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Introduction

Human cytomegalovirus (hCMV) infection is still a major
complication after kidney transplantation. While primary
infection in immunocompetent hosts is normally asymp-
tomatic, transplant recipients are at increased risk to
develop hCMV infection short time after transplantation,
critically challenging both graft and also patient survival
[1,2]. Indeed, hCMV infection may negatively impact on
kidney transplantation by two main mechanisms; on the
one hand, hCMV may directly lead to persistent post-trans-
plant viral replication and tissue-invasive injury such as
pneumonitits, enteritis, or retinitis, and on the other,
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Summary

Despite the great efficacy of current antiviral preventive strategies, hCMV infec-
tion is still a major complication after renal transplantation, significantly challeng-
ing patient and graft survival. This issue seems to be explained because of the
rather poor immunologic monitoring of the antiviral immune response. An
important body of evidence has shown that monitoring the hCMV-specific T-cell
response, at different time points of the transplant setting, seems to add crucial
information for predicting the risk of viral infection, thus potentially helping indi-
vidualization of therapeutic decision-making in clinical transplantation. While
several immune-cellular assays have shown its capability for accurately monitoring
hCMV-specific T-cell responses, only few such as the IFN-y ELISPOT and the
ELISA based technology assays might be reliable for its application in the clinic.
Nonetheless, an important effort has to be made among the transplant community
to standardize and validate such immune assays. Noteworthy, large-scale prospec-
tive randomized trials are highly warranted to ultimately introduce them in cur-
rent clinical practice as a part of the highly desired personalized medicine.

indirectly-related hCMV effects, either by bystander
immune activation or by T-cell cross-reaction with donor
alloantigens, have also been associated with facilitate acute
and chronic allograft rejection as well as new onset diabetes
(NODAT) and accelerated coronary artery atherosclerosis
[3,4].

It is well known that hCMV is a potent immunogenic
virus triggering strong immune responses from all the
effector mechanisms of the immune system. Despite that
humoral immunity through the presence of hCMV-specific
IgG antibodies is considered the gold-standard biomarker
determining the history of viral infection, it is well accepted
that cellular immunity, particularly memory/effector CD4"

643



CMV T-cell responses in transplantation

and CD8" T cells, is considered to be crucial for protection
from hCMYV infection. In fact, in the human system, there
are relevant examples showing the predominance of T-cell
responses for the control of hCMV; both T-cell lymphope-
nia and impaired lymphoproliferative responses to hCMV
have been demonstrated as risk factors for hCMV disease
[5,6], and more illustrative, adoptive transfer of hCMV-
specific T-cell clones after allogeneic stem cell and solid
organ transplantation (SOT) has provided reasonable
indirect evidence demonstrating the importance of
hCMV-specific T-cell responses for protection against viral
replication [7,8].

Importantly, although outstanding progress has been
made in terms of reduction in hCMV-related morbidity
and mortality, with the advent of preventive antiviral strat-
egies, using either universal prophylaxis or pre-emptive
treatment initiated after viral detection in peripheral blood
[9,10], hCMV infection still remains a frequent and unpre-
dictable complication in an important number of trans-
plant patients. Therefore, important efforts are currently
being made among the transplant community to find more
accurate biomarkers defining the risk for hCMV infection.
Therefore, as all transplant recipients may display diverse
hCMV-specific T-cell function predisposing to hCMV rep-
lication, a main area of research has focused on the evalua-
tion of protective hCMV-specific cellular responses at
different time points of the transplant setting.

In this review, we discuss the major role of hCMV-
specific cellular immunity for controlling hCMV replica-
tion, the potential of hCMV-specific T-cell monitoring
using different cellular-based immune assays and its rele-
vant clinical implications for ultimately helping guiding
therapeutic decision-making after kidney transplantation.

Caveats and controversies of current serological
immune-risk stratification

Today, the immune-risk stratification for hCMV infection
in SOT is exclusively based on the hCMV-specific antibody
(IgG+) serostatus of donor (D) and transplant recipient
(R), as it has been considered a surrogate marker of the
hCMV-specific T-cell immunity [11]. Therefore, hCMV-
seronegative recipients (R—) considered that lack of any
hCMV-specific immunity, antiviral prophylaxis treatment
is strongly recommended when receiving an organ from a
hCMV-seropositive donor (D+/R—). Conversely, for
hCMV-seropositive recipients (R+), thought to be effec-
tively immunized against hCMV, a pre-emptive protocol
with periodical viral replication monitoring is more likely
proposed. However, important discrepancies may be
observed when evaluating the impact of the different pre-
ventive antiviral strategies after transplantation. On the one
hand, although recent reports have shown that routine
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prophylaxis may reduce the incidence of post-transplant
hCMV infection and improve long-term kidney graft
survival as well as cost-effective [12-16] and even anticyto-
megalovirus drug resistance, especially among D+R— KTR
with high hCMV loads [17], others have also reported that
pre-emptive therapy is consistently able to decrease the
incidence of hCMV disease with the advantages of avoiding
development of antiviral resistance, drug toxicity [18,19],
and appearance of late-onset hCMV infection [20,21].
Altogether, it suggests that current serological risk stratifi-
cation for hCMV infection has important limitations: first,
although R(+) recipients receiving a seropositive allograft
(D+) are considered to have only an “intermediate risk” of
hCMYV replication, hCMV may reactivate in some recipi-
ents after transplantation producing hCMV-related compli-
cations [22]; second, despite only few R(+) will develop
hCMV disease, most of them are currently followed with a
thorough and expensive viral-monitoring protocol [23,24]
and in addition, although most kidney transplant patients
receiving antiviral prophylaxis will never develop hCMV
replication after discontinuation, the extension of the pro-
phylaxis period or continuation with pre-emptive therapy
is also being proposed [25].

Therefore, the analysis of hCMV-specific T-cell responses
and function using novel immune assays might potentially
allow direct quantification of the patient’s ability to control
hCMV replication, thus helping an appropriate individuali-
zation of the type and duration of preventive antiviral treat-
ment. Importantly, this would not be trivial, but because
an accurate immune-monitoring of the risk of hCMV
infection would also impact in other relevant medical issues
such as the avoidance unnecessary drug-related toxicity
exposure in some patients and to note, it would also
directly influence in the overall cost savings, as the costs of
unnecessary drug prophylaxis and serial testing for pre-
emptive therapy would significantly be reduced.

Immune-biology against hCMV infection

After transplantation, it is well accepted that both innate
and adaptive immune responses play a relevant role in the
control of hCMV replication. However, and although it
seems that there is a predominant role of the adaptive
immune response, it is most likely that interactions
between several arms of the innate and the adaptive
immune system might contribute to the protection or
increased susceptibility of hCMV infection, each of them
contributing at different time periods of the disease.

Innate immune responses

Although the exact mechanisms by which hCMYV is subject
to innate immune control after transplantation still remain
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not clear, there are interesting reports suggesting its impor-
tance for hCMV control, namely the presence of some spe-
cific single nucleotide polymorphisms (SNPs) of Toll-like
receptors (TLR2) [26-28] and other immune genes such as
the dendritic cell-specific ICAM3-grabbing nonintegrin
(DCSIGN) [29], the deficiency of the complement pathway
product mannose-binding lectin (MBL) [30] or natural
killer cell (NK) dysfunction through their activating killer-
cell immunoglobulin-like receptor (KIR) genes [31-35] all
of them have been associated with increase in the individ-
ual susceptibility to hCMV infection.

Adaptive immunity against hCMV infection

The crucial role of the adaptive immunity against hCMV
infection through its two main effector mechanisms (the
humoral and cellular) in the transplant setting has been
more accurately identified.

Humoral immune response

While the advent of long-lasting humoral immunity toward
a primary viral infection is universally accepted, the contri-
bution of antibodies for protection against and control of
hCMYV replication in transplant recipients is still a matter
of debate. However, data coming from experimental mod-
els suggesting the importance of the humoral response, par-
ticularly in restricting viral dissemination and in limiting
the severity of the disease [36,37]. HCMV-specific neutral-
izing antibodies appear during the first 4 weeks after pri-
mary infection and are mainly directed against hCMV
glycoprotein B, but also H, L, and pUL128-131, all of them
involved in cell attachment, penetration, and fusion of the
viral envelope to the cell membrane of the host [38]. In
fact, the association shown between the former use of
hCMV-specific immunoglobulins as prophylaxis and better
transplantation outcome among liver transplant recipients
also suggests a protective role of humoral immunity against
viral replication [39].

In human transplantation, some hCMYV-seropositive
transplant individuals are at risk of hCMV infection despite
detectable humoral immunity, suggesting either a low
avidity or poor neutralizing activity of the antibody
response. Interestingly, post-transplant IgM and IgG anti-
body seroconversion has been shown to not be a reliable
predictor of hCMV disease [40]. Furthermore, while most
of R—/D+ are at significantly higher risk, some of them
(20-30%) do not develop hCMYV infection after transplan-
tation, suggesting either an optimal antibody seroconver-
sion early after transplantation or the presence of
preformed hCMV-specific memory B cells prior to trans-
plantation even though no detection of circulating hCMV-
specific IgG antibodies.
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Cellular immune response

The cellular immune response is the major mechanism by
which hCMV replication may be controlled (Fig. 1). Both
the CD8" and CD4" T-cell compartments are crucial for
controlling and restricting viral replication [32,41]. Never-
theless, while it is suggested the preponderant role of CD8"
T cells for the control of hCMV replication [42], it appears
that CD4" T cells would be fundamental for conferring
long-lasting protection [43], either through the provision
of T-cell help in maintaining virus-specific antibody
responses [44] and expanding the CD8" T-cell populations
[45] or by directly killing virus-infected cells [46-48]. A
highly diverse virus-specific T-cell response develops
between 4 and 6 weeks after primary antigen exposure. The
memory compartment is generated, based upon the
amount of antigen, the replication pattern, and the type of
infected tissue. The proportion of both CD4" and CD8" T
cells committed to the anti-hCMV response is extraordi-
narily large, ranging from 10% to even 40% in peripheral
blood among elderly patients [49,50]. Moreover, the viral
proteins to which T cells are directed are considerably
diverse, with recognition of a variety of structural, early,
and late antigens in addition to hCMV-encoded immuno-
modulatory antigens [51,52]. To note, these different
hCMV-specific T-cell responses are directed toward these
hCMV-encoded proteins expressed at different stages of
viral replication (immediately-early, early, early-late, and
late) and also proteins associated with diverse functions
(capsid, matrix/tegument, glycoprotein, DNA/regulatory,
and immune evasion), revealing a strong hierarchy among
virus-encoded proteins, being the most immunodominant
antigens UL123 (immediately early-1, IE-1), UL122 (IE-2),
and the UL83 tegumen ones (phosphoprotein 65, pp65).

Even though T-cell responses may target multiple
hCMV-specific proteins [52,53], it appears that protective
cellular immunity is mainly directed against the lower
matrix tegument protein pp65 (encoded within the UL83
gene locus) and to the immunodominant immediately-
early proteins (encoded within the UL123 gene locus) [54—
57]. Importantly, IE-1 is the initial protein expressed upon
hCMV reactivation [58], thus IE-1-specific T-cell clones
would be the first to be activated and directed to sites of
replication [59-61]. Moreover, in experimental models, it
has been shown that IE-1 epitope-specific CD8" T cells are
extremely protective upon adoptive transfer [54].

HCMV-immunity in immunocompentent and
immunocompromised transplant individuals

As it is well known, in immunocompetent individuals, pri-
mary hCMV infection is usually asymptomatic. However,
in few cases, it may result in a mononucleosis-like

645



CMV T-cell responses in transplantation

IMS and hCMV contact
Reactivation/primary infection risk

Lucia et al.

hCMV-specific memory T cells
(CD4 > CD8) (PP65 > IE1)

hCMV-specific memory
T cells
(CD8 > CD4) (IE1 > pp65)

Protected patient
hCMV T-cell frequency

Unprotected patient

Antiviral treatment i

o

hCMV T-cell frequency viral clearance b
1
\
- . A A
Vi
\
A &
Unprotected 4 'r"‘ I\ AN N A A AN A A A |
patienthCMv Y & Y [/ LW Vi Y ' \# W AN S \ ALN A ":a' A, %
W ¥ \
viral load ¥ Yy ¥ A\ ¥ ¥ ¥y " LW P
¥ = Y Vil
’I \‘l\ ’l \ v ‘ll'
. \ v
Protected patient & b A 'y a F LY [P PP
1A A Y SN P ’ A4 [l "L} n VN s
: ALY X4 ] YA % ¥ SV il S L LR . - LN ., \
hCMV viral load Y Vs L' v ‘\VJ NN AW ‘\‘,' N L ‘\‘,’ N WAL P Vo W ‘Y' Wi
Foe——— »
1
i
Pre-TR 1 TR | Post-TR

Figure 1 Patterns of hCMV-specific T-cell responses during the transplant setting.

syndrome, similar to that originated by Epstein—Barr virus
(EBV). Very rarely, tissue-invasive hCMV infection might
be observed among individuals with a preserved immune
function. Noteworthy, as solid organ transplant individuals
can be considered as predominantly T-cell immunocom-
promised hosts, due to chronic immunosuppressive treat-
ment, fundamentally targeting T cells, transplant patients
are at significantly higher risk than immunocompetent
individuals. This fact is even more relevant among nonsen-
sitized individuals against hCMV (i.e, serologically (IgG)
negative and with low frequency of hCMV-specific mem-
ory/effector T cells) that receive an organ from a seroposi-
tive donor. In this regard, hCMV infection can be a
frequent and serious complication, in which its presenta-
tion may range from a mononucleosis-like syndrome to a
severe tissue-invasive disease if not efficiently and rapidly

treated.

Impact of current immunosuppressive agents on
antiviral immune responses

Importantly, type and amount of immunosuppression may
significantly influence the likelihood of hCMV infection
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after transplantation by delaying hCMV-specific immune
responses. To note, the use of T-cell depleting agents such
as antithymocyte globulin, alemtuzumab, or OKT3 anti-
bodies, has been associated with a significantly increased
risk of hCMV infection [62,63], either due the direct
depletion of functional hCMV-specific T cells or by the
induction of large amounts of proinflammatory cytokine
release, directly involved in the activation of latent h\CMV
[64]. Classically, mycophenolate mofetil by inhibiting de
novo guanosine synthesis, targeting activated B and T lym-
phocyte, has been shown to facilitate hCMV infection,
especially at high dosages (higher than 2 g/day) [65].
Regarding calcineurin inhibitors (CNI), cyclosporine A
(CsA)-based strategies have been postulated to increase the
risk of hCMV infection as compared to tacrolimus-based
regimens [66]. Conversely, mTOR inhibitors (both siroli-
mus and everolimus) have been shown to have a protective
effect against h(CMV disease as compared to other mainte-
nance immunosuppressants [65-67]. While it is still not
that clear which are the main mechanisms by which mTOR
inhibitors display such antiviral effect, it has been pointed
out that the blockade of the protein complex mTORC,
which is crucial for cell-cycle progression, might account
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for the inhibition of hCMV to successfully propagate viral
protein translation into cells [68,69]. In addition, other
reports have also shown that mTOR inhibitors are capable
of regulating hCMV-specific CD8" memory T cells,
enhancing its effector functionality [70,71].

Immune-monitoring hCMV-specific T-cell responses
in human transplantation

An increasing body of evidence is now showing the feasibil-
ity of immune monitoring the hCMV-specific T-cell com-
partment using different cell-based assays in humans.
These studies have allowed a comprehensive analysis of the
kinetics and function of the cellular immune response
against hCMV, evaluated at different time points of the
transplant setting, thus providing an accurate information
in terms of prediction of the hCMV disease. Nevertheless,
an important limitation of such studies relies in the fact
that most of them have evaluated different SOT at the same
time, not taking into account the relevant differences in
terms of type and amount of immunosuppression used
between different organs, thus potentially leading to con-
fusing results. Nonetheless, the relatively homogenous
reports, even though evaluating different SOT patients at
the same time, suggest a strong correlation between
detection of hCMV-specific effector T-cell responses and
risk of viral infection. These studies have evaluated the
hCMV-specific T-cell immunity using diverse in vitro
immune assays. Some techniques may directly identify
hCMV-specific T cells using peptide-MHC multimers or
tetramer-based staining. Others, such as the flow cytometry
intracellular cytokine staining, the IFN-y enzyme-linked
immunosorbent spot assay (ELISPOT), or the enzyme-
linked immunosorbent (ELISA)-based assays (Quanti-
feron-CMV) provide a more dynamic or functional
information by enumerating cytokine-producing T cells at
a single-cell level after hCMV-derived stimuli. Further-
more, T-cell proliferation assays have also been used to
measure hCMV-specific T-cell activation in vitro. As
explained in Table 1, there are main differences between
the different assays; while the ELISPOT is more sensitive
and robust than flow cytometry, the latter is more capable
to provide simultaneous information on functionality
(conventional, regulatory, single cytokine producers, multi-
functional cells), differentiation (central memory, effector
memory, effectors), and phenotype (CD4/CD8) on a sin-
gle-cell level. Nevertheless, none of these hCMV-specific
assays have been approved by the Drug and food adminis-
tration (FDA) yet, but only the Quantiferon-CMV test has
been accepted and commercialized by the European Union.
Despite that all of them have shown to accurately repro-
duce antiviral T-cell responses, the most reliable assays
eventually been used in the clinic are the Quantiferon and
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Table 1. Main immune assays to assess hCMV-specific T-cell responses.

Protective
threshold

Sample

material/
Amount

Disadvantages

Advantages

Stimuli/Antigens

frequencies

Time

Frequency

Immune assay

Expert personnel required

15aa short peptide pool High sensitivity

0.2-0.4%

48 h

% CMV-specific CD8

Whole blood

Intracellular

Equipment required (flow cytometer)

Research tool

No HLA restriction

spanning the whole

or CD4/IFN-y cells of
the respective

or PBMC

1 ml/1 x 10°

cytokine

Allows CD4 and CD8 independent

analysis

antigen or whole virus

lysate
15aa short peptide pool

staining (flow
cytometry)
ELISPOT

CMV T-cell responses in transplantation

reference population
IFN-y spots/3 x 10°

Expert personnel required

36 h  8-11IFN-y High sensitivity

PBMC

Equipment required (elispot reader)

No HLA restriction
Reproducibility

spots spanning the whole

stimulated PBMC

1 x 10°

(IFN-y, IL2)

antigen or whole virus

lysate

May allow multiple effector

information

Single epitope-specific clone staining  Expert personnel required

15aa short peptide pool

Unspecified

h

48

% CMV-specific CD8

PBMC

Tetramer

Equipment required (flow cytometer)

Research tool

spanning the whole

or CD4/IFN-y cells of
the respective

1 x 10°

staining (flow
cytometry)

antigen or whole virus

lysate
15aa single peptide

HLA restriction

reference population
IFN-y detection (IU)/ml

HLA restriction (rare HLA types excluded)

Mid-expert personnel required

High sensitivity

0.1-0.2 IU/ml

24 h

Whole blood
3/4 ml

Quantiferon

might lead to indeterminate result

collection

(ELISA-based)

Approved for use in EU
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the IFN-y ELISPOT assays. Interestingly, while both assays
are capable of measuring CMV-specific T-cell responses,
both are sustained on different concepts, namely the stimu-
lus peptide composition is designed to selectively stimulate
CD8" T cells in an HLA-restricted manner (Quantiferon)
or both CD4" and CD8" T cells (ELISPOT), the Quantifer-
on test evaluates the IFN-y production in a volume of 1 ml
of whole blood, while the ELISPOT test considers the IFN-
v production in a given number of PBMCs isolated from
blood, and the Quantiferon-CMYV assay quantitatively mea-
sures [FN-y as international units (IU), while the ELISPOT
test quantifies the spot-forming colonies (SFC) produced
by a given number of PBMCs. Therefore, all these differ-
ences may eventually lead to some discrepancies. In this
regard, a recent relevant published study compared the
ability of these two tests to predict hCMV-specific T-cell
responses in 221 kidney transplant recipients [72]. While
among seropositive healthy individuals, some discordance
was observed between both techniques, among transplant
recipients tests displayed similar robustness, sensitivities,
specificities, and an inverse correlation with the develop-
ment of CMV viremia. However, while the IFN-y ELISPOT
has been cross-validated among different centers for moni-
toring T-cell alloimmune responses [73,74], there is an
urgent need for standardization of these assays across dif-
ferent laboratories for accurately establish clear cutoff val-
ues predicting the risk for hCMV infection. Indeed, the
majority of currently existing assays, but the Quantiferon-
CMV assay, have no well-validated cut off for defining pos-
itivity. Indeed, a positive value of an IFN-y level >0.2 TU/
ml has been defined for the Quantiferon-CMV assay,
although this has not been well validated in the transplant
population.

To note, different hCMV-derived stimuli have been used
to evaluate T-cell responses ex vivo, namely whole virus ly-
sates [75-77], hCMV-infected immature dendritic cells
[78,79], single peptides, or peptide pools of short peptides
spanning the main hCMV antigens (essentially pp65 and
IE-1) [80]. To note, all of them may directly affect the effi-
ciency and sensitivity of the in vitro tests for the detection
of hCMV-specific T cells. Importantly, as the amino acid
sequence and length of the peptide may significantly influ-
ence the type of the immune response through the restric-
tion of HLA-I presentation on CD8" T cells, the evaluation
of both CD4" and CD8" T cells using a pool of peptides
spanning the main hCMV antigens is able to avoid the
HLA-I presentation restriction in vitro. Conversely, using
single peptides might be an important disadvantage as
might potentially exclude certain HLA types, thus the test
may shown no stimulation. Therefore, as hCMV proteins
have different roles in the infection process and the patho-
genesis of the disease, some particular of them might more
clearly illustrate the potential cellular protection at the
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different stages of the disease. Thus, since immediately-
early antigens as compared to tegument-derived antigens
appear to play a major role during the first stages of hCMV
infection, the former should preferentially be more com-
monly used before or during the first periods of the trans-
plant, whereas the later should be more likely analyzed later
on after transplantation. Nevertheless, immune-monitoring
hCMV-specific T-cell responses should include a spectrum
of viral proteins to reflect this variability.

Clinical scenarios for monitoring hCMV-specific
cellular immunity in the transplant setting

Attempts to immune-monitor hCMV-specific T-cell
responses in the transplant setting have been performed at
different time points of the transplant evolution with the
aim of investigating the kinetics of the hCMV-specific cel-
lular responses either during or after viral infection and
furthermore, to evaluate its predictive value as a risk/
protective biomarker for developing hCMV viremia or dis-
ease (Table 2). While most studies have primarily focused
at the post-transplant period, thus taking into account the
influence of immunosuppression on the immune response,
more recently, some other groups have also assessed the
antiviral T-cell immunity before transplantation to poten-
tially predict the likelihood of hCMV infection after trans-

plantation in an earlier time point.

Assessment of hCMV-specific T-cell responses before
transplantation

As commented all along the review, current prediction of
the risk of developing hCMV infection in the transplant
setting is exclusively fundamented on the presence or
absence of humoral immunity against the virus before
transplantation. Alternatively, a very attractive approach
has been recently proposed; as all transplant patients may
display an intrinsic baseline functionality of hCMV-specific
T-cell responses, thus predisposing to viral replication after
transplantation, its assessment would add crucial informa-
tion for stratifying the risk of hCMV infection already
before the transplant (Table 3).

First observations pointing to this direction were found
by Bunde and colleagues [55] evaluating a group of lung
and heart transplant patients. Using flow cytometry intra-
cellular IFN-vy staining, they showed that frequencies of IE-
1, but not pp65-specific CD8" T cells already at day 0,
clearly discriminated patients who did not develop CMV
disease from patients at risk. This effect was reproducible
for any time point after transplantation. Furthermore, two
recent reports have shown similar data although using
different T-cell immune assays. On the one hand, Cantisan
and coworkers using the Quantiferon-CMV assay against a
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Table 2. Suitable clinical settings to immune-monitoring hCMV-specific T-cell responses in kidney transplant patients.

Clinical setting

Main goal

Guided therapeutic strategy

Before transplantation
All R+ transplant recipients

All R— transplant recipients

After transplantation
At the end of 3-months primary prophylaxis

At the end of treatment of hCMV viremia/disease
Patients requiring significant immunosuppression

In cases of low levels of hCMV viremia

Discriminate patients at risk of hCMV
infection

Identify patients at low risk of hCMV
infection

Detect measurable protecting antiviral T-cell
responses

Identify patients at risk of late-onset hCMV
infection

Identify patients at risk of viral relapse

Discriminate over-immunosuppressed
patients at high risk of hCMV infection

Identify patients with effective anti-hCMV T-

cell responses and low risk of hCMV disease

Assign a 3-months antiviral prophylaxis
Avoid systematic viral monitoring

Allow safe pre-emptive treatment

Assign a longer prophylaxis course (6 months)

Continue with on-going prophylaxis
Continue on-going prophylaxis

Avoid antiviral treatment

Table 3. Pretransplant assessment of hCMV-specific T-cell responses to predict hCMV infection after transplantation.

Author/ Number & type Type preventive
Reference SOT/Serostatus strategy Immune assay/CMV stimuli Main result
Bunde et al. N = 27 (23 heart, Prophylaxis CD4*/CD8* intracellular IFN-y  Higher PreTR IE-1-specific CD8 T-cell frequencies

[55] 4 lung TR)
27 R+(13/27 D+)

Nickel et al. N = 36 kidney TR
[56] 24/36 R+
(14/36 R+/D+)
(5/36 R—/D+)
Bestard et al. N = 137 kidney TR 98 pre-emptive
[82] 109/137 R+ 39 prophylaxis
(28/137 R—/D+)

36 pre-emptive

Cantisan et al. N =55(23 lung, 23 pre-emptive
[81] 32 kidney) 31 prophylaxis
44 R+
(8/53 R—/+)
(3/53 R—/D—)

Shabir et al. N = 38 kidney TR
[42] (19/38 R—/D+)
(19/38 R+/D+)

38 pre-emptive

staining
Pp65 peptide pool
IE-1 peptide pool
Elispot IFN-y
Pp65 peptide pool
IE-1 peptide pool

Elispot IFN-y

Pp65 peptide pool
IE-1 peptide pool
CMV lysate

Quantiferon
pp65, IE-1, IE-2, gB

CD4*/CD8* intracellular IFN-y
staining /MHC-tetramer

staining
Pp65 peptide pool
IE-1 peptide pool

negatively associated with CMV disease

6 /15 patients with IE1 T-cell frequencies below the
protective threshold did not develop disease

High T-cell responses to IE1 correlated with 6-month
graft function

Association between CMV disease with low IE-1-
specific T-cell frequencies

Low PreTR IE-1-specific T-cell frequencies
independently predicts postTR hCMV infection
(antigenemia and disease)

Low levels of CMV T-cell frequencies might be
detected in few CMV IgG patients

Patients lacking IE-1-specific T-cell clones preTR
experiencing hMCV infection, reach the same
protective IE-1-specific T-cell frequencies at
6 months as those patients never experiencing
hCMV infection

Combining Quantiferon reactivity PreTR and donor
serostatus strong association with risk of hCMV
infection

Quantiferon test performed close to end of
prophylaxis did not predict late-onset hCMV
replication

PreTR frequencies of 0.16% IE-1-specific CD8 T cells
or 0.08% pp65-specific CD8 T cells independently
predict hCMV replication in R—/D+

Detection of PreTR T-cell frequencies did not predict
as accurately hCMV replication in the R+/D+ cohort

mix of 22 hCMV peptides in a group of lung and kidney
transplant patients showed that pretransplant nonreactive
hCMV-specific CD8" T-cell recipients receiving an organ
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from a seropositive donor displayed a significantly
increased risk of hCMV replication compared with pre-
transplant reactive hCMV-specific CD8" T-cell recipients
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[81]. Similarly, our group using the highly sensitive IFN-y
ELISPOT assay in 137 kidney transplant recipients prior to
transplant surgery showed that transplant recipients dis-
playing high frequencies of IFN-y producing T cells against
IE-1 antigens were protected from either hCMV replication
or disease, regardless the type of preventive strategy used.
To note, both immune tests showed a relatively high sensi-
bility and negative predictive value [82]. Another impor-
tant point raised in this study is the potential to predict the
likelihood of hCMV infection, despite receiving T-cell
depleting agents after transplantation. To note, none of the
two mentioned previous studies found any influence of
dialysis treatment with the baseline hCMV-specific T-cell
immunity. While this might be a really useful approach to
differentiate those seropositive individuals with a “true”
effective antiviral immune response, its assessment among
hCMV-seronegative patients seems to eventually be able to
identify some few individuals already immunized despite
no detection of humoral immunity in peripheral blood.
Therefore, the knowledge of such information already
before transplantation would help on the one hand to iden-
tify patients deserving prophylaxis treatment after trans-
plantation and on the other hand to avoid unnecessary
serial viral replication monitoring and use of antiviral treat-
ment in an important number of transplant recipients.

Assessment of hCMV-specific T-cell responses after
transplantation

Most studies assessing the hCMV-specific T-cell immune
response for stratifying the risk of viral infection have
focused at the post-transplant setting. Monitoring anti-
hCMYV T-cell responses after transplantation would be clin-
ically useful for both high-risk seronegative transplant
recipients (R—/D+) as well as for seropositive patients (R+)
(Table 4).

On the one hand, in seronegative transplant recipients,
the presence of hCMV-specific cellular responses after or
during an initial 3-month course of antiviral prophylaxis
would help to identify those individuals at significantly
lower risk of developing late-onset viral infection. In this
setting, it seems that hCMV-specific CD4" T cells and spe-
cifically those directed against pp65 antigens would have
the main role for controlling hCMV replication. In this
regard, a first report among 17 seronegative liver transplant
recipients [83] evaluating CD4" and CD8" T-cell responses
against a pp65 and IE-1 immunodominant hCMV antigens
after prophylaxis discontinuation did not show any predic-
tion of hCMV disease or viremia development despite the
presence of a relevant T-cell response reconstitution in all
patients. Conversely, Kumar and colleagues [84] using the
Quantiferon assay evaluated a larger cohort of different
SOT patients after a standard course of antiviral prophy-
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laxis the risk of late-onset hCMV infection after prophy-
laxis treatment. Interestingly, low levels of anti-hCMV IFN-
v T-cell response were predictive of late-onset disease,
regardless type of recipient serostatus. Similarly, but in a
smaller group of lung transplant recipients (n = 22), Pipel-
ing and colleagues [85] reported that high frequencies of
pp65 but not IE-1-specific CD8" effector responses after
primary infection were protective of hCMV viral relapse
during early chronic infection. To note, in a recent multi-
center prospective clinical trial evaluating the predictive
value of the Quantiferon assay for protection from late-
onset hCMV disease, it was shown the relatively high posi-
tive predictive value of the test predicting the risk of devel-
opment of subsequent hCMYV infection [86].

On the other hand, monitoring anti-hCMV T-cell
responses after transplantation among seropositive (R+)
transplant recipients would also be useful to identify those
patients with protective antiviral T-cell reconstitution, thus
avoiding the use of prophylaxis treatment as well as the
implementation of unnecessary periodical viral monitoring.
In this regard, Abate et al. investigated the frequency of
hCMV-specific IFN-y-secreting T cells using the ELISPOT
assay, in a different cohort of seropositive kidney, heart,
and small bowel transplant recipients and observed that
those low T-cell responder patients were at significantly
lower risk of developing subsequent hCMV infection [87—
89]. Similarly, but using the Quantiferon assay, among kid-
ney transplant recipients, non-T-cell responders were at
significantly increased risk of hCMV reactivation [84,90].
Furthermore, Egli and colleagues [91] using the intracellu-
lar IFN-v staining flow cytometry reported the importance
of pp65-specific CD4" T cells protecting from hCMV repli-
cation. However, some others did not observe any associa-
tion between early post-transplant antiviral responses and
the advent of hCMV reactivation [22,92].

To note, prediction of hCMV replication using different
in vitro assays might potentially be misleading, especially
among R+/D+, as hCMV peptides used as stimulators are
presented by recipient HLA, thus in vivo viral presentation
through donor cells could be underestimated [42].

Importantly, the kinetics of hCMV-specific T-cell
responses during ongoing viral replication has also been
deeply investigated. First relevant reports conducted in
bone-marrow transplant recipients correlated hCMV-spe-
cific cytotoxic T-cell responses with recovery of hCMV
replication [93]. Among solid organ transplant recipients,
a dominant hCMV-specific CD8" T-cell response has been
suggested in the early response to primary hCMV infection
in seronegative recipients receiving a seropositive donor
[22,94]. Likewise, in a group of kidney transplant recipi-
ents, Mattes and colleagues [95] showed that functional
impairment of hCMV-specific CD8" T cells is associated
with a significant increased risk of progression to high-level

© 2014 Steunstichting ESOT 27 (2014) 643-656



CMV T-cell responses in transplantation

Lucia et al.

91esA| |edIA
jood apndad 1oys g9dd

+d/+d L1
(seapued-Asupry |

BILBIIA AINDY YHM Buiurels Jswend}-DHN sixejAydoud "d1 Asupny /1) [£2] 7133
paje[a110d Ajbuoils ‘suljeseq o3 pasedwod se syuow g 1e s|j@d | A-N4I ,dD 4o uoiiodoud Buiuteys A-N4| Jejnjj@denul ,8aD/,AdD anndwa-ald [l =N pung
xiw apndad 13|
xiw apndad g9dd +A/—Y Pr/LL
(+a/—¥) 91esA| eI Y vi/ee [z6]
dnoub ¥su-ybiy ayj Ul ‘peo |eliA pue syunod |[93-1 J1413dS-AN DY US3MISQ UOIIRIDOSSe ON Buiurels A-N4| Jejnjj@oenul ,8ad/,ydd sixe|Aydoud M1 Asupy vy = N VCRERE]
uolejue|dsuel} 1916 punoj Sem + Y Ul Alsanodal sunwiwl Jo uisied snousbolsiay AlybiH —a/—Y 58/T
Suailed paleal) J0U pue paleall-n ]y Ul UOINISUOIDI [[93- | J14D3ds-AN DY Jejiuls Xiw apidad ajquiesds +0/—Y G8/EL
uoned|dal |edin bupusiiadxe syusized ul ‘peoj ANDY 4O aseadul jood apndad g9dd sixe|Aydoud ¢ +468/0L  [/8] Ie 1°
3y} 210J3( SYIUOW 7 'Paidalap alam sanuanbauy [[93-1 diynads-AN DY Jamoj Apuedijiubis A-N4| 10ds113 anndwsa-aid g/ y1 Asupny 68 = N aleqy
+d—Y
GE+YEL
(¥L48yi0 g
‘seapued-Asupiy 1
9seasip ANDY g6 'z-31 '1-31 's9dd Uan| gL Buni gy [¢8] e 39
10 s paldipaud sixejAydoud Jo pus ay) 1e seidusnbaly ||92-1 d1j1dads-AINDY JO Uonda1eQ uoJagiuen) sixe|Aydoud ‘Raupry Z€) 80L = N Jewny
xiw spndad zzdd
xiw sppdad godd +4 €4/8Y
%G6 0 dN[eA dAIdIPaId dAIISOd e PAMOYS % E0°0 UBY) Jaybly s3unod |13 ,#dD 9dd RESIREIIN +0/—¥ €4/5C [Le]
uoliedi|dal [elia pue syUNod ||93-1 d14Dads- AN DY UDSMISC UOIBIDOSSE 3SIAU| Buiuteys A-N4| Jenjj@denul ,8a>/,¥dD anndwa-aid yl Asup €/ = N e 191163
|ood spndad |-3|
jood apndad g9dd
1esA| [elin +Q/~¥ /L (g8l e e
spuaijed diewoydwAse ul sJunod [193-1 J1419ads-AN DY 13ybIy JO 9dUapIAS ON Buiuteys A-N4| Jejnjj@denul ,8ad/,AdD sixejAydoud HLJION| L1 =N esoy e
+Y4 8¢
uo234ul AN DY Wouy uoldalold S||92 DIILIPUSP auNnjewWWIl Pa1d34ul-AN DY (Asupy 6 ‘Bun| 6 [EYANCRE]
paipaid Y1-}sod yuows | e pajdalap [1/s|[2d L ddads-ANDY 770 4O Ploysaiy} v Bututeys A-N4| Jejnjj@eul ,8a5/,7dD aAndwis-aid ‘Heay 07) 8€ = N euisn
(—¥E/HdE)
xiw apndad godd BIWAIA+AIND 9
saiuaNbaly |92 idads-ANDY ,8AD pue RESIIA anndwa-aid +y (—¥6/+¥vT) €€ [L6] 1€ 19
SN1EISOJS U9aMISQ UOIIE|110D BUOIlS B pamoys siuaiied Y] Asupiy pue sjosauod AyljesH Buiures A-N4| Jejnyi@denul ,8ad/,7ad  sixejAydoud +q/—y yLAsupy 6€ = N eypey
Peo| [RJIA AINDY YHM [[9M 93e[2.110 S||93 | , 7D dH23ds-ANDY 4O S|9A3] MO +4 96
S|043U0d Ay3eay Jo Y| Asupiy ueyr 91e5A| [RJIA (Bun| 71 ‘Heay | VANCRE
S|192 1 47AD 21Pads-ANDY 4O seidusnbaly samol Apuediyiubis paheldsip syuaidined yi bung Buiutels A-N4| Jejnji@denul ,8aJ/,dD anndwa-ald ‘Aaupiy 89) 96 = N 191595
S]0J3u0d Ayijeay o} Jejiwis
saduaNbaly [[93-1 AINDY UBIPRUW PAMOYS UoIedI|dal AJND OU YHMm Y diewordwAsy 91e5A| [BJIA +49/ [9/] 1610
Peo [eJIA AIND YHM $31[9.10D APUBIIUBIS (9%GZ°0<) SI192 L ,#AD dYD3AS-ANDY MO Bulureys A-N4| Jejnjj@eul ,8aD/,¥dD aAldwa-ald ¥l Asupp 9/ = N 19135
S}NSaJ Ule|A| IINWNS AN D/Aesse aunwiw Kbarens SN1L1S0J9S/10S ERIEIETEN
aAnuanaid adA ] 9dAy g JaquinN /loyiny

“UoIBUI AN DY 1Ipaid 01 sasuodsal [[93-1 d11dads-AN DY JO 1UaWISsasse Jue|dsuel}-1sod “ ajqeL

651

© 2014 Steunstichting ESOT 27 (2014) 643-656



CMV T-cell responses in transplantation Licia et al.

viral replication as compared to patients maintaining high
I antiviral T-cell frequencies keeping hCMV replication sup-
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= 9 z pressed to undetectable levels. Furthermore, spontaneous
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o 9 v clearance of hCMV viremia might be observed in those
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K < g 22 that hCMV-specific CD8" T cells alone do not seem to
2 t 2 o ¢ consistently control hCMV replication, whereas reconstitu-
E % 3 é & tion of both hCMV-specific CD4" and CD8" T-cell immu-
3 2 g g : nity is needed. Taken together, it seems that while a
E s § % S dominance of hCMV-specific CD8" T-cell immunity is
X [ © = o . . . .
3 g - § 5 required during the early response to hCMV infection, a
us 3 8 g5 s . . :
© g = E > relatively predominant hCMV-specific CD4" T-cell
<4 — @ . . . . .
Y = % £ v 3 response is necessary in long-term protection in persistent
& 2 2 ~ % 2 or latent infections [76,97], which at the same time would
o
s g _g % cg potentially correlate with optimal neutralizing antibodies
> IS = against hCMV [79]. To note, whether central rather than
S L 3 ¢ E £ 8
Y vt R effector/memory antigen-specific T-cell responses would
k) s 2338 better predict longlasting antiviral immunity still remains
o s 3 S & 2 p 8 g Y
§ 5 o S8 to be answered.
2| o £= £ca
2|z 2 g s 5z
28 25 282
Y= (@© C = C @©
c|l = 3 S © So° Summary
‘o o 2 E=a ) =L >
> T © T v T T o . .
. s " In parallel with the other arms of the immune response,
o2 cellular immunity through both effector CD4" and CD8" T
g0 cells play a critical role for controlling hCMV replication
235 after transplantation. As all kidney transplant patients
>~ < . o L .
=3 display an intrinsic functionality of CMV-specific T-cell
5| & . . .
E|l % g responses depending on different factors such as previous
= | = 2 P P 8 P
é % g o o antigenic contact, type, and amount of given immunosup-
S| ®= . ‘ pression, monitoring hCMV-specific T-cell effector
< = O o~ o~
BlEE 4 -, responses beyond current serostatus assessment between
] [ <] - (] h .. . . .
o § € 3. S recipient and donor seems to add crucial information to
S| X S =R E=E o e . . .
g e § S @ < % discriminate patients at increased risk for post-transplant
E|ICR &8 S g hCMV infection. Several immune-cellular assays have
shown its capability for accurately monitoring hCMV-spe-
v i cific T-cell responses, among them, the IFN-y ELISPOT
% ° ; 2 " and the Quantiferon assays seem to be most reliable for its
T ] *é ;2 _rE application in the clinic. However, standardization and val-
s 3 o . .
v £ % g g gl idation of such immune assays preferentially through large-
/R & & < & scale, statistically powered prospective trials in which ran-
Yy p prosp
_ dom allocation of patients to different CMV-preventive
= p p
2 g strategies by their hCMV-specific T-cell immune-response
o 5 5 e S 2% stratification is highly warranted in order to ultimately
ES :% § a‘ % 1 23 = ?: 2 3 bring them in current clinical practice as part of the highly
BL| T - £E 2N+ desired personalized medicine.
s |ld 2 nSof £tRESETES
s |S&|[T54&m2EE 022G ]
g §5 [ T e U IR = S
ElzR3|z2V"ccz"""RFz "V YZ ;
= Funding
[e]
© — — —
|8 2 < _® This work was supported in part by two national public
S . . L . . . .
2 § g 2w § = 2w grants from Instituto de Investigacion Carlos III (P110/
“— +— vl T+ . . .
clzelge Z° >0 01786) and the Red de Investigacion Renal (REDinREN,

652 © 2014 Steunstichting ESOT 27 (2014) 643-656



Lucia et al.

ISCIII 06/0016) and by a European Commission grant
within the BioDrIm consortium (EU 305147).

References

1.

10.

11.

12.

13.

14.

Sagedal S, Nordal KP, Hartmann A, et al. The impact of
cytomegalovirus infection and disease on rejection episodes
in renal allograft recipients. Am J Transplant 2002; 2: 850.

. Sagedal S, Hartmann A, Nordal KP, et al. Impact of early

cytomegalovirus infection and disease on long-term recipi-
ent and kidney graft survival. Kidney Int 2004; 66: 329.

. Hjelmesaeth J, Sagedal S, Hartmann A, et al. Asymptomatic

cytomegalovirus infection is associated with increased risk
of new-onset diabetes mellitus and impaired insulin release
after renal transplantation. Diabetologia 2004; 47: 1550.

. Hodson EM, Jones CA, Webster AC, et al. Antiviral medica-

tions to prevent cytomegalovirus disease and early death in
recipients of solid-organ transplants: a systematic review of
randomised controlled trials. Lancet 2005; 365: 2105.

. Einsele H, Ehninger G, Steidle M, et al. Lymphocytopenia as

an unfavorable prognostic factor in patients with cytomega-
lovirus infection after bone marrow transplantation. Blood
1993; 82: 1672.

. Einsele H, Hebart H. Cytomegalovirus infection following

stem cell transplantation. Haermatologica 1999; 84(Suppl. E):
46.

. Blyth E, Clancy L, Simms R, et al. Donor-derived CMV-

specific T cells reduce the requirement for CMV-directed
pharmacotherapy after allogeneic stem cell transplantation.
Blood 2013; 121: 3745.

. Brestrich G, Zwinger S, Fischer A, et al. Adoptive T-cell

therapy of a lung transplanted patient with severe CMV
disease and resistance to antiviral therapy. Am J Transplant
2009; 9: 1679.

. Munksgaard B. Cytomegalovirus. Am J Transplant 2004; 4

(Suppl. 10): 51.

Kalil AC, Levitsky J, Lyden E, Stoner J, Freifeld AG. Meta-
analysis: the efficacy of strategies to prevent organ disease by
cytomegalovirus in solid organ transplant recipients. Ann
Intern Med 2005; 143: 870.

Kotton CN, Kumar D, Caliendo AM, et al. International
consensus guidelines on the management of cytomegalovi-
rus in solid organ transplantation. Transplantation 2010; 89:
779.

Preiksaitis JK, Brennan DC, Fishman J, Allen U. Canadian
society of transplantation consensus workshop on cytomeg-
alovirus management in solid organ transplantation final
report. Am J Transplant 2005; 5: 218.

Kliem V, Fricke L, Wollbrink T, Burg M, Radermacher J,
Rohde F. Improvement in long-term renal graft survival due
to CMV prophylaxis with oral ganciclovir: results of a ran-
domized clinical trial. Am | Transplant 2008; 8: 975.

Witzke O, Hauser IA, Bartels M, Wolf G, Wolters H, Nit-
schke M. Valganciclovir prophylaxis versus preemptive ther-
apy in cytomegalovirus-positive renal allograft recipients:

© 2014 Steunstichting ESOT 27 (2014) 643-656

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

CMV T-cell responses in transplantation

1-year results of a randomized clinical trial. Transplantation
2012; 93: 61.

Luan FL, Stuckey LJ, Park JM, et al. Six-month prophylaxis
is cost effective in transplant patients at high risk for cyto-
megalovirus infection. J Am Soc Nephrol 2009; 20: 2449.
Blumberg EA, Hauser IA, Stanisic S, et al. Prolonged pro-
phylaxis with valganciclovir is cost effective in reducing
posttransplant cytomegalovirus disease within the United
States. Transplantation 2010; 90: 1420.

Couzi L, Helou S, Bachelet T, et al. High incidence of anti-
cytomegalovirus drug resistance among D+R- kidney trans-
plant recipients receiving preemptive therapy. Am |
Transplant 2012; 12: 202.

Khoury JA, Storch GA, Bohl DL, et al. Prophylactic versus
preemptive oral valganciclovir for the management of cyto-
megalovirus infection in adult renal transplant recipients.
Am ] Transplant 2006; 6: 2134.

Reischig T, Jindra P, Hes O, Svecova M, Klaboch J, Treska
V. Valacyclovir prophylaxis versus preemptive valganciclovir
therapy to prevent cytomegalovirus disease after renal trans-
plantation. Am ] Transplant 2008; 8: 69.

Singh N. Antiviral drugs for cytomegalovirus in transplant
recipients: advantages of preemptive therapy. Rev Med Virol
2006; 16: 281.

Grundy JE, Lui SF, Super M, et al. Symptomatic cytomega-
lovirus infection in seropositive kidney recipients: reinfec-
tion with donor virus rather than reactivation of recipient
virus. Lancet 1988; 2: 132.

Westall GP, Mifsud NA, Kotsimbos T. Linking CMV sero-
status to episodes of CMV reactivation following lung trans-
plantation by measuring CMV-specific CD8" T-cell
immunity. Am J Transplant 2008; 8: 1749.

Atabani SF, Smith C, Atkinson C, et al. Cytomegalovirus
replication kinetics in solid organ transplant recipients man-
aged by preemptive therapy. Am | Transplant 2012; 12:
2457.

Emery VC, Asher K, Sanjuan Cde J. Importance of the cyto-
megalovirus seropositive recipient as a contributor to dis-
ease burden after solid organ transplantation. J Clin Virol
2012; 54: 125.

Humar A, Lebranchu Y, Vincenti F, et al. The efficacy and
safety of 200 days valganciclovir cytomegalovirus
prophylaxis in high-risk kidney transplant recipients. Am J
Transplant 2010; 10: 1228.

Boehme KW, Compton T. Innate sensing of viruses by toll-
like receptors. J Virol 2004; 78: 7867.

Compton T, Kurt-Jones EA, Boehme KW, et al. Human
cytomegalovirus activates inflammatory cytokine responses
via CD14 and Toll-like receptor 2. J Virol 2003; 77: 4588.
Kijpittayarit S, Eid AJ, Brown RA, Paya CV, Razonable RR.
Relationship between Toll-like receptor 2 polymorphism
and cytomegalovirus disease after liver transplantation. Clin
Infect Dis 2007; 44: 1315.

Mezger M, Steffens M, Semmler C, et al. Investigation

of promoter variations in dendritic cell-specific

653



CMV T-cell responses in transplantation

ICAM3-grabbing non-integrin (DC-SIGN) (CD209) and
their relevance for human cytomegalovirus reactivation and
disease after allogeneic stem-cell transplantation. Clin
Microbiol Infect 2008; 14: 228.

30. Manuel O, Pascual M, Trendelenburg M, Meylan PR. Asso-
ciation between mannose-binding lectin deficiency and
cytomegalovirus infection after kidney transplantation.
Transplantation 2007; 83: 359.

31. Bukowski JF, Woda BA, Habu S, Okumura K, Welsh RM.
Natural killer cell depletion enhances virus synthesis and
virus-induced hepatitis in vivo. J Immunol 1983; 131: 1531.

32. Poli¢ B, Hengel H, Krmpoti¢ A, et al. Hierarchical and
redundant lymphocyte subset control precludes cytomegalo-
virus replication during latent infection. J Exp Med 1998;
188: 1047.

33. Venema H, van den Berg AP, van Zanten C, van Son W7,
van der Giessen M, The TH. Natural killer cell responses in
renal transplant patients with cytomegalovirus infection.

J Med Virol 1994; 42: 188.

34. Hadaya K, de Rham C, Bandelier C, ef al. Natural killer cell
receptor repertoire and their ligands, and the risk of CMV
infection after kidney transplantation. Am J Transplant
2008; 8: 2674.

35. Stern M, Elsédsser H, Honger G, Steiger J, Schaub S, Hess C.
The number of activating KIR genes inversely correlates with
the rate of CMV infection/reactivation in kidney transplant
recipients. Am J Transplant 2008; 8: 1312.

36. Boppana SB, Britt WJ. Antiviral antibody responses and
intrauterine transmission after primary maternal cytomega-
lovirus infection. J Infect Dis 1995; 171: 1115.

37. Jonji¢ S, Pavi¢ [, Poli¢ B, Crnkovi¢ I, Lucin P, Koszinowski
UH. Antibodies are not essential for the resolution of pri-
mary cytomegalovirus infection but limit dissemination of
recurrent virus. | Exp Med 1994; 179: 1713.

38. Genini E, Percivalle E, Sarasini A, Revello MG, Baldanti F,
Gerna G. Serum antibody response to the gH/gL/pUL128-
131 five-protein complex of human cytomegalovirus
(HCMV) in primary and reactivated HCMV infections.

J Clin Virol 2011; 52: 113.

39. Falagas ME, Snydman DR, Ruthazer R, et al. Cytomegalovi-
rus immune globulin (CMVIG) prophylaxis is associated
with increased survival after orthotopic liver transplanta-
tion. The Boston Center for Liver Transplantation CMVIG
Study Group. Clin Transplant 1997; 11(5 Pt 1): 432.

40. Humar A, Mazzulli T, Moussa G, et al. Clinical utility of
cytomegalovirus (CMV) serology testing in high-risk CMV
D+/R- transplant recipients. Am J Transplant 2005; 5: 1065.

41. Jonji¢ S, Pavi¢ I, Lucin P, Rukavina D, Koszinowski UH.
Efficacious control of cytomegalovirus infection after long-
term depletion of CD8" T lymphocytes. ] Virol 1990; 64:
5457.

42. Shabir S, Kaul B, Pachnio A, et al. Impaired direct
priming of CD8 T cells by donor-derived cytomegalovirus
following kidney transplantation. ] Am Soc Nephrol 2013;
24: 1698.

654

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Lucia et al.

Gamadia LE, Rentenaar RJ, van Lier RA, ten Berge IJ. Prop-
erties of CD4(+) T cells in human cytomegalovirus infec-
tion. Hum Immunol 2004; 65: 486.

Davignon JL, Castanié P, Yorke JA, Gautier N, Clément D,
Davrinche C. Anti-human cytomegalovirus activity of
cytokines produced by CD4" T-cell clones specifically acti-
vated by IE1 peptides in vitro. J Virol 1996; 70: 2162.
Walter EA, Greenberg PD, Gilbert MJ, et al. Reconstitution
of cellular immunity against cytomegalovirus in recipients
of allogeneic bone marrow by transfer of T-cell clones from
the donor. N Engl ] Med 1995; 333: 1038.

Elkington R, Shoukry NH, Walker S, et al. Cross-reactive
recognition of human and primate cytomegalovirus
sequences by human CD4 cytotoxic T lymphocytes spe-
cific for glycoprotein B and H. Eur ] Immunol 2004; 34:
3216.

Hopkins JI, Fiander AN, Evans AS, Delchambre M, Gheysen
D, Borysiewicz LK. Cytotoxic T cell immunity to human
cytomegalovirus glycoprotein. Br ] Med Virol 1996; 49: 124.
Casazza JP, Betts MR, Price DA, et al. Acquisition of direct
antiviral effector functions by CMV-specific CD4* T
lymphocytes with cellular maturation. J Exp Med 2006; 203:
2865.

Crough T, Burrows JM, Fazou C, Walker S, Davenport MP,
Khanna R. Contemporaneous fluctuations in T cell
responses to persistent herpes virus infections. Eur J Immu-
nol 2005; 35: 139.

Gillespie GM, Wills MR, Appay V, et al. Functional hetero-
geneity and high frequencies of cytomegalovirus-specific
CD38(+) T lymphocytes in healthy seropositive donors.

J Virol 2000; 74: 8140.

Elkington R, Walker S, Crough T, et al. Ex vivo profiling of
CD8"-T-cell responses to human cytomegalovirus reveals
broad and multispecific reactivities in healthy virus carriers.
J Virol 2003; 77: 5226.

Manley TJ, Luy L, Jones T, Boeckh M, Mutimer H, Riddell
SR. Immune evasion proteins of human cytomegalovirus do
not prevent a diverse CD8" cytotoxic T-cell response in nat-
ural infection. Blood 2004; 104: 1075.

Sylwester AW, Mitchell BL, Edgar JB, 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.

Pahl-Seibert M-F, Juelch M, Podlech J, et al. Highly protec-
tive in vivo function of cytomegalovirus IE1 epitope-specific
memory CD8 T cells purified by T-cell receptor-based cell
sorting. J Virol 2005; 79: 5400.

Bunde T, Kirchner A, Hoffmeister B, et al. Protection from
cytomegalovirus after transplantation is correlated with
immediate early 1-specific CD8 T cells. ] Exp Med 2005; 201:
1031.

Nickel P, Bold G, Presber F, et al. High levels of CMV-IE-
1-specific memory T cells are associated with less alloimmu-
nity and improved renal allograft function. Transpl Immunol
Elsevier BV 2009; 20: 238.

© 2014 Steunstichting ESOT 27 (2014) 643-656



Lucia et al.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Wills MR, Carmichael AJ, Weekes MP, et al. Human
virus-specific CD8" CTL clones revert from CD45ROhigh
to CD45RAhigh in vivo: CD45RAhighCD8" T cells com-
prise both naive and memory cells. ] Immunol 1999; 162:
7080.

Stinski MF. Sequence of protein synthesis in cells infected by
human cytomegalovirus: early and late virus-induced poly-
peptides. J Virol 1978; 26: 686.

Rice GP, Schrier RD, Oldstone MB. Cytomegalovirus infects
human lymphocytes and monocytes: virus expression is
restricted to immediate-early gene products. Proc Natl Acad
Sci USA 1984; 81: 6134.

Waldman WJ, Knight DA, Huang EH, Sedmak DD. Bidirec-
tional transmission of infectious cytomegalovirus between
monocytes and vascular endothelial cells: an in vitro model.
J Infect Dis 1995; 171: 263.

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.

Best NG, Trull AK, Tan KK, Spiegelhalter D], Wreghitt TG,
Wallwork J. Blood cyclosporine concentrations and cyto-
megalovirus infection following heart transplantation.
Transplantation 1995; 60: 689.

Razonable RR. Strategies for managing cytomegalovirus in
transplant recipients. Expert Opin Pharmacother 2010; 11:
1983.

Fietze E, Prosch S, Reinke P, et al. Cytomegalovirus infec-
tion in transplant recipients. The role of tumor necrosis fac-
tor. Tmnsplantation 1994; 58: 675.

San Juan R, Aguado JM, Lumbreras C, et al. ; RESITRA Net-
work of the Spanish Study Group of Infection in Transplan-
tation. Impact of current transplantation management on
the development of cytomegalovirus disease after renal
transplantation. Clin Infect Dis 2008; 47: 875.

Ekberg H, Bernasconi C, Noldeke J, et al. Cyclosporine, ta-
crolimus and sirolimus retain their distinct toxicity profiles
despite low doses in the Symphony study. Nephrol Dial
Transplant 2010; 25: 2004.

Brennan DC, Legendre C, Patel D, et al. Cytomegalovirus
incidence between everolimus versus mycophenolate in de
novo renal transplants: pooled analysis of three clinical tri-
als. Am J Transplant 2011; 11: 2453.

Moorman NJ, Shenk T. Rapamycin-resistant mTORC1
kinase activity is required for herpesvirus replication. J Virol
20105 84: 5260.

Thoreen CC, Kang SA, Chang JW, et al. An ATP-competi-
tive mammalian target of rapamycin inhibitor reveals rapa-
mycin-resistant functions of mTORCI. J Biol Chem 2009;
284: 8023.

Ferrer IR, Araki K, Ford ML. Paradoxical aspects of rapamy-
cin immunobiology in transplantation. Am J Transplant
20115 11: 654.

Araki K, Turner AP, Shaffer VO, et al. mTOR regulates
memory CD8 T-cell differentiation. Nature 2009; 460: 108.

© 2014 Steunstichting ESOT 27 (2014) 643-656

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

CMV T-cell responses in transplantation

Abate D, Saldan A, Mengoli C, et al. Comparison of CMV
ELISPOT and CMV Quantiferon™ interferon-vy releasing
assays in assessing risk of CMV infection in kidney trans-
plant recipients. J Clin Microbiol 2013; 51: 2501.

Bestard O, Crespo E, Stein M. Cross-validation of IFN-g eli-
spot assay for measuring alloreactive memory/effector T cell
responses in renal transplant recipients. Am | Transplant
20135 13: 1880.

Ashoor I, Najafian N, Korin Y, et al. Standardization and
cross validation of alloreactive IFNy ELISPOT assays within
the clinical trials in organ transplantation consortium. Am |
Transplant 2013; 13: 1871.

Sester U, Gartner BC, Wilkens H, et al. Differences in CMV-
specific T-cell levels and long-term susceptibility to CMV
infection after kidney, heart and lung transplantation. Am |
Transplant 2005; 5: 1483.

Sester M, Sester U, Gartner B, et al. Levels of virus-specific
CD4 T cells correlate with cytomegalovirus control and pre-
dict virus-induced disease after renal transplantation. Trans-
plantation 2001; 71: 1287.

Sund F, Lidehill AK, Claesson K, ef al. CMV-specific T-cell
immunity, viral load, and clinical outcome in seropositive
renal transplant recipients: a pilot study. Clin Tranplant
20105 24: 401.

Gerna G, Lilleri D, Fornara C, ef al. Monitoring of human
cytomegalovirus-specific CD4+ and CD8+ T-Cell immu-
nity in patients receiving solid organ transplantation. Am

] Transplant 2006; 6: 2356.

Gerna G, Lilleri D, Chiesa A, et al. Virologic and immuno-
logic monitoring of cytomegalovirus to guide preemptive
therapy in solid-organ transplantation. Am ] Transplant
2011; 11: 2463.

Lilleri D, Zelini P, Fornara C, Comolli G, Gerna G. Inconsis-
tent responses of cytomegalovirus-specific T cells to pp65
and IE-1 versus infected dendritic cells in organ transplant
recipients. Am ] Transplant 2007; 7: 1997.

Cantisan S, Lara R, Montejo M, et al. Pretransplant inter-
feron-y secretion by CMV-specific CD8" T cells informs the
risk of CMV replication after transplantation. Am J Trans-
plant 2013; 13: 738.

Bestard O, Lucia M, Crespo E, et al. Pretransplant immedi-
ately early-1-specific T cell responses provide protection for
CMV infection after kidney transplantation. Am J Trans-
plant 20135 13: 1793.

La Rosa C, Limaye AP, Krishnan A, Longmate ], Diamond
DJ. Longitudinal assessment of cytomegalovirus (CMV)-
specific immune responses in liver transplant recipients at
high risk for late CMV disease. ] Infect Dis 2007; 195: 633.
Kumar D, Chernenko S, Moussa G, et al. Cell-mediated
immunity to predict cytomegalovirus disease in high-risk
solid organ transplant recipients. Am J Transplant 2009; 9:
1214.

Pipeling MR, John ER, Orens JB, Lechtzin N, McDyer JF.
Primary cytomegalovirus phosphoprotein 65-specific CD8"
T-cell responses and T-bet levels predict immune control

655



CMV T-cell responses in transplantation

86.

87.

88.

89.

90.

91.

656

during early chronic infection in lung transplant recipients.
J Infect Dis 2011; 204: 1663.

Manuel O, Husain S, Kumar D, et al. Assessment of cyto-
megalovirus-specific cell-mediated immunity for the predic-
tion of cytomegalovirus disease in high-risk solid-organ
transplant recipients: a multicenter cohort study. Clin Infect
Dis 2013; 56: 817.

Abate D, Saldan A, Fiscon M, et al. Evaluation of cytomega-
lovirus (CMV)-specific T cell immune reconstitution
revealed that baseline antiviral immunity, prophylaxis, or
preemptive therapy but not antithymocyte globulin treat-
ment contribute to CMV-specific T cell reconstitution in
kidney tra. J Infect Dis 2010; 202: 585.

Abate D, Fiscon M, Saldan A, et al. Human cytomegalovi-
rus-specific T-cell immune reconstitution in preemptively
treated heart transplant recipients identifies subjects at criti-
cal risk for infection. J Clin Microbiol 2012; 50: 1974.
Chiereghin A, Gabrielli L, Zanfi C, et al. Monitoring cyto-
megalovirus T-cell immunity in small bowel/multivisceral
transplant recipients. Transplant Proc 2010; 42: 69.
Lochmanova A, Lochman I, Tomaskova H, et al. Quantifer-
on-CMV test in prediction of cytomegalovirus infection
after kidney transplantation. Transplant Proc 2010; 42: 3574.
Egli A, Binet I, Binggeli S, et al. Cytomegalovirus-specific
T-cell responses and viral replication in kidney transplant
recipients. ] Transl Med 2008; 6: 29.

92.

93.

94.

95.

96.

97.

Lucia et al.

Eid AJ, Brown RA, Arthurs SK, et al. A prospective longitu-
dinal analysis of cytomegalovirus (CMV)-specific CD4" and
CD8™" T cells in kidney allograft recipients at risk of CMV
infection. Transpl Int 2010; 23: 506.

Quinnan GV, Kirmani N, Rook AH, et al. Cytotoxic T

cells in cytomegalovirus infection: HLA-restricted T-lym-
phocyte and non-T-lymphocyte cytotoxic responses
correlate with recovery from cytomegalovirus infection in
bone-marrow-transplant recipients. N Engl ] Med 1982; 307:
7.

Sester M, Sester U, Girtner BC, Girndt M, Meyerhans A,
Kohler H. Dominance of virus-specific CD8 T cells in
human primary cytomegalovirus infection. ] Am Soc Nephrol
20025 13: 2577.

Mattes FM, Vargas A, Kopycinski J, et al. Functional impair-
ment of cytomegalovirus specific CD8 T cells predicts high-
level replication after renal transplantation. Am J Transplant
2008; 8: 990.

Lisboa LF, Kumar D, Wilson LE, Humar A. Clinical utility
of cytomegalovirus cell-mediated immunity in transplant
recipients with cytomegalovirus viremia. Transplantation
20125 93: 195.

Radha R, Jordan S, Puliyanda D, et al. Cellular immune
responses to cytomegalovirus in renal transplant recipients.
Am ] Transplant 2005; 5: 110.

© 2014 Steunstichting ESOT 27 (2014) 643-656



