.; Schuster, L.S.; Voigt, V.; Daly, S.; Varelias, A.; Tey, S.K.; Degli-
Esposti, M.A.; et al. Strain-specific antibody therapy prevents cytomegalovirus reactivation after transplantation. Science 2019,
363, 288-293. [CrossRef]

17.  Jacob, C.L.; Lamorte, L.; Sepulveda, E.; Lorenz, I.C.; Gauthier, A.; Franti, M. Neutralizing antibodies are unable to inhibit direct
viral cell-to-cell spread of human cytomegalovirus. Virology 2013, 444, 140-147. [CrossRef]

18. Boehme, K.W.; Guerrero, M.; Compton, T. Human cytomegalovirus envelope glycoproteins B and H are necessary for TLR2
activation in permissive cells. J. Immunol. 2006, 177, 7094-7102. [CrossRef]

19. O’Connor, C.M.; Sen, G.C. Innate Immune Responses to Herpesvirus Infection. Cells 2021, 10, 2122. [CrossRef]

20. Vivier, E.; Raulet, D.H.; Moretta, A.; Caligiuri, M.A.; Zitvogel, L.; Lanier, L.L.; Yokoyama, W.M.; Ugolini, S. Innate or adaptive

immunity? The example of natural killer cells. Science 2011, 331, 44—49. [CrossRef]


https://doi.org/10.1002/rmv.2034
https://www.ncbi.nlm.nih.gov/pubmed/30706584
https://doi.org/10.1002/rmv.655
https://www.ncbi.nlm.nih.gov/pubmed/20564615
https://doi.org/10.1128/CMR.00034-08
https://doi.org/10.1093/clinids/24.1.52
https://www.ncbi.nlm.nih.gov/pubmed/8994755
https://doi.org/10.1093/cid/ciz490
https://doi.org/10.1093/infdis/jiz208
https://doi.org/10.1016/j.cellimm.2015.03.008
https://doi.org/10.1084/jem.20050882
https://doi.org/10.1097/CJI.0b013e31826e35f6
https://doi.org/10.3389/fimmu.2014.00552
https://doi.org/10.1016/bs.ai.2016.10.001
https://www.ncbi.nlm.nih.gov/pubmed/28215279
https://doi.org/10.1084/jem.188.6.1047
https://www.ncbi.nlm.nih.gov/pubmed/9743523
https://doi.org/10.1126/scitranslmed.3003647
https://www.ncbi.nlm.nih.gov/pubmed/22491952
https://doi.org/10.1002/jmv.27120
https://www.ncbi.nlm.nih.gov/pubmed/34076905
https://doi.org/10.3390/v14020284
https://doi.org/10.1126/science.aat0066
https://doi.org/10.1016/j.virol.2013.06.002
https://doi.org/10.4049/jimmunol.177.10.7094
https://doi.org/10.3390/cells10082122
https://doi.org/10.1126/science.1198687

Viruses 2023, 15, 1334 13 of 17

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

Orange, ].S. Human natural killer cell deficiencies and susceptibility to infection. Microbes Infect. 2002, 4, 1545-1558. [CrossRef]
[PubMed]

Muntasell, A.; Costa-Garcia, M.; Vera, A.; Marina-Garcia, N.; Kirschning, C.J.; Lopez-Botet, M. Priming of NK cell anti-viral
effector mechanisms by direct recognition of human cytomegalovirus. Front. Immunol. 2013, 4, 40. [CrossRef] [PubMed]
Fodil-Cornu, N.; Lee, S.H.; Belanger, S.; Makrigiannis, A.P; Biron, C.A.; Buller, R.M.; Vidal, S.M. Ly49h-deficient C57BL/6 mice:
A new mouse cytomegalovirus-susceptible model remains resistant to unrelated pathogens controlled by the NK gene complex. J.
Immunol. 2008, 181, 6394—6405. [CrossRef] [PubMed]

Lee, S.H.; Zafer, A.; de Repentigny, Y.; Kothary, R.; Tremblay, M.L.; Gros, P.; Duplay, P.; Webb, J.R.; Vidal, S.M. Transgenic
expression of the activating natural killer receptor Ly49H confers resistance to cytomegalovirus in genetically susceptible mice. J.
Exp. Med. 2003, 197, 515-526. [CrossRef]

Zuo, W.; Zhao, X. Natural killer cells play an important role in virus infection control: Antiviral mechanism, subset expansion
and clinical application. Clin. Immunol. 2021, 227, 108727. [CrossRef]

Foley, B.; Cooley, S.; Verneris, M.R,; Pitt, M.; Curtsinger, J.; Luo, X.; Lopez-Verges, S.; Lanier, L.L.; Weisdorf, D.; Miller, ].S.
Cytomegalovirus reactivation after allogeneic transplantation promotes a lasting increase in educated NKG2C+ natural killer
cells with potent function. Blood 2012, 119, 2665-2674. [CrossRef]

Park, K.H.; Ryu, ].H.; Bae, H,; Yun, S.; Jang, ].H.; Han, K.; Cho, B.S.; Kim, H.].; Lee, H.; Oh, E.]J. Delayed NK Cell Reconstitution
and Reduced NK Activity Increased the Risks of CMV Disease in Allogeneic-Hematopoietic Stem Cell Transplantation. Int. |.
Mol. Sci. 2020, 21, 3663. [CrossRef]

Gimenez, E.; Solano, C.; Amat, P.; de la Camara, R.; Nieto, J.; Lopez, ]J.; Garcia-Noblejas, A.; Navarro, D. Enumeration of NKG2C+
natural killer cells early following allogeneic stem cell transplant recipients does not allow prediction of the occurrence of
cytomegalovirus DNAemia. J. Med. Virol. 2015, 87, 1601-1607. [CrossRef]

Starr, S.E.; Allison, A.C. Role of T lymphocytes in recovery from murine cytomegalovirus infection. Infect. Immun. 1977,
17,458-462. [CrossRef]

Jackson, S.E.; Sedikides, G.X.; Okecha, G.; Wills, M.R. Generation, maintenance and tissue distribution of T cell responses to
human cytomegalovirus in lytic and latent infection. Med. Microbiol. Immunol. 2019, 208, 375-389. [CrossRef]

Wills, M.R.; Poole, E.; Lau, B.; Krishna, B.; Sinclair, ].H. The immunology of human cytomegalovirus latency: Could latent
infection be cleared by novel immunotherapeutic strategies? Cell Mol. Immunol. 2015, 12, 128-138. [CrossRef] [PubMed]
Klenerman, P.; Oxenius, A. T cell responses to cytomegalovirus. Nat. Rev. Immunol. 2016, 16, 367-377. [CrossRef] [PubMed]
Chidrawar, S.; Khan, N.; Wei, W.; McLarnon, A.; Smith, N.; Nayak, L.; Moss, P. Cytomegalovirus-seropositivity has a profound
influence on the magnitude of major lymphoid subsets within healthy individuals. Clin. Exp. Immunol. 2009, 155, 423-432.
[CrossRef]

van den Berg, S.P.H.; Pardieck, IN.; Lanfermeijer, J.; Sauce, D.; Klenerman, P; van Baarle, D.; Arens, R. The hallmarks of
CMV-specific CD8 T-cell differentiation. Med. Microbiol. Immunol. 2019, 208, 365-373. [CrossRef] [PubMed]

Minervina, A.A.; Pogorelyy, M.V.; Komech, E.A.; Karnaukhov, V.K; Bacher, P.; Rosati, E.; Franke, A.; Chudakov, D.M.; Mame-
dov, I.Z.; Lebedev, Y.B.; et al. Primary and secondary anti-viral response captured by the dynamics and phenotype of individual T
cell clones. Elife 2020, 9, €53704. [CrossRef]

Quinnan, G.V,, Jr.; Burns, W.H.; Kirmani, N.; Rook, A.H.; Manischewitz, J.; Jackson, L.; Santos, G.W.; Saral, R. HLA-restricted
cytotoxic T lymphocytes are an early immune response and important defense mechanism in cytomegalovirus infections. Rev.
Infect. Dis. 1984, 6, 156-163. [CrossRef]

Ozdemir, E.; St John, L.S.; Gillespie, G.; Rowland-Jones, S.; Champlin, R.E.; Molldrem, J.J.; Komanduri, K.V. Cytomegalovirus
reactivation following allogeneic stem cell transplantation is associated with the presence of dysfunctional antigen-specific CDS8 +
T cells. Blood 2002, 100, 3690-3697. [CrossRef] [PubMed]

Reusser, P.; Cathomas, G.; Attenhofer, R.; Tamm, M.; Thiel, G. Cytomegalovirus (CMV)-specific T cell immunity after renal
transplantation mediates protection from CMV disease by limiting the systemic virus load. J. Infect. Dis. 1999, 180, 247-253.
[CrossRef]

Carbone, |.; Lanio, N.; Gallego, A.; Kern, E; Navarro, J.; Munoz, P.; Alonso, R.; Catalan, P.; Fernandez-Yanez, J.; Palomo, J.; et al.
Simultaneous monitoring of cytomegalovirus-specific antibody and T-cell levels in seropositive heart transplant recipients. J. Clin.
Immunol. 2012, 32, 809-819. [CrossRef]

Klenerman, P. The (gradual) rise of memory inflation. Immunol. Rev. 2018, 283, 99-112. [CrossRef]

O’Hara, G.A.; Welten, S.P.; Klenerman, P.; Arens, R. Memory T cell inflation: Understanding cause and effect. Trends Immunol.
2012, 33, 84-90. [CrossRef] [PubMed]

Swain, S.L.; McKinstry, K.K,; Strutt, T.M. Expanding roles for CD4(+) T cells in immunity to viruses. Nat. Rev. Immunol. 2012,
12,136-148. [CrossRef] [PubMed]

Laidlaw, B.J.; Craft, ].E.; Kaech, S.M. The multifaceted role of CD4(+) T cells in CD8(+) T cell memory. Nat. Rev. Immunol. 2016,
16, 102-111. [CrossRef]

Locatelli, F; Maccario, R.; Gerna, G. Anticytomegalovirus T-cell clones. N. Engl. J. Med. 1996, 334, 601. [CrossRef]

Yarchoan, R.; Uldrick, T.S. HIV-Associated Cancers and Related Diseases. N. Engl. . Med. 2018, 378, 1029-1041. [CrossRef]
[PubMed]


https://doi.org/10.1016/S1286-4579(02)00038-2
https://www.ncbi.nlm.nih.gov/pubmed/12505527
https://doi.org/10.3389/fimmu.2013.00040
https://www.ncbi.nlm.nih.gov/pubmed/23440148
https://doi.org/10.4049/jimmunol.181.9.6394
https://www.ncbi.nlm.nih.gov/pubmed/18941230
https://doi.org/10.1084/jem.20021713
https://doi.org/10.1016/j.clim.2021.108727
https://doi.org/10.1182/blood-2011-10-386995
https://doi.org/10.3390/ijms21103663
https://doi.org/10.1002/jmv.24198
https://doi.org/10.1128/iai.17.2.458-462.1977
https://doi.org/10.1007/s00430-019-00598-6
https://doi.org/10.1038/cmi.2014.75
https://www.ncbi.nlm.nih.gov/pubmed/25132454
https://doi.org/10.1038/nri.2016.38
https://www.ncbi.nlm.nih.gov/pubmed/27108521
https://doi.org/10.1111/j.1365-2249.2008.03785.x
https://doi.org/10.1007/s00430-019-00608-7
https://www.ncbi.nlm.nih.gov/pubmed/30989333
https://doi.org/10.7554/eLife.53704
https://doi.org/10.1093/clinids/6.2.156
https://doi.org/10.1182/blood-2002-05-1387
https://www.ncbi.nlm.nih.gov/pubmed/12393402
https://doi.org/10.1086/314879
https://doi.org/10.1007/s10875-012-9670-7
https://doi.org/10.1111/imr.12653
https://doi.org/10.1016/j.it.2011.11.005
https://www.ncbi.nlm.nih.gov/pubmed/22222196
https://doi.org/10.1038/nri3152
https://www.ncbi.nlm.nih.gov/pubmed/22266691
https://doi.org/10.1038/nri.2015.10
https://doi.org/10.1056/NEJM199602293340915
https://doi.org/10.1056/NEJMra1615896
https://www.ncbi.nlm.nih.gov/pubmed/29539283

Viruses 2023, 15, 1334 14 of 17

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Lim, E.Y,; Jackson, S.E.; Wills, M.R. The CD4 + T Cell Response to Human Cytomegalovirus in Healthy and Immunocompromised
People. Front. Cell Infect. Microbiol. 2020, 10, 202. [CrossRef] [PubMed]

Bano, A.; Pera, A.; Almoukayed, A.; Clarke, TH.S.; Kirmani, S.; Davies, K.A.; Kern, F. CD28 (null) CD4 T-cell expansions in
autoimmune disease suggest a link with cytomegalovirus infection. FI000Res 2019, 8, 327. [CrossRef]

Fornara, C.; Cassaniti, I.; Zavattoni, M.; Furione, M.; Adzasehoun, K.M.G.; De Silvestri, A.; Comolli, G.; Baldanti, F. Human
Cytomegalovirus-Specific Memory CD4 + T-Cell Response and Its Correlation with Virus Transmission to the Fetus in Pregnant
Women with Primary Infection. Clin. Infect. Dis. 2017, 65, 1659-1665. [CrossRef]

Egli, A; Binet, I; Binggeli, S.; Jager, C.; Dumoulin, A.; Schaub, S.; Steiger, J.; Sester, U.; Sester, M.; Hirsch, H.H. Cytomegalovirus-
specific T-cell responses and viral replication in kidney transplant recipients. . Transl. Med. 2008, 6, 29. [CrossRef]

Gabanti, E.; Lilleri, D.; Ripamonti, E; Bruno, F.; Zelini, P.; Furione, M.; Colombo, A.A.; Alessandrino, E.P.; Gerna, G. Reconstitution
of Human Cytomegalovirus-Specific CD4 + T Cells is Critical for Control of Virus Reactivation in Hematopoietic Stem Cell
Transplant Recipients but Does Not Prevent Organ Infection. Biol. Blood Marrow Transplant. 2015, 21, 2192-2202. [CrossRef]
Rossjohn, J.; Gras, S.; Miles, ].].; Turner, S.J.; Godfrey, D.I.; McCluskey, J. T cell antigen receptor recognition of antigen-presenting
molecules. Annu. Rev. Immunol. 2015, 33, 169-200. [CrossRef] [PubMed]

Chu, N.D,; Bi, H.S.; Emerson, R.O.; Sherwood, A.M.; Birnbaum, M.E.; Robins, H.S.; Alm, E.J. Longitudinal immunosequencing in
healthy people reveals persistent T cell receptors rich in highly public receptors. BMC Immunol. 2019, 20, 19. [CrossRef] [PubMed]
Watkins, T.S.; Miles, ].J. The human T-cell receptor repertoire in health and disease and potential for omics integration. Immunol.
Cell Biol. 2021, 99, 135-145. [CrossRef] [PubMed]

Chiffelle, J.; Genolet, R.; Perez, M.A.; Coukos, G.; Zoete, V.; Harari, A. T-cell repertoire analysis and metrics of diversity and
clonality. Curr. Opin. Biotechnol. 2020, 65, 284-295. [CrossRef]

Sebestyen, Z.; Prinz, I.; Dechanet-Merville, J.; Silva-Santos, B.; Kuball, J. Translating gammadelta (gammadelta) T cells and their
receptors into cancer cell therapies. Nat. Rev. Drug Discov. 2020, 19, 169-184. [CrossRef]

Mariuzza, R.A.; Agnihotri, P,; Orban, J. The structural basis of T-cell receptor (TCR) activation: An enduring enigma. J. Biol. Chem.
2020, 295, 914-925. [CrossRef]

Zhao, Y.; Nguyen, P.; Ma, ].; Wu, T.; Jones, L.L.; Pei, D.; Cheng, C.; Geiger, T.L. Preferential Use of Public TCR during Autoimmune
Encephalomyelitis. J. Immunol. 2016, 196, 4905-4914. [CrossRef]

Venturi, V.; Price, D.A.; Douek, D.C.; Davenport, M.P. The molecular basis for public T-cell responses? Nat. Rev. Immunol. 2008,
8,231-238. [CrossRef]

Li, H.; Ye, C.; Ji, G.; Han, J. Determinants of public T cell responses. Cell Res. 2012, 22, 33—42. [CrossRef]

Venturi, V.; Chin, H.Y.; Asher, T.E.; Ladell, K.; Scheinberg, P.; Bornstein, E.; van Bockel, D.; Kelleher, A.D.; Douek, D.C.; Price, D.A;
et al. TCR beta-chain sharing in human CD8 + T cell responses to cytomegalovirus and EBV. J. Immunol. 2008, 181, 7853-7862.
[CrossRef]

Shah, K.; Al-Haidari, A.; Sun, J.; Kazi, ].U. T cell receptor (TCR) signaling in health and disease. Signal Transduct. Target. Ther.
2021, 6, 412. [CrossRef] [PubMed]

Bradley, P.; Thomas, P.G. Using T Cell Receptor Repertoires to Understand the Principles of Adaptive Immune Recognition. Annu.
Rev. Immunol. 2019, 37, 547-570. [CrossRef] [PubMed]

Li, N.; Yuan, J.; Tian, W.; Meng, L.; Liu, Y. T-cell receptor repertoire analysis for the diagnosis and treatment of solid tumor: A
methodology and clinical applications. Cancer Commun. 2020, 40, 473-483. [CrossRef] [PubMed]

Gomez-Tourino, I.; Kamra, Y.; Baptista, R.; Lorenc, A.; Peakman, M. T cell receptor beta-chains display abnormal shortening and
repertoire sharing in type 1 diabetes. Nat. Commun. 2017, 8, 1792. [CrossRef] [PubMed]

Elhanati, Y.; Murugan, A.; Callan, C.G,, Jr.; Mora, T.; Walczak, A.M. Quantifying selection in immune receptor repertoires. Proc.
Natl. Acad. Sci. USA 2014, 111, 9875-9880. [CrossRef]

Madi, A.; Poran, A ; Shifrut, E.; Reich-Zeliger, S.; Greenstein, E.; Zaretsky, I.; Arnon, T.; Laethem, EV,; Singer, A.; Lu, J.; etal. T cell
receptor repertoires of mice and humans are clustered in similarity networks around conserved public CDR3 sequences. Elife
2017, 6, €22057. [CrossRef]

Joshi, K.; de Massy, M.R,; Ismail, M.; Reading, ].L.; Uddin, I.; Woolston, A.; Hatipoglu, E.; Oakes, T.; Rosenthal, R.; Peacock, T.; et al.
Spatial heterogeneity of the T cell receptor repertoire reflects the mutational landscape in lung cancer. Nat. Med. 2019,
25,1549-1559. [CrossRef]

Schultheiss, C.; Paschold, L.; Simnica, D.; Mohme, M.; Willscher, E.; von Wenserski, L.; Scholz, R.; Wieters, 1.; Dahlke, C.;
Tolosa, E.; et al. Next-Generation Sequencing of T and B Cell Receptor Repertoires from COVID-19 Patients Showed Signatures
Associated with Severity of Disease. Immunity 2020, 53, 442-455.e444. [CrossRef]

Sanz-Pamplona, R.; Melas, M.; Maoz, A.; Schmit, S.L.; Rennert, H.; Lejbkowicz, F.; Greenson, J.K.; Sanjuan, X.; Lopez-
Zambrano, M.; Alonso, M.H.; et al. Lymphocytic infiltration in stage II microsatellite stable colorectal tumors: A retrospective
prognosis biomarker analysis. PLoS Med. 2020, 17, e1003292. [CrossRef]

Rath, J.A.; Arber, C. Engineering Strategies to Enhance TCR-Based Adoptive T Cell Therapy. Cells 2020, 9, 1485. [CrossRef]

Hu, Z.; Ott, PA.; Wu, CJ. Towards personalized, tumour-specific, therapeutic vaccines for cancer. Nat. Rev. Immunol. 2018,
18, 168-182. [CrossRef] [PubMed]

Glanville, J.; Huang, H.; Nau, A.; Hatton, O.; Wagar, L.E.; Rubelt, F; Ji, X;; Han, A.; Krams, S.M.; Pettus, C.; et al. Identifying
specificity groups in the T cell receptor repertoire. Nature 2017, 547, 94-98. [CrossRef] [PubMed]


https://doi.org/10.3389/fcimb.2020.00202
https://www.ncbi.nlm.nih.gov/pubmed/32509591
https://doi.org/10.12688/f1000research.17119.1
https://doi.org/10.1093/cid/cix622
https://doi.org/10.1186/1479-5876-6-29
https://doi.org/10.1016/j.bbmt.2015.08.002
https://doi.org/10.1146/annurev-immunol-032414-112334
https://www.ncbi.nlm.nih.gov/pubmed/25493333
https://doi.org/10.1186/s12865-019-0300-5
https://www.ncbi.nlm.nih.gov/pubmed/31226930
https://doi.org/10.1111/imcb.12377
https://www.ncbi.nlm.nih.gov/pubmed/32677130
https://doi.org/10.1016/j.copbio.2020.07.010
https://doi.org/10.1038/s41573-019-0038-z
https://doi.org/10.1016/S0021-9258(17)49904-2
https://doi.org/10.4049/jimmunol.1501029
https://doi.org/10.1038/nri2260
https://doi.org/10.1038/cr.2012.1
https://doi.org/10.4049/jimmunol.181.11.7853
https://doi.org/10.1038/s41392-021-00823-w
https://www.ncbi.nlm.nih.gov/pubmed/34897277
https://doi.org/10.1146/annurev-immunol-042718-041757
https://www.ncbi.nlm.nih.gov/pubmed/30699000
https://doi.org/10.1002/cac2.12074
https://www.ncbi.nlm.nih.gov/pubmed/32677768
https://doi.org/10.1038/s41467-017-01925-2
https://www.ncbi.nlm.nih.gov/pubmed/29176645
https://doi.org/10.1073/pnas.1409572111
https://doi.org/10.7554/eLife.22057
https://doi.org/10.1038/s41591-019-0592-2
https://doi.org/10.1016/j.immuni.2020.06.024
https://doi.org/10.1371/journal.pmed.1003292
https://doi.org/10.3390/cells9061485
https://doi.org/10.1038/nri.2017.131
https://www.ncbi.nlm.nih.gov/pubmed/29226910
https://doi.org/10.1038/nature22976
https://www.ncbi.nlm.nih.gov/pubmed/28636589

Viruses 2023, 15, 1334 15 0f 17

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Liu, J.; Zhang, J. T-cell receptors provide potential prognostic signatures for breast cancer. Cell Biol. Int. 2021, 45, 1220-1230.
[CrossRef]

Sims, J.S.; Grinshpun, B.; Feng, Y.; Ung, T.H.; Neira, J.A.; Samanamud, J.L.; Canoll, P; Shen, Y.; Sims, P.A.; Bruce, ].N. Diversity
and divergence of the glioma-infiltrating T-cell receptor repertoire. Proc. Natl. Acad. Sci. USA 2016, 113, E3529-E3537. [CrossRef]
Schober, K.; Buchholz, V.R.; Busch, D.H. TCR repertoire evolution during maintenance of CMV-specific T-cell populations.
Immunol. Rev. 2018, 283, 113-128. [CrossRef] [PubMed]

Hou, X.; Wang, G.; Fan, W.; Chen, X.; Mo, C.; Wang, Y.; Gong, W.; Wen, X.; Chen, H.; He, D.; et al. T-cell receptor repertoires as
potential diagnostic markers for patients with COVID-19. Int. |. Infect. Dis. 2021, 113, 308-317. [CrossRef]

Berland, A.; Rosain, ].; Kaltenbach, S.; Allain, V.; Mahlaoui, N.; Melki, I.; Fievet, A.; Dubois d’Enghien, C.; Ouachee-Chardin, M.;
Perrin, L.; et al. PROMIDISalpha: A T-cell receptor alpha signature associated with immunodeficiencies caused by V(D)]
recombination defects. J. Allergy Clin. Immunol. 2019, 143, 325-334.€322. [CrossRef]

Emerson, R.O.; DeWitt, W.S.; Vignali, M.; Gravley, J.; Hu, ].K.; Osborne, EJ.; Desmarais, C.; Klinger, M.; Carlson, C.S,;
Hansen, J.A.; et al. Inmunosequencing identifies signatures of cytomegalovirus exposure history and HLA-mediated effects on
the T cell repertoire. Nat. Genet. 2017, 49, 659-665. [CrossRef]

Stervbo, U.; Nienen, M.; Weist, B.].D.; Kuchenbecker, L.; Hecht, ].; Wehler, P.; Westhoff, T.H.; Reinke, P.; Babel, N. BKV Clearance
Time Correlates With Exhaustion State and T-Cell Receptor Repertoire Shape of BKV-Specific T-Cells in Renal Transplant Patients.
Front. Immunol. 2019, 10, 767. [CrossRef]

Alachkar, H.; Mutonga, M.; Kato, T.; Kalluri, S.; Kakuta, Y.; Uemura, M.; Imamura, R.; Nonomura, N.; Vujjini, V.; Alasfar, S.; et al.
Quantitative characterization of T-cell repertoire and biomarkers in kidney transplant rejection. BMC Nephrol. 2016, 17, 181.
[CrossRef]

Nakasone, H.; Kusuda, M.; Terasako-Saito, K.; Kawamura, K.; Akahoshi, Y.; Kawamura, M.; Takeshita, J.; Kawamura, S.;
Yoshino, N.; Yoshimura, K.; et al. Features of repertoire diversity and gene expression in human cytotoxic T cells following
allogeneic hematopoietic cell transplantation. Commun. Biol. 2021, 4, 1177. [CrossRef] [PubMed]

Kuzich, J.A.; Kankanige, Y.; Guinto, J.; Ryland, G.; McBean, M.; Wong, E.; Koldej, R.; Collins, J.; Westerman, D.; Ritchie, D.; etal. T
cell receptor beta locus sequencing early post-allogeneic stem cell transplant identifies patients at risk of initial and recurrent
cytomegalovirus infection. Bone Marrow Transpl. 2021, 56, 2582-2590. [CrossRef]

Buhler, S.; Bettens, F.; Dantin, C.; Ferrari-Lacraz, S.; Ansari, M.; Mamez, A.C.; Masouridi-Levrat, S.; Chalandon, Y.; Villard, J. Ge-
netic T-cell receptor diversity at 1 year following allogeneic hematopoietic stem cell transplantation. Leukemia 2020, 34, 1422-1432.
[CrossRef] [PubMed]

Chen, G,; Yang, X.; Ko, A.; Sun, X,; Gao, M.; Zhang, Y.; Shi, A.; Mariuzza, R.A.; Weng, N.P. Sequence and Structural Analyses
Reveal Distinct and Highly Diverse Human CD8(+) TCR Repertoires to Immunodominant Viral Antigens. Cell Rep. 2017,
19, 569-583. [CrossRef]

Lyu, M.; Wang, S.; Gao, K.; Wang, L.; Zhu, X; Liu, Y.; Wang, M.; Liu, X.; Li, B.; Tian, L. Dissecting the Landscape of Activated
CMV-Stimulated CD4 + T Cells in Humans by Linking Single-Cell RNA-Seq With T-Cell Receptor Sequencing. Front. Immunol.
2021, 12, 779961. [CrossRef] [PubMed]

Pai, J.A.; Satpathy, A.T. High-throughput and single-cell T cell receptor sequencing technologies. Nat. Methods 2021, 18, 881-892.
[CrossRef] [PubMed]

Hanley, PJ.; Melenhorst, ].J.; Nikiforow, S.; Scheinberg, P.; Blaney, ].W.; Demmler-Harrison, G.; Cruz, C.R.; Lam, S.; Krance, R.A;
Leung, K.S.; et al. CMV-specific T cells generated from naive T cells recognize atypical epitopes and may be protective in vivo.
Sci. Transl. Med. 2015, 7, 285ra263. [CrossRef]

Iancu, E.M.; Corthesy, P.; Baumgaertner, P.; Devevre, E.; Voelter, V.; Romero, P.; Speiser, D.E.; Rufer, N. Clonotype selection and
composition of human CD8 T cells specific for persistent herpes viruses varies with differentiation but is stable over time. J.
Immunol. 2009, 183, 319-331. [CrossRef]

Koning, D.; Costa, A.L; Hasrat, R.; Grady, B.P; Spijkers, S.; Nanlohy, N.; Kesmir, C.; van Baarle, D. In vitro expansion of
antigen-specific CD8(+) T cells distorts the T-cell repertoire. J. Immunol. Methods 2014, 405, 199-203. [CrossRef]

Nakasone, H.; Tanaka, Y.; Yamazaki, R.; Terasako, K.; Sato, M.; Sakamoto, K., Yamasaki, R.; Wada, H.; Ishihara, Y.;
Kawamura, K.; et al. Single-cell T-cell receptor-beta analysis of HLA-A*2402-restricted CMV-pp65-specific cytotoxic T-cells in
allogeneic hematopoietic SCT. Bone Marrow Transpl. 2014, 49, 87-94. [CrossRef]

Razonable, R.R.; Humar, A. Cytomegalovirus in solid organ transplant recipients-Guidelines of the American Society of
Transplantation Infectious Diseases Community of Practice. Clin. Transplant. 2019, 33, e13512. [CrossRef] [PubMed]

Cariani, E.; Pollara, C.P,; Valloncini, B.; Perandin, F,; Bonfanti, C.; Manca, N. Relationship between pp65 antigenemia levels and
real-time quantitative DNA PCR for Human Cytomegalovirus (HCMV) management in immunocompromised patients. BMC
Infect. Dis. 2007, 7, 138. [CrossRef] [PubMed]

Shibamura, M.; Yoshikawa, T.; Yamada, S.; Inagaki, T.; Nguyen, PH.A,; Fujii, H.; Harada, S.; Fukushi, S,; Oka, A,
Mizuguchi, M,; et al. Association of human cytomegalovirus (HCMV) neutralizing antibodies with antibodies to the HCMV
glycoprotein complexes. Virol. J. 2020, 17, 120. [CrossRef] [PubMed]

BaAlawi, F.; Robertson, PW.; Lahra, M.; Rawlinson, W.D. Comparison of five CMV IgM immunoassays with CMV IgG avidity for
diagnosis of primary CMV infection. Pathology 2012, 44, 381-383. [CrossRef] [PubMed]


https://doi.org/10.1002/cbin.11562
https://doi.org/10.1073/pnas.1601012113
https://doi.org/10.1111/imr.12654
https://www.ncbi.nlm.nih.gov/pubmed/29664573
https://doi.org/10.1016/j.ijid.2021.10.033
https://doi.org/10.1016/j.jaci.2018.05.028
https://doi.org/10.1038/ng.3822
https://doi.org/10.3389/fimmu.2019.00767
https://doi.org/10.1186/s12882-016-0395-3
https://doi.org/10.1038/s42003-021-02709-7
https://www.ncbi.nlm.nih.gov/pubmed/34635773
https://doi.org/10.1038/s41409-021-01354-2
https://doi.org/10.1038/s41375-019-0654-y
https://www.ncbi.nlm.nih.gov/pubmed/31772297
https://doi.org/10.1016/j.celrep.2017.03.072
https://doi.org/10.3389/fimmu.2021.779961
https://www.ncbi.nlm.nih.gov/pubmed/34950144
https://doi.org/10.1038/s41592-021-01201-8
https://www.ncbi.nlm.nih.gov/pubmed/34282327
https://doi.org/10.1126/scitranslmed.aaa2546
https://doi.org/10.4049/jimmunol.0803647
https://doi.org/10.1016/j.jim.2014.01.013
https://doi.org/10.1038/bmt.2013.122
https://doi.org/10.1111/ctr.13512
https://www.ncbi.nlm.nih.gov/pubmed/30817026
https://doi.org/10.1186/1471-2334-7-138
https://www.ncbi.nlm.nih.gov/pubmed/18036216
https://doi.org/10.1186/s12985-020-01390-2
https://www.ncbi.nlm.nih.gov/pubmed/32746933
https://doi.org/10.1097/PAT.0b013e328353bec0
https://www.ncbi.nlm.nih.gov/pubmed/22531352

Viruses 2023, 15, 1334 16 of 17

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Razonable, R.R.; Hayden, R.T. Clinical utility of viral load in management of cytomegalovirus infection after solid organ
transplantation. Clin. Microbiol. Rev. 2013, 26, 703-727. [CrossRef]

Hirsch, H.H.; Lautenschlager, I.; Pinsky, B.A.; Cardenoso, L.; Aslam, S.; Cobb, B.; Vilchez, R.A.; Valsamakis, A. An international
multicenter performance analysis of cytomegalovirus load tests. Clin. Infect. Dis. 2013, 56, 367-373. [CrossRef]

Hayden, R.T.; Preiksaitis, J.; Tong, Y.; Pang, X.; Sun, Y.; Tang, L.; Cook, L.; Pounds, S.; Fryer, J.; Caliendo, A.M. Commutability of
the First World Health Organization International Standard for Human Cytomegalovirus. . Clin. Microbiol. 2015, 53, 3325-3333.
[CrossRef]

Wagner-Drouet, E.; Teschner, D.; Wolschke, C.; Janson, D.; Schafer-Eckart, K.; Gartner, J.; Mielke, S.; Schreder, M.; Kobbe, G.;
Kondakci, M.; et al. Standardized monitoring of cytomegalovirus-specific immunity can improve risk stratification of recurrent
cytomegalovirus reactivation after hematopoietic stem cell transplantation. Haematologica 2021, 106, 363-374. [CrossRef]

Egli, A.; Humar, A.; Kumar, D. State-of-the-art monitoring of cytomegalovirus-specific cell-mediated immunity after organ
transplant: A primer for the clinician. Clin. Infect. Dis. 2012, 55, 1678-1689. [CrossRef]

Tassignon, J.; Burny, W.; Dahmani, S.; Zhou, L.; Stordeur, P; Byl, B.; De Groote, D. Monitoring of cellular responses after
vaccination against tetanus toxoid: Comparison of the measurement of IFN-gamma production by ELISA, ELISPOT, flow
cytometry and real-time PCR. J. Immunol. Methods 2005, 305, 188-198. [CrossRef]

Walker, S.; Fazou, C.; Crough, T.; Holdsworth, R.; Kiely, P; Veale, M.; Bell, S.; Gailbraith, A.; McNeil, K.; Jones, S.; et al. Ex vivo
monitoring of human cytomegalovirus-specific CD8 + T-cell responses using QuantiFERON-CMV. Transpl. Infect. Dis. 2007,
9, 165-170. [CrossRef] [PubMed]

Cox, ].H.; Ferrari, G.; Janetzki, S. Measurement of cytokine release at the single cell level using the ELISPOT assay. Methods 2006,
38, 274-282. [CrossRef] [PubMed]

Elste, J.; Kaltenbach, D.; Patel, V.R.; Nguyen, M.T.; Sharthiya, H.; Tandon, R.; Mehta, S.K.; Volin, M.V,; Fornaro, M.; Tiwari, V.; et al.
Inhibition of Human Cytomegalovirus Entry into Host Cells Through a Pleiotropic Small Molecule. Int. J. Mol. Sci. 2020, 21, 1676.
[CrossRef] [PubMed]

Broers, A.E.; van Der Holt, R.; van Esser, ].W.; Gratama, J.W.; Henzen-Logmans, S.; Kuenen-Boumeester, V.; Lowenberg, B.;
Cornelissen, J.J. Increased transplant-related morbidity and mortality in CMV-seropositive patients despite highly effective
prevention of CMV disease after allogeneic T-cell-depleted stem cell transplantation. Blood 2000, 95, 2240-2245. [CrossRef]
[PubMed]

Ljungman, P,; de la Camara, R.; Robin, C.; Crocchiolo, R.; Einsele, H.; Hill, J.A.; Hubacek, P.; Navarro, D.; Cordonnier, C.;
Ward, K.N,; et al. Guidelines for the management of cytomegalovirus infection in patients with haematological malignancies and
after stem cell transplantation from the 2017 European Conference on Infections in Leukaemia (ECIL 7). Lancet Infect. Dis. 2019,
19, e260—€272. [CrossRef]

Einsele, H.; Ljungman, P.; Boeckh, M. How I treat CMV reactivation after allogeneic hematopoietic stem cell transplantation.
Blood 2020, 135, 1619-1629. [CrossRef]

Raanani, P.; Gafter-Gvili, A.; Paul, M.; Ben-Bassat, I.; Leibovici, L.; Shpilberg, O. Inmunoglobulin prophylaxis in hematopoietic
stem cell transplantation: Systematic review and meta-analysis. J. Clin. Oncol. 2009, 27, 770-781. [CrossRef]

Hu, X, Valentin, A.; Dayton, F; Kulkarni, V.; Alicea, C.; Rosati, M.; Chowdhury, B.; Gautam, R.; Broderick, K.E,;
Sardesai, N.Y,; et al. DNA Prime-Boost Vaccine Regimen To Increase Breadth, Magnitude, and Cytotoxicity of the Cel-
lular Immune Responses to Subdominant Gag Epitopes of Simian Immunodeficiency Virus and HIV. J. Immunol. 2016,
197, 3999-4013. [CrossRef]

Santra, S.; Liao, H.X.; Zhang, R.; Muldoon, M.; Watson, S.; Fischer, W.; Theiler, J.; Szinger, ].; Balachandran, H.; Buzby, A.; et al.
Mosaic vaccines elicit CD8 + T lymphocyte responses that confer enhanced immune coverage of diverse HIV strains in monkeys.
Nat. Med. 2010, 16, 324-328. [CrossRef]

Price, D.A.; West, SM.; Betts, M.R; Ruff, L.E.; Brenchley, ].M.; Ambrozak, D.R.; Edghill-Smith, Y.; Kuroda, M.]J.; Bogdan, D.;
Kunstman, K.; et al. T cell receptor recognition motifs govern immune escape patterns in acute SIV infection. Immunity 2004,
21,793-803. [CrossRef]

Riddell, S.R.; Watanabe, K.S.; Goodrich, ].M.; Li, C.R.; Agha, M.E.; Greenberg, P.D. Restoration of viral immunity in immunodefi-
cient humans by the adoptive transfer of T cell clones. Science 1992, 257, 238-241. [CrossRef] [PubMed]

Qian, C.; Wang, Y.; Reppel, L.; D’Aveni, M.; Campidelli, A.; Decot, V.; Bensoussan, D. Viral-specific T-cell transfer from HSCT
donor for the treatment of viral infections or diseases after HSCT. Bone Marrow Transpl. 2018, 53, 114-122. [CrossRef] [PubMed]
Cwynarski, K.; Ainsworth, J.; Cobbold, M.; Wagner, S.; Mahendra, P.; Apperley, J.; Goldman, J.; Craddock, C.; Moss, P.A. Direct
visualization of cytomegalovirus-specific T-cell reconstitution after allogeneic stem cell transplantation. Blood 2001, 97, 1232-1240.
[CrossRef] [PubMed]

Hebart, H.; Daginik, S.; Stevanovic, S.; Grigoleit, U.; Dobler, A.; Baur, M.; Rauser, G.; Sinzger, C.; Jahn, G.; Loeffler, J.; et al.
Sensitive detection of human cytomegalovirus peptide-specific cytotoxic T-lymphocyte responses by interferon-gamma-enzyme-
linked immunospot assay and flow cytometry in healthy individuals and in patients after allogeneic stem cell transplantation.
Blood 2002, 99, 3830-3837. [CrossRef] [PubMed]

Walter, E.A.; Greenberg, P.D.; Gilbert, M.].; Finch, R.J.; Watanabe, K.S.; Thomas, E.D.; Riddell, S.R. Reconstitution of cellular
immunity against cytomegalovirus in recipients of allogeneic bone marrow by transfer of T-cell clones from the donor. N. Engl. J.
Med. 1995, 333, 1038-1044. [CrossRef]


https://doi.org/10.1128/CMR.00015-13
https://doi.org/10.1093/cid/cis900
https://doi.org/10.1128/JCM.01495-15
https://doi.org/10.3324/haematol.2019.229252
https://doi.org/10.1093/cid/cis818
https://doi.org/10.1016/j.jim.2005.07.014
https://doi.org/10.1111/j.1399-3062.2006.00199.x
https://www.ncbi.nlm.nih.gov/pubmed/17462006
https://doi.org/10.1016/j.ymeth.2005.11.006
https://www.ncbi.nlm.nih.gov/pubmed/16473524
https://doi.org/10.3390/ijms21051676
https://www.ncbi.nlm.nih.gov/pubmed/32121406
https://doi.org/10.1182/blood.V95.7.2240
https://www.ncbi.nlm.nih.gov/pubmed/10733491
https://doi.org/10.1016/S1473-3099(19)30107-0
https://doi.org/10.1182/blood.2019000956
https://doi.org/10.1200/JCO.2008.16.8450
https://doi.org/10.4049/jimmunol.1600697
https://doi.org/10.1038/nm.2108
https://doi.org/10.1016/j.immuni.2004.10.010
https://doi.org/10.1126/science.1352912
https://www.ncbi.nlm.nih.gov/pubmed/1352912
https://doi.org/10.1038/bmt.2017.232
https://www.ncbi.nlm.nih.gov/pubmed/29058697
https://doi.org/10.1182/blood.V97.5.1232
https://www.ncbi.nlm.nih.gov/pubmed/11222365
https://doi.org/10.1182/blood.V99.10.3830
https://www.ncbi.nlm.nih.gov/pubmed/11986243
https://doi.org/10.1056/NEJM199510193331603

Viruses 2023, 15, 1334 17 of 17

116.

117.

118.

119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Miele, M.; Gallo, A.; Di Bella, M.; Timoneri, F.; Barbera, F.; Sciveres, M.; Riva, S.; Grossi, P.; Conaldi, P.G. Successful Use of
Heterologous CMV-Reactive T Lymphocyte to Treat Severe Refractory Cytomegalovirus (CMV) Infection in a Liver Transplanted
Patient: Correlation of the Host Antiviral Immune Reconstitution with CMV Viral Load and CMV miRNome. Microorganisms
2021, 9, 684. [CrossRef]

Stauss, H.J.; Cesco-Gaspere, M.; Thomas, S.; Hart, D.P; Xue, S.A.; Holler, A.; Wright, G.; Perro, M.; Little, A.M.; Pospori, C.; et al.
Monoclonal T-cell receptors: New reagents for cancer therapy. Mol. Ther. 2007, 15, 1744-1750. [CrossRef]

Manfredi, F; Cianciotti, B.C.; Potenza, A.; Tassi, E.; Noviello, M.; Biondi, A.; Ciceri, F,; Bonini, C.; Ruggiero, E. TCR Redirected T
Cells for Cancer Treatment: Achievements, Hurdles, and Goals. Front. Immunol. 2020, 11, 1689. [CrossRef]

Sadelain, M.; Riviere, I; Riddell, S. Therapeutic T cell engineering. Nature 2017, 545, 423-431. [CrossRef] [PubMed]

Seif, M.; Einsele, H.; Loffler, ]. CAR T Cells Beyond Cancer: Hope for Inmunomodulatory Therapy of Infectious Diseases. Front.
Immunol. 2019, 10, 2711. [CrossRef]

Michieletto, D.; Lusic, M.; Marenduzzo, D.; Orlandini, E. Physical principles of retroviral integration in the human genome. Nat.
Commun. 2019, 10, 575. [CrossRef]

Gandara, C.; Affleck, V.; Stoll, E.A. Manufacture of Third-Generation Lentivirus for Preclinical Use, with Process Development
Considerations for Translation to Good Manufacturing Practice. Hum. Gene Ther. Methods 2018, 29, 1-15. [CrossRef]

Zhang, J.; Hu, Y; Yang, J.; Li, W,; Zhang, M.; Wang, Q.; Zhang, L.; Wei, G.; Tian, Y.; Zhao, K ; et al. Non-viral, specifically targeted
CAR-T cells achieve high safety and efficacy in B-NHL. Nature 2022, 609, 369-374. [CrossRef] [PubMed]

Wei, F; Cheng, X.X.; Xue, J.Z.; Xue, S.A. Emerging Strategies in TCR-Engineered T Cells. Front. Immunol. 2022, 13, 850358.
[CrossRef] [PubMed]

Dembic, Z.; Haas, W.; Weiss, S.; McCubrey, J.; Kiefer, H.; von Boehmer, H.; Steinmetz, M. Transfer of specificity by murine alpha
and beta T-cell receptor genes. Nature 1986, 320, 232-238. [CrossRef] [PubMed]

Li, W;; Duan, X.; Chen, X.; Zhan, M.,; Peng, H.; Meng, Y,; Li, X,; Li, X.Y.; Pang, G.; Dou, X. Immunotherapeutic approaches in
EBV-associated nasopharyngeal carcinoma. Front. Immunol. 2022, 13, 1079515. [CrossRef] [PubMed]

Sadelain, M.; Brentjens, R.; Riviere, I. The basic principles of chimeric antigen receptor design. Cancer Discov. 2013, 3, 388-398.
[CrossRef]

Robbins, P.E; Kassim, S.H.; Tran, T.L.; Crystal, ].S.; Morgan, R.A.; Feldman, S.A.; Yang, J.C.; Dudley, M.E.; Wunderlich, J.R,;
Sherry, R.M,; et al. A pilot trial using lymphocytes genetically engineered with an NY-ESO-1-reactive T-cell receptor: Long-term
follow-up and correlates with response. Clin. Cancer Res. 2015, 21, 1019-1027. [CrossRef]

Huang, J.; Brameshuber, M.; Zeng, X.; Xie, J.; Li, Q.J.; Chien, Y.H.; Valitutti, S.; Davis, M.M. A single peptide-major histocompati-
bility complex ligand triggers digital cytokine secretion in CD4(+) T cells. Immunity 2013, 39, 846-857. [CrossRef]

Lyman, G.H.; Nguyen, A.; Snyder, S.; Gitlin, M.; Chung, K.C. Economic Evaluation of Chimeric Antigen Receptor T-Cell Therapy
by Site of Care Among Patients With Relapsed or Refractory Large B-Cell Lymphoma. JAMA Netw. Open. 2020, 3, e202072.
[CrossRef]

Bollard, C.M.; Heslop, H.E. T cells for viral infections after allogeneic hematopoietic stem cell transplant. Blood 2016,
127, 3331-3340. [CrossRef] [PubMed]

Govers, C.; Sebestyen, Z.; Coccoris, M.; Willemsen, R.A.; Debets, R. T cell receptor gene therapy: Strategies for optimizing
transgenic TCR pairing. Trends Mol. Med. 2010, 16, 77-87. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/microorganisms9040684
https://doi.org/10.1038/sj.mt.6300216
https://doi.org/10.3389/fimmu.2020.01689
https://doi.org/10.1038/nature22395
https://www.ncbi.nlm.nih.gov/pubmed/28541315
https://doi.org/10.3389/fimmu.2019.02711
https://doi.org/10.1038/s41467-019-08333-8
https://doi.org/10.1089/hgtb.2017.098
https://doi.org/10.1038/s41586-022-05140-y
https://www.ncbi.nlm.nih.gov/pubmed/36045296
https://doi.org/10.3389/fimmu.2022.850358
https://www.ncbi.nlm.nih.gov/pubmed/35432319
https://doi.org/10.1038/320232a0
https://www.ncbi.nlm.nih.gov/pubmed/2421164
https://doi.org/10.3389/fimmu.2022.1079515
https://www.ncbi.nlm.nih.gov/pubmed/36713430
https://doi.org/10.1158/2159-8290.CD-12-0548
https://doi.org/10.1158/1078-0432.CCR-14-2708
https://doi.org/10.1016/j.immuni.2013.08.036
https://doi.org/10.1001/jamanetworkopen.2020.2072
https://doi.org/10.1182/blood-2016-01-628982
https://www.ncbi.nlm.nih.gov/pubmed/27207801
https://doi.org/10.1016/j.molmed.2009.12.004
https://www.ncbi.nlm.nih.gov/pubmed/20122868

	Introduction 
	Immune Response to CMV Infection 
	Humoral Immune Response 
	Innate Killer Cell Immune Response 
	T-Cell Immune Response 

	T-Cell Receptor 
	Diagnosis of HCMV 
	Treatment of HCMV 
	Conclusions 
	References

