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Abstract: Cytomegalovirus (CMV) is one of the most important opportunistic infections in solid organ
transplant (SOT) recipients. However, current techniques used to predict risk for CMV infection fall
short. CMV-specific cell mediated immunity (CMI) plays an important role in protecting against CMV
infection. There is evidence that assays measuring CMV-CMI might better identify SOT recipients at
risk of complications from CMV compared to anti-CMV IgG, which is our current standard of care.
Here, we review recently published studies that utilize CMV-CM], at various points before and after
transplantation, to help predict risk and guide the management of CMV infection following organ
transplantation. The evidence supports the use of these novel assays to help identify SOT recipients
at increased risk and highlights the need for larger prospective trials evaluating these modalities in
this high-risk population.

Keywords: CMYV; solid organ transplant; CD4+ T cell; CD8+ T cell; cell-mediated immunity; ELISpot;
flow cytometry; ELISA

1. Introduction: CMV and Its Burden on SOT

Human cytomegalovirus (CMV) infection is associated with considerable morbidity
and mortality in the solid organ transplant (SOT) population [1,2]. It is the most common
viral infection among SOT recipients, with an incidence of nearly 20% within the first
12 months post-transplant, despite use of anti-viral prophylaxis [3]. In SOT recipients,
CMYV infection can occur as a primary infection, donor-derived infection, or because of
reactivation of latent virus in the setting of immunosuppression.

CMYV can be characterized as (1) infection, which is defined as evidence of replicating
virus in blood or tissue, irrespective of symptoms, or (2) disease, which is defined as
CMYV infection with accompanying symptoms. CMV disease can be further categorized
as (a) CMV syndrome, in which individuals may develop fevers, malaise, and/or bone
marrow suppression or (b) tissue invasive disease [4,5]. In addition to these direct effects
of CMV infection, CMYV is associated with significant indirect effects that can impact long-
term patient and graft survival. The immunomodulatory effects of CMV may increase
the incidence of bacteremia [6], increase risk of other opportunistic infections [7-9], lead
to allograft rejection [10-12] or graft failure [11], and predispose SOT recipients to post-
transplant lymphoproliferative disease (PTLD) [13].

The risk of CMV infection following organ transplantation is increased in recipients
receiving lymphodepleting immunosuppression such as anti-thymocyte globulin (rATG)
or alemtuzumab [14,15], seronegative recipients of organs from CMYV seropositive donors
(D+/R—) [16], and in lung [17] and small intestinal [18] transplant recipients. Allograft
rejection and its treatment also increase the risk for CMV infection [19].
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There are two strategies for managing CMV following organ transplantation: (1)
universal anti-viral prophylaxis and (2) pre-emptive therapy, which involves routine
monitoring of CMV viral load with prompt initiation of therapy once a pre-established
viral load threshold is met. Each has its own distinct advantages and disadvantages.
For high-risk patients, anti-viral prophylaxis reduces the incidence of early CMV disease
resulting in improved patient mortality and graft survival. However, anti-viral prophylaxis
is associated with higher rates of late-onset CMV disease, increased drug costs, and drug
toxicities such as leukopenia [4,20,21]. Conversely, pre-emptive therapy is associated with
lower rates of late-onset CMV disease and reduced drug toxicities, but it results in higher
laboratory and surveillance costs and potential failure to prevent indirect sequelae of
infection [22,23]. While there are several clinical trials comparing these two strategies
in kidney [21,24-26] and liver transplant recipients [27,28], there is a dearth of data for
thoracic transplant recipients.

Predicting CMV disease in organ transplant recipients is difficult. While quantitative
PCR is routinely used to monitor viral DNAemia, active CMV disease does not always
correlate with the presence of DNAemia, and a proportion of patients may have detectable
viral loads without development of clinical disease. There is growing interest within the
transplant community to utilize assays that measure CMV-specific T cell immunity to help
stratify an individual’s risk for CMV disease following transplantation. These assays assess
cytokine release, specifically interferon-gamma (IFN-y), from cells following stimulation
with CMV-specific antigens. Several clinical uses for these assays have been proposed:

1. Assessment of CMV T cell immunity prior to transplantation to predict risk of CMV
infection post-transplantation;

2. Assessment of CMV T cell immunity during or at the end of prophylaxis to predict
risk of CMYV infection;

3. Assessment of CMV T cell immunity upon completing treatment of CMV infection to
determine the need for secondary prophylaxis or predict risk of CMV relapse.

In this review, we will briefly discuss the host immune response to CMV infection,
describe the current assays in use to assess CMV-specific cell-mediated immune response
(CMI), and review the clinical evidence supporting the use of these assays in the solid
organ transplant population, with a specific focus on clinical studies published within the
past five years.

2. Host Immune Response to CMV

During natural human CMYV infection, CMV elicits strong innate, humoral, and
cellular immune responses. Following infection, CMYV is first detected by the innate
immune system via pathogen recognition receptors that detect glycoprotein B (gB) on
the envelope of CMV. This in turn triggers the production of type I interferons (IFNs)
and inflammatory cytokines such as tumor necrosis factor-o (TNF-o) and interleukin-6
(IL-6) [29]. Activation of innate immune responses initiates the production of antibodies,
which begin to emerge within two to four weeks of primary CMV infection [30]. The major
target for neutralizing antibodies to CMV is gB, which is integral to cellular attachment
and penetration [31]. While the generation of antibodies is important in reducing viral
dissemination and limiting the severity of disease [32], the presence of CMV antibodies
alone does not confer protection [33,34]. In SOT recipients, a detectable anti-CMV IgG
does not prevent CMV disease following organ transplantation [35,36]. In fact, among
CMV-seropositive transplant recipients (R+), transplanting organs from CMV-seropositive
donors (D+) increased the risk of CMV infection two-fold compared to transplanting
organs from CMV-seronegative donors (D—) [37]. Additionally, seroconversion has not
been found to be a useful predictor of future CMV disease in D+/R— patients [38].

The sustained control of CMV infection is predominantly mediated by the cell-
mediated immune response. The importance of cell-mediated immunity in the control of
CMV viral replication was first recognized in murine CMV studies in which the selective de-
pletion of CD4+ and CD8+ T lymphocytes increased susceptibility to CMV infection [39,40]
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and the adoptive transfer of viral-specific T lymphocytes conferred protection against
murine CMYV [41].

In humans, numerous studies highlight the essential role both CD8+ and CD4+ T
cells play in controlling and protecting against CMV infection. The development of CMV-
specific CD8+ T cell responses following bone marrow transplantation (BMT) correlate
with protection and recovery from CMV disease [42]. Pivotal studies by Riddell et al.
and Walter et al. demonstrated that the infusion of CMV specific CD8+ T cells restored
CMV-specific immunity in allogeneic BMT recipients [43,44]. In renal transplant recipients,
the presence of dominant CD8+ T cell responses limited viremia and protected against
disease [45], and high frequencies of CMV-specific CD8+ T cells were shown to correlate
with protection against CMV disease in heart and lung transplant recipients [46].

While CMV-specific CD8+ T cell responses dominate early responses to primary CMV
infection and are responsible for containment of virus-infected cells [47], there is mount-
ing evidence that CMV-specific CD4+ T cell responses are pivotal for protection against
CMV infection [48,49]. Sester et al. demonstrated that in the first few months following
organ transplantation, a decrease in CMV-specific CD4+ T cell frequency preceded clinical
symptoms of CMV disease [50]. Additionally, lower CMV-specific CD4+ T cell responses
were associated with CMV replication in seropositive kidney [51] and liver transplant
recipients [52]. In a longitudinal study of renal transplant recipients, CMV-specific effec-
tor memory CD4+ T cell responses were delayed in individuals with symptomatic CMV
disease in contrast to those with asymptomatic infection [53]. Finally, adoptive transfer
CMV-specific CD4+ T cells dramatically reduced CMYV viral load in allogeneic stem cell
transplant recipients [54]. Although the role of CMV-specific CD4+ T cells was considered
to be primarily indirect, through the maintenance of virus-specific antibody responses and
expansion of CD8+ T cell populations, studies now suggest that CMV-specific CD4+ T cells
may also play a direct role in killing of CMV-infected cells [55].

3. CMV-Specific T Cell Assays

There are several assays capable of measuring CMV-specific cellular-mediated im-
mune responses (CMI). These assays include enzyme-linked immunosorbent assay (ELISA),
enzyme-linked immunosorbent spot assay (ELISpot), and intracellular cytokine staining
(ICS) with flow cytometry. In general, they all rely on the detection of IFN-y following
stimulation of whole blood or peripheral blood mononuclear cells (PBMCs) with CMV-
specific antigens or peptides. ICS and flow cytometry may also measure other cytokines
such as interleukin-2 (IL-2) and TNF-«. For quality control, these immune assays include a
positive control and negative control to monitor for errors in laboratory processing. The
positive control, which uses superantigens such as phytohemagglutinin or staphylococcal
enterotoxin B to stimulate T cells, identifies individuals with T cells that may be anergic
due to effects of immunosuppression or low lymphocyte counts. The negative control,
which can include media alone, neutral buffer, or “mock” antigen, determines non-specific
background reactivity (see Table 1).

Table 1. Overview of CMV T cell assays used to measure CMV-specific immune responses.

CYTOKINES TARGET

ASSAYS BRAND NAMES MEASURED CELLS ANTIGEN ADVANTAGES DISADVANTAGES
. - Requires ELISpot Reader,
T-SPOT.CMV IE-1 and pp65 Peptides Not Limited by HLA. No Standardization, Does
ELISPOT IEN-y CD4/CD8 T-Activated CMV Measures Both CD4/CD8 . .
T-TRACK.CMV Proteins (IE-1, pp65) R n Not Differentiate Between
otems ' PP esponse CD4 or CD8 Response
21 Epitopes Mapped HLA Class I-Restricted,
ELISA QuantiFERON- IFN- D8 Within pp65, IE-1, pp50, Standardized, not Sensitive to Lymphopenia,
CMV Y IE-2, gB, and pp28; HLA Labor-Intensive Measures CD8 Response
Class I Restricted Only
Can Differentiate Between High Cost, No
FLOW CY- VIRACORCMV T IFN- CMYV pp65 Peptide Mix CD4 and CD8 Response; Standardization, Labor
TOMETRY Cell Immunity D 6;/ CD4/CD8 or CMV Grade 2 Potential to Measure a Intensive, Largely Limited
Panel (TCIP) Antigen Mix Variety of Cytokines and to Research Use Only

Cell Surface Markers Except for VIRACOR TCIP
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3.1. Intracellular Cytokine Staining (ICS) and Flow Cytometry

The use of ICS and flow cytometry provides an in-depth analysis of CMV-specific
cellular immunity through the concurrent detection of cell surface markers and cytokines.
To perform ICS, either whole blood or PBMCs are first incubated with CMV peptides or
whole virus lysate, with or without a co-stimulatory molecule (i.e., CD28/49d antibody),
for 6-18 h to stimulate the production of various cytokines. T cells are then fixed and
stained using fluorescent antibodies against cell surface markers and cytokines of interest,
allowing one to determine not just the frequency of cytokine-producing T cells but also
the source of cytokine production (CD4+ or CD8+ T-cells). The widespread adoption of
ICS/flow cytometry to measure CMV-CMI has been limited primarily by its high cost and
because the assay is labor-intensive. Additionally, there is a lack of standardization, as
no consensus exists on the appropriate cutoff (frequency of cytokine-positive T cell) for
defining protection from CMV. Recently, Eurofins Viracor, Inc. introduced the CMV T Cell
Immunity Panel (TCIP), which utilizes ICS/flow cytometry to assess CMV CML. It is the
only commercially available assay measuring CMV-CMI in the United States. CMV-specific
CD4+ or CD8+ responses >0.2% are considered indicative of CMV-CMI.

3.2. Quantiferon-CMV (QFN-CMV)

The QuantiFERON-CMYV (Qiagen) measures CD8+ T cell IFN-y responses to a variety
of HLA class I restricted CMV T cell epitopes. In this assay, whole blood is incubated with
21 CMV peptide epitopes including pp65, IE-1, IE-2, pp50, and gB, for 18-24 h, after which
the supernatants are harvested, and the levels of IFN-y are measured using a standard
enzyme linked immunosorbent assay (ELISA) [56,57]. The manufacturer’s recommended
cutoff for reactivity is 0.2 IU/mL. However, several papers have suggested that 0.1 IU/mL
may be a more appropriate cutoff for immunosuppressed patients [58,59]. QFN-CMV is
available for commercial use in Europe (CE marked) but is limited to research use only in
the United States.

One heavily debated limitation of the QFN-CMYV is that its use of HLA-restricted CMV
epitopes may limit some individuals” ability to recognize and respond to the antigenic
determinants [60]. Studies in SOT recipients have found that up to 30% of R+ individuals
lack CMV-CMI pre-transplantation when using the QFN-CMV assay [61,62]. However, a
recent study evaluating CMV-CMI using a lymphoproliferation assay in CMV-seropositive
healthy individuals with a negative QFN-CMYV result found that individuals with discor-
dant results exhibited lower CD4+ and CD8+ T cell proliferation in response to stimulation
with CMV lysate and exhibited lower quantitative levels of anti-CMV IgG [63]. These data
suggest that a negative QFN-CMV in CMV-seropositive individuals may not be related to
lack of response to HLA-restricted epitopes but rather identifies a subgroup of individuals
that truly have low humoral and cellular responses as has been described in patients
receiving hemodialysis and in patients with cirrhosis [64-66].

3.3. CMV-ELISpot

The enzyme-linked immunosorbent spot (ELISpot) assay measures IFN-y produced
by both CD4+ and CD8+ cells in response to CMV antigen stimulation. The production
of IFN-y is quantified by measuring the number of spot forming units (sfu) in a given
number of PBMCs. There are currently two commercially available assays: T-Track CMV
(Lophius Biosciences GmbH, Regensburg, Germany) and T-SPOT.CMV (Oxford Immunotec
Ltd., Abingdon, UK). Both assays are available commercially in Europe (CE marked).
CMV ELISpot assays are performed using PBMCs isolated from whole blood. PMBCs
are placed in wells and stimulated with CMV antigens, 1E-1 and pp65, either as urea
formulated proteins (T-Track CMV) or peptides (T-SPOT.CMYV). Following 17-21 h of
incubation, the secreted IFN-y is bound by specific antibodies within the wells, and a
second, enzyme-linked antibody is utilized to detect antibody-bound IFN-y by producing
insoluble precipitates or spots [67]. Although CMV-ELISpot assays are highly sensitive and
commercial assays allow for standardization, there is no defined cutoff for test positivity.
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Studies utilizing ELISpot have used different cutoffs for positivity with ranges between 5
and 50 sfu per 200,000 PBMC [4]. Additionally, while CMV-ELISpot assays can detect both
CD4+ and CD8+ T cell responses, they cannot distinguish between these responses.

4. Factors Impacting CMV-Specific T Cell Mediated Immunity

Before reviewing the clinical utility of CMV T cell assays, it is important to first review
factors that may influence CMV-CMI in the setting of organ transplantation.

Following organ transplantation, CMV-specific T cell responses decline over the
first couple months post-transplantation, with gradual increases in CMV-specific T cell
responses over subsequent months [68]. However, the kinetics of CMV-specific CD4+
responses differ from those of CD8+ T cells. Sester et al. demonstrated that CMV-specific
CD4+ T cell frequencies were significantly lower two months after transplantation when
compared to pre-transplant levels and gradually increased to pre-transplant levels by 12
months post-transplantation. In contrast, CMV-specific CD8+ T cell responses declined
rapidly within the first two weeks after transplantation but rebounded to pre-transplant
levels by 60 days post-transplantation [50].

Frequencies of CMV-specific T cells following transplantation may also be influenced
by induction immunosuppression. Jarque et al. demonstrated that lymphocyte deplet-
ing antibodies (rATG) caused greater reductions in the frequency of CMV-specific T cell
responses than anti-IL2 receptor antibodies (basiliximab, anti-IL2RA) [69]. These results
were recently confirmed by Kumar et al. [68]; however, data published by Abate et al.
failed to find any impact of rATG on CMV-specific immune responses [70]. Maintenance
immunosuppression, specifically calcineurin inhibitors, has also been shown to exhibit
direct suppressive effects on CMV-specific T cell reactivity [71,72].

Finally, the impact of anti-viral prophylaxis on the development of CMV-CMI has
been a subject of debate. A study comparing early anti-viral prophylaxis (within three
days of transplantation) to delayed anti-viral prophylaxis (initiated on day 14 after trans-
plantation) in D+/R— SOT recipients failed to find any differences in CMV-CMI between
the groups [72]. Additionally, anti-viral prophylaxis administered for 100 days or 200
days did not influence CMV-CMI. Despite use of anti-viral prophylaxis, up to 20% of
individuals developed CMV-CMI by day 90 post-transplantation [72]. However, a recent
randomized control trial comparing anti-viral prophylaxis to pre-emptive monitoring in
D+/R— liver transplant recipients found significantly higher CMV-specific T cell responses
in the group randomized to pre-emptive monitoring [28]. Stronger CMV-CMI as measured
by QFN-CMV was also noted in SOT D+/R— recipients who received pre-emptive therapy
compared to anti-viral prophylaxis [73].

5. Clinical Utility of CMV Cell-Mediated Immunity (CMI) Assays

Over the past two decades, there have been a number of studies published evaluating
the clinical utility of CMV-CMI assays. These studies have consistently demonstrated
that high CMV-CMI predicts protection against CMV outcomes whereas low CMV-CMI
increases the likelihood of CMV outcomes. Despite these consistent findings, CMV-CMI
assays are not routinely integrated into clinical practice. In the United States, CMV-CMI
assays are available only for research or as laboratory-developed tests with the exception
of the Eurofins Viracor TCIP. The main reasons for this are (1) poorly defined thresholds
for positive and negative results, (2) variability in CMV antigen stimulation protocols (use
of whole cell lysate vs. peptide pools, use of IE-1 vs. pp65), and (3) heterogeneity in the
populations being studied (type of organ transplant, donor-recipient serostatus, use of
antiviral prophylaxis vs. pre-emptive monitoring). Additionally, most data supporting
CMV-CMI use are observational, with only a few interventional studies where treatment
decisions were made based on the results of a given CMV-CMI assay. In this section,
we will review the existing clinical data assessing CMV-CMI assays both pre- and post-
transplantation to predict the risk of CMV infection, focusing primarily on data accrued
over the past five years (see Table 2).
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Table 2. Summary of the recent relevant interventional and observational studies evaluating CMV-specific cell-mediated immunity in solid organ transplant recipients.

CMV T Cell Assay

Author, Year, Location
(Ref)

Organ, Donor/
Recipient Status, No.
Patients

Study Design and Primary Endpoint

Cutoff for Positive Test

Results

Limitations

QuantiFERON-CMV

Andreani et al., 2020,
France [74]

Kidney, D+/R—
N=12

Observational Study of Patients with
Asymptomatic Viremia, Ability of CMI to
Predict Spontaneous Viral Clearance or CMV
Disease

>0.1TU/mL

Spontaneous Clearance Occurred in 6/6
(100%) Patients with CMI at Time of Viremia
vs. 1/5 (20%) with no CMI, p = 0.02

Small Sample Size
Observational Study, Single
Organ

QuantiFERON-CMV

Chiereghin et al., 2018,
Italy [75]

Heart, D+/R— and R+,
N=44

Retrospective, Utility of CMI to Predict CMV
Infection in Preemptive vs. Prophylaxis
Groups and to Predict Risk of Relapse After
First Episode of CMV Infection

>0.2IU/mL

In Prophylaxis Group, 66.7% with
Indeterminate Result vs. 14.3% of Patients
with CMI Developed CMV Infection, p =
0.036. No Difference in Pre-Emptive Therapy.
No Patients who Developed CMI After
Primary Infection Developed Relapse vs.
6/15 with Indeterminate or Negative Results,
p=0.032

Retrospective Study,
Heterogenous
Donor/Recipient Serostatus,
Single Organ

QuantiFERON-CMV

Manuel et al., 2013,
International [58]

All organs, D+/R—, N =
127)

Prospective Observational Study, Evaluation
of CMI at End of Prophylaxis to Predict CMV
Disease

>0.1TU/mL

Patients with CMI at End of Prophylaxis
Were Significantly Less Likely to Develop
CMV Disease (6.4% vs. 22.2% vs. 58.3% for
Positive vs. Negative vs. Indeterminate
Result, p < 0.001

Observational Study Only

QuantiFERON-CMV

Cantisan et al., 2013,
Spain [61]

Lung, Kidney, R+ and
R—,N=55

Evaluating Pre-Transplant CMI to Predict
Post-Transplant CMV Replication (CMV
Viremia, Asymptomatic and Disease)

>0.2IU/mL

Pretransplant CMI Can Predict Development
of CMV Independent of Serostatus

Small Number, Evaluated
Asymptomatic Viremia

QuantiFERON-CMV

Westall et al., 2019,
Australia [76]

Lung, All, N =118

Interventional, Pilot, RCT; CMI Performed at
End of Prophylaxis, Patients Randomized to
CMI-Guided Prophylaxis vs. Standard of
Care. Primary end Point CMV Detection by
PCR in BAL

>0.2IU/mL

CMI Guided Prophylaxis Had Lower
Incidence of CMV Infection in Lung Allograft
Than Standard of Care

Small Pilot Study, High
Number of Indeterminate
and Negative QFN-CMV

Test Results, Endpoint Was
BAL PCR Positivity

QuantiFERON-CMV

Poglajen et al., 2020,
Slovenia [77]

Heart, All, N = 154

Prospective, Interventional Study,
Non-Randomized Evaluating CMI-Guided
Prophylaxis vs. Standard of Care, Primary

End Point CMV Viremia and Disease

>0.2IU/mL

CMI Guided Prophylaxis Resulted in Lower
Rates of CMV Infection (5% vs. 19%, p = 0.03)
but Longer Duration of Anti-Viral
Prophylaxis Without any Increased Rates of
Leukopenia

Non-Randomized Study,
Single Center

QuantiFERON-CMV

Kumar D et al., 2017,
Canada [78]

All organs, All, N =27

Non-Randomized Interventional Study
Evaluating Utility of CMI in Guiding
Secondary Prophylaxis and at Predicting Risk
of CMV Relapse

>0.2IU/mL

At End of Therapy 9/13 Patients with
Negative CMI vs. 1 of 14 Patients With
Positive CMI at End of Therapy Developed
CMV Recurrence (p = 0.001)

Small Sample Size,
Non-Randomized Study

QuantiFERON-CMV

Fernandez-Ruiz et al.,
2020, Spain [79]

Kidney, R+
(N =120)

Prospective, Observational
(Non-Interventional) Study Evaluating CMI
at End of Prophylaxis to Predict CMV
Viremia and Disease in Patients that Received
ATG Induction

>0.2IU/mL

End of Prophylaxis CMI Did Not Predict
CMYV Infection

Non-Randomized Study,
Non-Interventional. ATG
Induction Only.
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Organ, Donor/
Recipient Status, No.

Patients

Table 2. Cont.

Study Design and Primary Endpoint

Kidney, R+, N =133

Observational Cohort Study Evaluating
Pre-Transplant CMI to Predict

Cutoff for Positive Test

Results Limitations

Post-Transplant CMV Infection or Disease as
Measured by CMV Antigen

Prospective, Randomized, Multicenter,
Observational Study Evaluating Whether

>10 Spots per 200,000
Cells

Absence of Pre-Transplant CMI was
Independent Risk Factor for CMV

Single Center, Observational,
Infection, AHR 1.87

Using CMV Antigen

Kidney, R+, N = 160

Kidney, R+ and R—, N =

129

Pre-Transplant CMI Could Predict
Post-Transplant CMV Infection or Disease.
Patients With and Without Pre-Transplant

CMI Randomized to Either Pre-Emptive or
Prophylactic Strategy

Retrospective Case Control Study Evaluating
Pre-Transplant CMI to Predict

20 Spots per 300,000
Cells

Patients With Negative Pre-Transplant CMI
Had Higher Rates of Post-Transplant CMV
Infection in Both Pre-Emptive (73.3% vs.
44.4%, OR 3.44) and Prophylaxis (33.3% vs.

4.1%, OR 11.75) Strategies.

Kidney, All,
N =326

Post-Transplant CMV Infection

No a Priori Cutoff

Patients With High Pre-Transplant
CMV-Specific T Cell Responses were Less
Likely to Develop CMV Infection

No a Priori Cutoff for
Post-Transplant

ELISpot, Retrospective

Kidney, All, N =583

Prospective, Observational Trail Evaluating
Pre-Transplant CMI to Predict
Post-Transplant CMV Disease

Prospective, Observational Study Evaluating

No a Priori Cutoff

D+/R— and R+ With Evidence of
Pre-Transplant CMI Did Not Have Lower
Incidence of CMV Replication But Did Have
Lower Peak CMYV Viral Loads, Lower
Incidence of CMV Disease, and were Less
Likely to Require Anti-Viral Therapy

Single Center,
Non-Interventional

Kidney, All, N = 108

Pre-Transplant CMI and End of Prophylaxis
CMI to Predict CMV Infection

40 Spots per 250,000
Cells

IE1

Patients With Positive CMI Either
Pre-Transplant (NPV 95%) or at End of
Prophylaxis (3% vs. 19.5%, p < 0.001, NPV >
97%) Were Less Likely to Develop CMV

Infection

Author, Year, Location
CMV T Cell Assay (Ref)
T-Track CMV Kim et al., 2020, Korea
[80]
TSPOT.CMV Jarque et a[lg9%020, Spain
ELISpot Lucia et al., 2014, Spain
[81]
Schachtner et al., 2017,
ELISpot Germany [82]
Kumar et al., 2019,
TSPOTCMV Multicenter [68]
T.SPOT. Chanouzas et al., 2018,
CMV United Kingdom [83]
T.SPOT.CMV

Jarque et al., 2018, Spain
[84]

Kidney, R+, N = 96

Observational Cohort to Assess CMI at End
of Prophylaxis to Predict CMV Viremia

Observational Study to Assess CMI at End of

(>25 Spots/2.5 x 10°5
PBMC’s)

pp65 (>50 spots/2.5 x
10"5 PBMC'’s)

IE1

Individuals With CMI at End of Prophylaxis

Small Sample Size, Different
were Less Likely to Develop CMV Viremia

Cutoff for Positivity than
Other Studies, Observational
Study

Prophylaxis to Predict Subsequent CMV
Infection

(>25 spots/3 x 10°5
PBMC'’s)

pp65 (>130 spots/3 x

10°5 PBMC’s)

CMYV CMI Frequencies Were Significantly
Lower in Patients Developing Late-Onset

Single Center, Observational
CMV (p < 0.001 or IE-1, p = 0.30 for pp65)

Study
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Table 2. Cont.
Author, Year, Location Organ, Donor/
CMV T Cell Assay ’ (Re f’) Recipient Status, No. Study Design and Primary Endpoint Cutoff for Positive Test Results Limitations
Patients
ELISpot at One-Month Post-Transplant .
. Ppo5 30 spots/200,000 Predicted Risk for Late-Onset CMV Infection. Small Sample Size,
QuantiFERON-CMV L . Assessment of Pre- and Post-Transplant CMI cells L N Observational Cohort. Most
ee et al., 2017, Korea Kidney, D+/R+ Usine Two IGRAs to Determine Risk of No Association Noted With QFEN-CMYV at Cases of CMV were
[85] N=124 & Any Time Point. CMV ELISpot -
CMV ELISpot Post-Transplant CMV IE-1 10 Spots /200,000 Pre-Ti lant Could not Predi Asymptomatic and Cleared
Cells re-Transplant Could not Predict Spontaneously
Post-Transplant CMV Infection.
. . Lung Transplant Recipients With Late-Onset
TSPOT.CMV Donadeu et al., 2020, Lung, R+ Reft;)orspfhlviiStsdIZrnglFEhtn gOCn MItaCtl\]ir{]d 55 IE-1 Spots per 300,000 CMV had Significantly Lower CMI Retrospective, Small Sample
: ’ Spain [86] N =60 ortrop ylifesct'?on :n dCDi:egse se Cells Compared to Those Who Did Not Have Late Size, Non-Intervention
Onset CMV Infection (p = 0.045)
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5.1. Can Pre-Transplant CMV CMI Predict Risk of CMV Disease Post-Transplant?

At present, donor and recipient CMV IgG is the only test utilized to stratify the risk of
CMYV infection following organ transplantation. While D+/R- patients are at highest risk of
CMV disease, not all D+/R— recipients develop CMV infection in the absence of anti-viral
prophylaxis. Moreover, late onset CMV develops in 8-34% of R+ recipients, depending on
the type of organ transplanted [89,90], highlighting that risk of CMV post-transplantation
is more granular than just CMV serostatus. There is a growing body of evidence that
CMV-CMI assays performed prior to transplantation might provide a better assessment of
CMYV risk in both high (D+/R—) and intermediate risk (R+) recipients.

One of the first studies to assess whether pre-transplant CMV-CMI could predict post-
transplant CMV events was a single center retrospective study using a CMV ELISpot assay
in D+/R— and R+ kidney transplant recipients [91]. Investigators found that 43% (12/28)
of D+/R— patients had detectable pre-transplant CMV-CM]I, although the magnitude of
the CMV-specific response was lower among seronegative recipients when compared to
seropositive recipients. Patients with post-transplant CMV infection had significantly
lower pre-transplant CMV-CMI when compared to patients without CMV events following
transplantation [91].

Schachtner and colleagues prospectively evaluated pre-transplant CMV-CMI in both
D+/R— and R+ kidney transplant recipients as a predictor of post-transplant CMV infection
using CMV ELISpot [82]. Approximately 28% of CMV seronegative recipients had evidence
of CMV-CMI pre-transplantation. While pre-transplant CMV-CMI did not correlate with
subsequent development of CMV infection in D+/R— recipients, D+/R— individuals with
pre-transplant CMV-CMI did have significantly lower CMV viral loads at time of diagnosis
and a trend toward lower incidence of CMV disease (p = 0.067). Among R+ individuals,
pre-transplant CMV-CMI was associated with lower CMV viral loads at diagnosis, lower
incidence of CMV disease, and reduced need for anti-viral therapy when compared to R+
individuals without pre-transplant CMV-CMI.

A number of additional observational studies have similarly demonstrated a higher
risk of CMV events among SOT recipients without CMV CMI pre-transplantation using
CMV ELISpot [81,90], QFN-CMYV [58], and ICS/flow cytometry [81,82], although some
differences in predictive ability of CMV-specific CD4+ versus CD8+ responses were noted
based on induction immunosuppression [81,82]. Recently, a large multicenter, prospective,
observational study of 243 renal transplant recipients found lower median sfu to both IE-1
and pp65 among individuals that developed CMV events post-transplant compared to
those without a CMV event. The negative predictive value (NPV) using a threshold of
>40 sfu for IE-1 or pp65 against post-transplant CMV events was >95% [68].

In the only prospective, interventional study published, Jarque et al. [69] evaluated
pre-transplant CMV CMI using T-SPOT.CMV (Oxford Immunotec, Ltd.) to predict CMV
infection following kidney transplantation. Investigators stratified 160 kidney transplant
recipients (D+/R+) by baseline responses to IE-1 and then randomized individuals to either
pre-emptive monitoring or 3 months of anti-viral prophylaxis. Individuals without pre-
transplant CMV-CMI randomized to pre-emptive monitoring demonstrated a significantly
higher incidence of CMV infection than individuals with pre-transplant CMV-CMI (73% vs.
44.4%, OR 3.44, 95% CI 1.3-9.08). Additionally, the incidences of CMV infection requiring
treatment (53.3% vs. 18.5%, OR 5.03, 95% CI 1.86-13.57) and CMYV disease (20% vs. 3.7%,
OR 6.5, 95% CI 1.22-34.59) were significantly higher among those without versus with
pre-transplant CMV-CML

Data accrued over the past several years consistently show that individuals with
pre-transplant CMV-CMI are at lower risk of developing CMYV infection following trans-
plantation. For those with pre-transplant CMV-CMI that do develop CMYV infection,
infection tends to be milder (lower CMV viral load, less invasive disease). Induction
immunosuppression could impact the predictive value of CMV-CMI pre-transplantation;
however, this has not been consistently demonstrated. Finally, much of the data come
from kidney transplant recipients. A recent study in liver transplant recipients following a
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pre-emptive CMV monitoring strategy failed to find a correlation between pre-transplant
CMV-CMI and post-transplant CMV viremia. Although, when restricting the analysis to
episodes of CMV viremia occurring two months after liver transplantation, the presence of
CMV-CMI pre-transplantation did appear to confer protection against CMV viremia [92].
Whether the predictive value of pre-transplant CMV-CMI as reported in kidney transplant
recipients applies to other organ transplant recipients is not known. Well-designed studies
addressing the predictive ability of pre-transplant CMV-CMI in thoracic transplant and
liver transplant recipients are needed.

5.2. Can Assessment of CMV-CMI at the End of Anti-Viral Prophylaxis or Early after
Transplantation Predict Risk of Subsequent CMV Disease?

While anti-viral prophylaxis is highly effective at decreasing incidence of CMV
DNAemia and disease, it leads to higher costs, toxicities and increases rates of late-onset
CMV infection. Measuring CMV-CMI at the end of prophylaxis (EOP) may allow for indi-
vidualization of prophylaxis by identifying those who would benefit from early cessation
of prophylaxis versus those requiring extended prophylaxis and/or closer monitoring
following discontinuation of anti-viral prophylaxis.

The largest study to date by Kumar et al. [68] measured CMV-CMI in a cohort of
kidney transplant recipients using T-SPOT.CMV. End of prophylaxis assessments for CMV-
CMI were available for 368 recipients of whom 45% were D+/R—. Using a threshold of
>40 sfu, the NPV of the test was 97% for pp65 (p < 0.0001) and 97.7% for IE-1 (p < 0.0001).
There was a significant difference in risk of CMV event for patients with IE-1 and pp65 sfu
values above the established threshold when compared to those below (3% vs. 19.5% for
EOP pp65, p < 0.0001; 2.3 vs. 15% for EOP IE-1, p = 0.0006).

Another notable study by Jarque et al. [84] prospectively assessed CMV CMI at EOP
to predict late onset CMV infection in D+/R+ kidney transplant recipients receiving either
anti-interleukin 2 receptor antibody (anti-IL2RA, N = 50) or rATG (N = 46). CMV-CMI
was assessed using T-SPOT.CMV. Similar to Kumar and colleagues, these authors found
that frequencies of CMV-specific T cells at EOP (three months post-transplantation) were
significantly lower in patients that developed late-onset CMV infection. There were no
differences in mean CMV-CMI at EOP when comparing individuals receiving rATG or
anti-IL2RA for induction immunosuppression. The authors also assessed the risk of late-
onset CMV based on stratification of CMV-CMI, defining HR (high risk) as a negative
test against both IE-1 and pp65, LR (low risk) as positive tests against both antigens, and
IR (intermediate risk) as a negative result against 1 of the 2 CMV antigens. The risk of
late-onset CMV infection gradually increased in accordance with risk stratification groups
(5.6% within LR, 18.2% within IR, and 35% within HR; log-rank test = 0.006).

Two studies evaluating the predictive value of CMV-CMI at the EOP in lung transplant
recipients have recently been published. Donadeu et al. [86] retrospectively evaluated CMV-
CMI at EOP (6 months post-transplantation) using T-SPOT.CMV in 60 R+ lung transplant
recipients. While a negative CMV (IE-1)-specific CMI at EOP was associated with late-onset
CMV DNAemia, it did not predict the same in multivariable analysis. However, the absence
of CMV (IE-1)-specific CMI did predict high level CMV replication defined as CMV DNA
PCR >20,000 (OR 4.3, 95% CI 1.043-18.215). Westall et al. [76] performed a single center,
prospective, interventional pilot study evaluating the CMV-specific T cell response using
QFT-CMV. Lung transplant recipients were administered anti-viral prophylaxis for five
months post-transplantation at which time QFN-CMYV was performed. Patients with CMV-
CMI at EOP were monitored off anti-viral therapy while those with negative CMV-CMI
were maintained on variable anti-viral prophylaxis through month 11 post-transplantation,
guided by QFN-CMV measurements. The authors in this study chose the detection of CMV
PCR in BAL as their primary endpoint. The authors found a lower rate of CMV infection
within the lung allograft in patients receiving CMV-CMI guided anti-viral prophylaxis
compared to standard of care (37% vs. 58%, p = 0.03). A large multicenter randomized
clinical trial (CYTOCOR trial) is currently underway in Spain that aims to evaluate the role
of QFN-CMV in guiding primary prophylaxis duration in R+ lung transplant patients [93].
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CMV-CMI has also been evaluated in two cohorts of heart transplant recipients. In
the first, investigators retrospectively evaluated CMV-CMI using QFN-CMV in 44 R+
heart transplant recipients [75]. Investigators found a higher proportion of CMV infection
among patients with indeterminate QFN-CMYV at EOP compared to those with positive
QFN-CMV results (p = 0.036). In a second study, authors performed a prospective, non-
randomized, interventional study involving 159 heart transplant recipients (>80% R+) at a
single center in which QFN-CMV was measured at EOP (100 days post-transplantation)
and patients were assigned to CMV-CMI guided prophylaxis or standard of care [77].
In the CMV-CMI guided group, anti-viral prophylaxis was continued until patients had
measurable CMV-CMI by QFN-CMYV, while patients in the standard of care group stopped
anti-viral prophylaxis at 100 days or clinicians’ discretion. Lower rates of CMV infection
were noted in the group undergoing CMV-CMI guided prophylaxis (5% vs. 19%, p = 0.03);
however, the duration of anti-viral prophylaxis was greater in the CMV-CMI guided group
(155 +/— 102 days vs. 104 +/— 48 days, p < 0.05), with no difference in rates of leukopenia
between the two groups.

Finally, several studies have evaluated whether the detection of CMV-CMI at time
points preceding EOP could predict the development of subsequent CMV infection. Lee
et al. [85] found that in R+ kidney transplant recipients, detection of CMV-CMI at one
month post-transplant was predictive of protection with NPV of 94.5% and 97.6% in
pp65 and IE-1 assays, respectively. Jarque et al. [84], in addition to assessing the utility
of CMV-CMI at EOP as noted above, evaluated whether earlier detection of CMV-CMI
would have better predictive ability. They found that kidney transplant recipients receiving
T-cell depleting induction therapy had profound abrogation of CMV-CMI at earlier time-
points while those receiving anti-IL2RA induction had a far less pronounced reduction
in CMV-CMI at earlier time-points. Thus, detection of CMV-CMI after the first month
following transplantation was more accurate in predicting CMV infection risk only in
patients receiving anti-IL2RA induction.

Although most of the recent published data involve assessment of CMV-CMI using
QFN-CMV or CMV ELISPOT, three studies in the past several years have assessed CMV-
CMI using flow cytometric analysis. Snyder et al. performed a cross-sectional analysis
of CMV-CMI in R+ lung transplant recipients by stimulating PBMCs with CMV pp65
and IE-1 peptide pools. Using flow cytometry, they identified polyfunctional T cell signa-
tures (CD107a— /IFN-y+/IL-2+/TNF-a+CD4+ T cells and CD107a— /IFEN-y+/IL-2+/TNF-
a+CD8+ T cells) that were predictive of protection against future CMV infection [87]. In a
retrospective analysis of primarily SOT recipients, Rogers and colleagues utilized the Eu-
rofins Viracor TCIP to determine the value of CMV-CMI in predicting clinically significant
CMV events [88]. Consistent with data from other CMV immune assays, the frequency of
CMV-specific CD4+ T cells was significantly lower in patients with CMV events compared
to those without CMV events (median 0.13 vs. 0.73, p = 0.002). While the frequency of
CMV-specific CD8+ T cells was also lower in those with CMV events, the results did not
reach statistical significance (median 0.46 vs. 0.9, p = 0.08). Finally, Gabanti and colleagues
used an in-house CMV T cell assay based on T cell stimulation by autologous HCMV-
infected dendritic cells to determine CMV-CMI using flow cytometry [94]. In their cohort
of 53 R+ kidney transplant recipients, recipients with low peak viral load CMV infection
(peak VL <3 x 10° DNA copies/mL) had higher CMV-specific CD4+ and CD8+ T cell
responses when compared to recipients with higher peak CMV viral load infection (peak
VL >3 x 10° DNA copies/mL).

Not all studies have found a clear association between CMV-CMI and protection
against future CMV infection. Recently, Fernandez-Ruiz et al. reported on the assessment
of CMV-CMI using QFN-CMV at EOP in R+ kidney transplant recipients receiving rATG
induction [79]. Their data demonstrated suboptimal accuracy for predicting 1-year CMV
infection rates (45.8% in persons with non-reactive or indeterminate results vs. 36.1% in
persons with reactive results, p = 0.244). Modifying the manufacturer’s interpretative
criteria led to some improvement in diagnostic performance. The negative results in this
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study could be attributed to the inability to detect CMV-specific CD4+ T cell responses,
as patients in this cohort received rATG induction and CMV-CMI was assessed using
QFEN-CMYV. In another study, Lee et al. also failed to find a correlation between CMV-CMI
assessed by QFN-CMYV at 1 or 3 months post-transplantation and subsequent CMV viremia,
but they did find better accuracy using CMV ELISPOT [85].

In summary, assessment of CMV-CMI at the end of prophylaxis consistently demon-
strates a higher risk of late-onset CMV events among individuals without CMV CMI
across organ groups. Assessment of CMV-CMI at time-points as early as one-month post-
transplantation can predict subsequent risk of CMV infection, but the predictive value may
be impacted by induction immunosuppression. Finally, there appear to be assay-specific
differences in prediction of CMV infection or disease, with several studies demonstrat-
ing poor correlation between CMV-CMI detected by QFN-CMV and subsequent risk of
CMYV infection.

5.3. Can Assessment of CMI at End of Treatment Determine Risk of Relapse?

The risk of recurrent CMV infection is estimated to be between 20% and 30% [95-97].
Lung transplant recipients, those with persistent CMV DN Aemia despite 21 days of therapy,
and CMV seronegative patients at time of primary infection are at highest risk for relapsed
infection [95]. Small observational studies have proposed a role for CMV-CMI testing at
the end of therapy to predict risk of relapsed CMV infection. Chiereghin et al. evaluated 24
high and intermediate risk heart transplant recipients who developed CMV infection with
the QFN-CMYV assay at the end of therapy (EOT) [75]. No patient with a positive CMV-CMI
at EOT developed relapsed disease. In comparison, six of 15 patients (40%) with a negative
or indeterminate QFN-CMYV experienced a second infection. In a retrospective study by
Rogers et al., six SOT recipients had CMV-CMI testing following their initial CMV event
using the Viracor TCIP [88]. Five of six patients had CMV-specific CD4+ T cells >0.22%
(positive response) and did not experience subsequent CMV events after discontinuation
of anti-viral therapy.

Finally, the largest study to date evaluating the role of CMV-CMI in predicting the
risk for CMYV relapse is an interventional study conducted by Kumar et al. that enrolled all
organ transplant patients with a documented episode of CMYV infection [78]. CMV-CMI
was assessed at EOT using the QFN-CMYV assay. Anti-viral therapy was discontinued
in individuals with positive QFN-CMYV at EOT. In patients with a negative QFN-CMYV,
prophylaxis was continued for two additional months. A total of 32 patients were included.
Only one of the fourteen CMV-CMI positive patients, a D+/R— lung transplant recipient,
developed recurrent viremia after discontinuation of prophylaxis. In the 13 patients without
detectable CMV-CM]I, nine developed CMYV viremia either during or after discontinuation
of prophylaxis.

Although data are limited, the evidence generated to date supports the clinical assess-
ment of CMV-CMI testing at EOT to guide decisions regarding the need for and duration
of secondary prophylaxis in transplant recipients that have recovered from CMYV infection
post-transplantation.

6. Future Directions and Conclusions

The use of CMV immune monitoring to better identify SOT recipients at increased
risk of CMV-related complications has long been considered an area of clinical interest
and need. The development of assays measuring CMV-specific immune responses such as
T-Track CMYV, T-SPOT.CMV, QuantiFERON-CMYV, and the Viracor TCIP have propelled
this field forward. Observational studies published in the past several years evaluating the
utility of these assays continue to add support for the routine clinical use of these assays.
Importantly, several recent large, prospective, interventional studies have begun to provide
long-awaited answers to questions about the ideal timing for performing these assays, the
utility of repeated assessments of CMV-CMI, and the benefits of CMV-CMI in relation to
standard of care.
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However, there are still some unresolved questions about these assays including cost
efficacy, impact of different immunosuppressive regimens on the predictive value of these
assays, standardization of cutoff values for CMV-CMI determination, and predictive value
in thoracic organ transplant recipients, as current data from interventional studies has come
from kidney transplant recipients. Additionally, there are few head-to- head comparisons
of the various CMV T cell immune assays. In the coming years, additional data from
several ongoing prospective, interventional clinical trials evaluating CMV-CMI will be
published, including one in lung transplant recipients, which hopefully will help answer
some of these lingering questions.

In conclusion, there are compelling data supporting the role of CMV T cell immune
assays in the management of CMV infection in SOT recipients. While we do not yet have
sufficient data for the widespread adoption of these assays into routine clinical use, data
accumulated over the past 5 years has brought us one step closer.
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