R E PO R T S CLINICAL RESEARCH

KIReports.org

A New Prognostic Score Based ) Cheok for updates
on Cell-Mediated Immunity

for Cytomegalovirus Infection After

Transplantation

Delphine Kervella'??, Franc Casanova-Ferrer®?, Camille N. Kotton®, Laura Donadeu?®?,
Deepali Kumar®, Silvia Pineda®, Elena Crespo”®, Maria Meneghini'*>,

José Gonzalez-Costelo’, Elena Garcia-Romero’, Laura Llad6®, Alba Cachero®?,
Edoardo Melilli°, Irina B. Torres'***, Anna Martinez-Lacalle?*, Zaira Castafeda
Ménica Martinez-Gallo'%3, Oscar Len'"?, Ibai Los-Arcos'", Enric Trilla-Herrera
Enric Miret'??, Magali Giral'®, Sophie Brouard'®, Francois R. Girardin'®, Jean Villard'®,
Klemens Budde'®, Carmen Lefaucheur'’, Alexandre Loupy'®'?, Francesc Moreso'** and
Oriol Bestard'??

1,2,3
I
12,3
I

'Kidney Transplant Unit, Nephrology Department, Vall d’Hebron Barcelona Hospital Campus, Vall d’Hebron University Hos-
pital, Universitat Autonoma de Barcelona, Barcelona, Spain; 2Laboratory of Nephrology and Transplantation, Vall d’"Hebron
Barcelona Hospital Campus, Vall d’Hebron Institut de Recerca, Universitat Autonoma de Barcelona, Barcelona, Spain; Vall
d'Hebron for Solid Organ Transplantation Research group, Vall d’"Hebron Barcelona Hospital Campus, Vall d'Hebron Institut de
Recerca, Barcelona, Spain; 4Infectious Diseases Division, Immunocompromised Host Infectious Diseases, Massachusetts
General Hospital, Harvard Medical School, Boston, Massachusetts, USA; *Transplant Infectious Diseases, Ajmera Transplant
Centre, University Health Network, University of Toronto, Toronto, Ontario, Canada; ®Department of Statistics and Data Sci-
ence, Complutense University of Madrid, Madrid, Spain; ’Advanced Heart Failure and Heart Transplant Unit, Department of
Cardiology, Hospital Universitari de Bellvitge, BIOHEART-Cardiovascular Diseases Research Group, Bellvitge Biomedical
Research Institute, Universitat de Barcelona, Ciber Cardiovascular (CIBERCV), Barcelona, Spain; 8Liver Transplant Unit, Bell-
vitge University Hospital, Barcelona, Spain; °Kidney Transplant Unit, Nephrology Department, Bellvitge University Hospital,
Barcelona, Spain; '°lmmunology Division, Vall d’Hebron University Hospital, Vall d’Hebron Barcelona Hospital Campus,
Universitat Autonoma de Barcelona, Barcelona, Spain; "Infectious Disease Department, Vall d'Hebron Hospital Universitari,
Vall d’'Hebron Institut de Recerca, Vall d’"Hebron Barcelona Hospital Campus, Universitat Autonoma de Barcelona, Barcelona,
Spain; ">Urology Department, Vall d’Hebron University Hospital, Vall d’Hebron Barcelona Hospital Campus, Universitat
Autonoma de Barcelona, Barcelona, Spain; "*INSERM, CRT2I-Center for Research in Transplantation and Translational
Immunology, Nantes Université, Nantes, France; "Division of Clinical Pharmacology, Department of Laboratory Medicine and
Pathology, Faculty of Medicine, Lausanne University Hospital, University of Lausanne, Lausanne, Switzerland; '®Trans-
plantation Immunology Unit, National Reference Laboratory for Histocompatibility, Geneva University Hospitals and Univer-
sity of Geneva, Geneva, Switzerland; "®Department of Nephrology and Intensive Care, Charité-Universitatsmedizin Berlin,
Corporate Member of Freie Universitit Berlin and Humboldt-Universitat zu Berlin, Berlin, Germany; '’Kidney Transplant
Department, Saint Louis Hospital, Assistance Publique-Hopitaux de Paris, Paris, France; '®Paris Translational Research Center
for Organ Transplantation, Institut National de la Santé et de la Recherche Médicale UMR-S970, Université de Paris, Paris,
France; and '°Kidney Transplant Department, Necker Hospital, Assistance Publique-Hépitaux de Paris, Paris, France

Introduction: The interferon gamma (IFN-y) enzyme-linked immunosorbent spot is a highly sensitive
immune assay that enables the assessment of cytomegalovirus (CMV)-specific cell-mediated immunity
(CMI) and can identify at-risk transplant patients of CMV infection; however, its clinical implementation
remains elusive.

Methods: We developed a novel CMV-CMI risk-score based on the standardized T-SPOT.CMV assay
against 2 CMV antigens (immediate-early protein 1 [IE-1] and 65 kDa phosphoprotein [pp65]), a biomarker
predicting CMV infection, both high viral replication, and disease by performing a pooled analysis of 570
kidney transplants participating in different clinical trials and subsequently validating it in 146 consecutives
solid organ transplants (SOT) in an interventional trial. By incorporating clinical variables into the
CMV-CMI risk-score, we built an integrative prognostic system quantifying the risk of CMV infection
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(CMV-PrognosTIC score) using elastic net penalized regression analysis.

Results: In the pooled derivation cohort, whereas specific IE-1/pp65-specific CMV-CMI frequencies inde-
pendently correlated with high risk of CMV infection (areas under the curve [AUCs]: 0.694, P < 0.0001;
0.719, P < 0.0001, respectively), by combining both responses, 3 CMV-CMI risk-scores appeared, accu-
rately discriminating low-risk (LR) from intermediate-risk (IR) and high-risk (HR) patients (98.7% negative
predictive value [NPV], 97.2% sensitivity). Its prospective implementation guiding decision-making in an
independent SOT cohort confirmed the very high NPV and sensitivity identifying LR patients. By inte-
grating type of preventive therapy, patient age, and donor (D) and recipient (R) CMV-serostatus to the
CMV-CMI risk-score, we generated a global risk-prognostic model showing accurate discrimination and
calibration in both derivation (AUC: 0.807) and validation cohorts (AUC: 0.719).

Conclusion: We developed a robust CMV-PrognosTIC score to quantify the risk of CMV infection in SOT,
which may be readily implemented in clinical transplantation to personalize CMV preventive therapies.

Kidney Int Rep (2025) 10, 3044-3057; https://doi.org/10.1016/j.ekir.2025.06.056
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espite the implementation of highly -effective
D antiviral therapies and sensitive molecular diag-
nostic assays, CMV infection remains a major compli-
cation after SOT." Current immune-risk stratification of
CMV infection in SOT relies on donor and recipient
serological status, together with clinical variables such
as types of immunosuppressants and of SOT,” and are
far from being precise. Furthermore, though main CMV
preventive strategies have allowed a significant
reduction of CMV infection rates, especially end-organ
disease,” important caveats are still present and related
to decision-making, especially in terms of individual-
izing the type and duration of these therapies.”"

In the past decade, a large body of evidence has
highlighted the importance of CMV-CMI controlling
viral replication in SOT.””’ With the development and
refinement of different immune tests that can measure
CMV-specific IFN-Y-producing T cells, a close associa-
tion between weaker CMV-CMI and higher risk of
CMV infection has been reported, evaluating different
transplant settings (either to decide initiation of pre-
ventive therapy or for safe prophylaxis/treatment
withdrawal).(”&10 However, the different methodolog-
ical nature of these assays, together with the relatively
weak predictive values to identify SOT at low risk of
CMV infection,''™” makes it difficult to establish
robust conclusions on how to implement these tech-
nologies at the individual patient level.” Among the
different commercially available CMV-CMI assays, the
enzyme-linked  immunosorbent  spot-based  T-
SPOT.CMV assay has shown the highest accuracy in
measuring CMV-specific CMI'*'” and discriminating
SOT and hematopoietic stem cell transplant at distinct
risks of CMV infection.'®*” Despite such important
correlations with main clinical outcomes, its imple-
mentation  still because the

remains elusive,
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interpretation of the assay read-out and most optimal
thresholds, the precise clinical scenarios to be used and
its added value besides main clinical, demographic, and
other immunological factors are not well-defined.

The aims of this study were to develop a standard-
ized CMV-CMI risk-stratification score for CMV infec-
tion, including high level viral replication and disease,
using the T-SPOT.CMYV assay in different, multicenter
cohorts of transplant patients and prospectively vali-
date it in an interventional clinical trial. Finally, we
integrated key clinical factors associated with CMV
infection into this new CMV-CMI risk-score to build a
more accurate and readily implementable model
quantifying the risk of CMV infection after SOT.

METHODS

Study Design and Patients

We first performed a pooled analysis of 4 different
international studies using the same CMV-CMI assay in
transplant (KTRs).  Gathering
together these patients, we built a derivation cohort to
assess and develop an accurate CMV-CMI cut-off
discriminating patients at different risks of CMV
infection (CMV-CMI risk score), and then assessed its
clinical value in a new SOT cohort participating in an
interventional trial guiding the type and duration of
preventive therapy based on the CMV-CMI risk score
(Figure 1).

kidney recipients

Derivation Cohorts

The derivation cohort consisted of 570 adult KTRs from
4 multicenter studies measuring CMV-CMI with the T-
SPOT.CMV assay "'”'? (NCT03652402), including
diverse serostatus (CMV IgG seropositive donor-CMV
IgG seronegative recipient [D+/R—] and CMV IgG
seropositive recipient [R+]) and clinical settings (early
CMV-CMI measurement at 15 days after transplant or
later at prophylaxis withdrawal at 3 or 6 months after
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Derivation kidney transplant cohort (N=570)
R+ (n=404) ; D+/R- (n=166)
Early (15-day) monitoring (n=48) ; Late (3/6-month) monitoring (n=522)

Cohort 2"
N= 44 (R+)
Late (3-month) monitoring

Cohort 1 (NCT 02550639)"
N= 108 (R+)
Early (15-day) monitoring (n=48)

Late (3-month) monitoring
(n=60)

Cohort 3 (NCT 02382211)'5
N=345 (R+; D+/R-)
R+ (n=189); D+/R- (n= 156)
Late (3/6-month) monitoring

Cohort 4 (NCT 03652402)
N= 73 (R+; D+/R-)
R+ (n=63); D+/R- (n=10)
Late (3/6-month) monitoring

¢

Validation SOT cohort (N=179)
Excluded* N=33

Patients analyzed (N=146); R+ (n=130); D+/R- (n=16)
LR (n=50): all preemptive therapy/stop prophylaxis
IR (n=47): 82.9% preemptive/stop prophylaxis; 17.1% prophylaxis initiation/extension
HR (n=49): 61.2% preemptive/stop prophylaxis; 38.8% prophylaxis initiation/extension

Figure 1. Flow-chart of the study. D+, CMV IgG seropositive donor; HR, high-risk CMI; IR, intermediate-risk CMI; LR, low-risk CMI; R—, CMV IgG
seronegative recipient; R+, CMV IgG seropositive-recipient; SOT, solid organ transplants. *Patients excluded from validation cohort because of loss of
follow-up (n= 13), use of antirejection therapy (n = 7), unavailable blood samples (n = 7), and prophylaxis initiation before the CMV-CMI test (n = 6).

transplantation) (Table 1). In all of these cohorts, cli-
nicians were not aware of the immune assay result.
The first cohort comprised 108 R+ KTRs partici-
pating in a prospective, randomized, interventional
clinical trial (NCT02550639) performed among 4
different transplant centers in Spain.ll Here, the T-
SPOT.CMV was carried out either for early immune
monitoring on day 15 in patients receiving preemptive
therapy or late monitoring at prophylaxis withdrawal
(3 months). A second cohort was made of 44 consecu-
tives R+ KTRs from a prospective, single center
observational study, all receiving prophylaxis.'” The
T-SPOT.CMYV assay was done at a late time point at 3-
month prophylaxis withdrawal. A third cohort con-
sisted of 345 KTRs from distinct transplant centers in
the USA, UK, and Canada, participating in a prospec-
tive, observational trial (NCT 02382211)."” All patients
received 3- or 6-month antiviral prophylaxis if R+ or
D+/R—, respectively. All patients with a T-SPOT.CMV
test performed at prophylaxis withdrawal and who had
not developed any CMV event before the assay had
been performed, were included in the analysis (n =
345, 189 R+ and 156 D-+/R—). The fourth cohort
comprised a new independent set of 73 KTRs (63 R+
and 10 D+/R—) participating in the European, multi-
center, cohort study EU-TRAIN (NCT03652402). All
patients received either a 3-month (R+) or 6-month
(D+/R~) course antiviral prophylaxis and the immune
assay was done at the time of prophylaxis withdrawal.
Patients receiving antirejection rescue therapies
during the study follow-up, and adjunction induction
immunosuppression such as anti-CD20 mAb,
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plasmapheresis or immunoadsorption, and i.v. Ig were
excluded from the study.

Validation Cohort

Aiming at assessing the clinical usefulness of imple-
menting the CMV-CMI risk-score in real clinical trans-
plant practice, we designed a prospective interventional
study considering SOT patients transplanted in 1 center
(Bellvitge University Hospital, Barcelona, Spain) in
whom peripheral blood samples could be obtained to
perform the T-SPOT.CMV assay either on day 15 after
transplantation in R+ not receiving T-cell depletion or
between 2 to 3 months after transplantation in those R+
having received T-cell depletion and between 5 to 6
months in D+/R— SOT. The decision of the type of
preventive therapy was made by transplant clinicians
after being informed of the CMV-CMI risk-score result.
The main objective of the study was to describe the
incidence of CMV infection events between different
risk categories given by the CMV-CMI assay and; as
secondary end point, to evaluate the impact of the type
of antiviral preventive therapy in each risk group. The
sample size was based on a 95% confidence interval (CI)
with a 5% margin of error; thus, the total number of
patients required for the study was 180, including 15%
of drop-out rates. The validation cohort comprised 179
consecutive heart, liver and kidney transplant patients
transplanted at Bellvitge University Hospital (Barcelona,
Spain) who underwent transplantation between January
2020 and December 2021 (Figure 1). Thirty-three pa-
tients were excluded from the study due to loss of
follow-up (n = 13), use of antirejection therapy (n = 7),

Kidney International Reports (2025) 10, 3044-3057
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Table 1. Main clinical, demographic and immunological characteristics of the derivation cohorts

Characteristics All patients (N = 570) Early CMV-CMI R+ (n = 48) Late CMV-CMI R+ (n = 356) Late CMV-CMI D+/R- (n = 166)  P-value
Recipient gender (male) (; %) 371 (65.1%) 32 (66.7%) 220 (61.8%) 119 (71.7%) 0.085
Recipient age (median; 1QR) 55.2 (45.0-64.9) 63.0 (49.7-71.9) 55.0 (46.0-64.0) 53.0 (43.0-62.0) < 0.001
Induction treatment (n; %) < 0.001
T cell depletion 343 (60.2%) 0 (0.0%) 241 (67.7%) 102 (61.4%)

No T cell depletion 227 (39.8%) 48 (100.0%) 115 (32.3%) 64 (38.6%)

CMV serological risk (17; %) < 0.001
Intermediate risk (R+) 404 (70.9%) 48 (100.0%) 356 (100.0%) 0 (0.0%)

High risk (D+/R—) 166 (29.1%) 0 (0.0%) 0 (0.0 %) 166 (100.0%)

CMV prophylaxis (17; %) 522 (91.6%) 0 (0.0%) 356 (100.0%) 166 (100.0%)

Time fo T-SPOT.CMV (d) (median; 1QR) 91.0 (90.0-160.5) 15.0 (14.0-21.0) 90.0 (90.0-98.0) 178.0 (106-190) < 0.001
T-SPOT.CMV (median; 1QR)

IE-1 (IFN-y spots/250.10° PBMC) 7.0 (0.0-86.2) 23.3 (2.7-110.6) 27.0 (4.0-148.5) 0.0 (0.0-1.0) < 0.001
pp65 (IFN-y spots/250-10° PBMC) 73.5 (2.0-294.7) 141.3 (44.0-287.3) 164.9 (42.1-349.3) 0.0 (0.0-2.0) < 0.001
CMV infection

Any replication (1; %) 115 (20.2%) 25 (52.1%) 47 (13.2%) 43 (25.9%) < 0.001
Clinically significant infection (n; %) 71 (12.5%) 15 (31.3%) 20 (5.6%) 36 (21.7%) < 0.001
Disease (1, %) 16 (2.8%) 6 (12.5%) 5 (1.4%) 5 (3.0%) < 0.001

CMI, cell-mediated immunity; CMV, cytomegalovirus; D+, CMV 1gG seropositive donor; IE-1, inmediate-early protein 1; IFN-vy, interferon gamma; IQR interquartile range; PBMC, pe-
ripheral blood mononuclear cell; pp65, 65 kDa phosphoprotein; R—, CMV IgG seronegative recipient; R+, CMV IgG seropositive-recipient.

unavailable blood samples (n = 7), and prophylaxis
initiation before the CMV-CMI test (n = 6); thus, a total
of 146 SOT were analyzed (81 kidney, 40 liver, and 25
heart transplants). The patients were further stratified
into 2 groups according to the use or not of T-cell
depletion and D/R serological mismatch (Table 2) as
follows: (i) group A: (n = 75) R+ patients without T-cell
depletion, in whom the CMV-CMI risk-score was
assessed on day 15 after transplantation (median 11
days; interquartile range: 9-17) to decide whether to
start preemptive therapy or antiviral prophylaxis; and
(ii) group B (n = 71), composed of D+/R— and R+ pa-
tients receiving T-cell depletion in whom an initial
antiviral prophylaxis therapy was indicated, and in
whom the CMV-CMI risk-score was assessed at later
time points (median: 102 days; 88-133) to decide
whether to stop or continue with a one-time 4 week
prophylaxis extension. The test was done once in each
patient. The study was approved by local institutional
review board (PR302/13).

The clinical and research activities being reported
are consistent with the Declaration of Istanbul on Or-
gan Trafficking and Transplant Tourism.

CMV-CMI
In all study subjects, CMV-CMI was evaluated using
the T-SPOT.CMYV (Oxford Immunotec, Inc, Oxford, UK)
against 2 main CMV antigens (IE-1 and pp65),
following  the recommendations
(Supplementary Methods)

manufacturer
15

Definition of Main CMV QOutcomes
The main outcomes of the study were the advent of
CMV infection during first year posttransplantation.”

Kidney International Reports (2025) 10, 3044-3057

The definitions of the different CMV events were
harmonized across all studies following the most
updated consensus definitions of CMV infection and
disease in transplant patients.”” “Any CMV replica-
tion” refers to any CMV DNA detection in whole blood
or plasma. “CMV disease” was defined as CMV repli-
cation with attributable symptoms (viral syndrome
and/or invasive tissue infection). In addition, we
analyzed the outcome clinically significant CMV
infection (CSI) as defined as any CMV infection leading
to a change in antiviral therapy, either at a site-
determined viremia threshold considered as clinically
relevant, or because of CMV-related symptoms (CMV
disease). CMV infection outcomes were considered
either as early or late-onset when CMV events occurred
during a preemptive strategy or after prophylaxis
withdrawal, respectively. We focused on CSI as the
main clinical infection outcome to develop the CMV-
CMI risk score as well as the main end point of the
validation study, as a combined clinically relevant
infection variable due to its clinical relevance and high
correlation with CMV-CMI and avoid unspecific, low-
level viral replication events that spontaneously clear
from peripheral blood.

Development of the CMV-CMI Risk Score

The best threshold for each CMV-CMI antigen result to
predict CSI was determined by using receiver operating
characteristic curve analysis, using the Youden index.
Quantitative IFN-Y—producing T-cell frequencies
against each CMV antigen were used to obtain the most
sensitive and specific risk-stratification score predict-
ing CSI. Three qualitative risk categories were
observed when combining the 2 CMV antigens CMI

3047
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Table 2. Main clinical, demographic, and immunological variables of the validation cohort

Whole cohort Group A
Validation cohort N = 146 Early CMV CMI n = 75
Recipient gender, (male, n; %) 88 (60%) 54 (72.0 %)
Recipient age (mean +/- SD), yrs 55 +/- 11 56 +/-9
Transplanted organ (17; %)
Liver 40 (27.4 %) 40 (63.3 %)
Heart 25 (17.1 %) 25 (33.3 %)

Kidney

Previous fransplant (n, %), No
Type of donor (n, %)

Living donor 15 (10.3 %)
Type of deceased donors (17; % of deceased donors)
Donation after brain-death 111 (84.7 %)
57 (39.0%)

81 (65.5 %)
118 (71.3 %)

10 (13.3 %)
71 (94.7 %)

1(1.3 %)

67 (90.5 %)
T-cell depletion induction (n, %) 0 (0.0 %)

Maintenance IS (n, %)

TAC + MMF 143 (98.0 %) 74 (98.7 %)
TAC 2 (1.4 %) 1.3 %)
TAC + mTORi 1 (0.7 %) 0 (0.0 %)
CMV serological risk (17; %)

R+ 130 (89.0%) 75 (100.0%)
D-+/R— 16 (11.0 %) 0 (0.0 %)
Time fo T-SPOT-CMV (median; 1QR), d 48 (11-104) 11 .(9-17)

CMV-CMI risk-score (17; %)

Low risk 50 (34.2%) 23 (30.6%)
Intermediate risk 37 (25.3%) 27 (36%)
High risk 49 (33.6%) 25 (33.3%)

Prophylaxis use (inifiation (group A)/
prolongation (group B) (n; %)
Prophylaxis use in each group of CMV-CMI risk score (17; % of patients in this group)

27 (18.5%) 15 (20.0%)

Low risk 0 (0%) 0 (0.0%)
Intermediate risk 8 (21.6 %) 5 (18.5%)
High risk 19 (38.8%) 10 (40.0%)

CMV infection (n; %)
CMV replication
CMV-CSI

CMV disease

35 (23.9%)
18 (12.3%)
8 (5.4%)

14 (18.7%)
6 (8.0%)
3 (4.0%)

Group B
Group B Group B Group B
Late CMV CMI entire cohort Late CMV CMI Late CMV CMI
n=11 R+ T-cell depletion (n = 55) D+/R— (n = 16)
34 (47.9 %) 22 (40.0 %) 12 (75.0%)
55 +/- 13 57 +/- 12 50+/—13

71 (100.0 %)
47 (66.2 %)

55 (100.0 %)
33 (60.0 %)

16 (100.0 %)
14 (87.5 %)

14 (19.7 %) 7.(12.7 %) 7 (43.8 %)
44 (77.2 %) 39 (81.3 %) 5 (55.5 %)
57 (80.3 %) 54 (98.2 %)° 3 (18.8 %)

69 (97.2 %) 54 (98.2 %) 15 (93.8 %)

1(1.4 %) 1(1.8 %)
1(1.4 %) 0 (0.0 %) 1(6.2 %)
55 (77.5%) 55 (100.0%) 0 (0.0%)

16 (22.5 %) 0 (0.0 %) 16 (100.0 %)
102 (88-133) 97 (84-116) 166 (107-188)
27 (38.0%) 25 (45.5%) 2 (12.5%)
20 (28.2%) 17 (30.9%) 3 (18.8%)
24 (33.8%) 13 (23.6%) 11 (68.8%)
12 (16.9%) 7 (12.7%) 5 (31.3%)
0 (0.0%) 0 (0.0%) 0 (0.0%)
3 (15.0%) 2 (11.8%) 1 (33.3%)
9 (37.5%) 5 (38.5%) 4 (44.4%)

21 (29.5%)
12 (16.9%)
5 (7.0%)

11 (20.0%)
3 (6.4%)
0 (0.0%)

10 (62.5%)
9 (56.3%)
5 (31.3%)

ABMR, antibody mediated rejection; CMI, cell-mediated immunity; CMV, cytomegalovirus; D+, CMV 1gG seropositive donor; IQR interquartile range; 1S, immunosuppression; MMF,
mycophenolate mofetil; mTORi, mammalian target of rapamycin inhibitor; pp65, 65 kDa phosphoprotein; R—-, CMV IgG seronegative recipient; R+, CMV IgG seropositive-recipient; TAC,

tacrolimus.

?One patient with basiliximab induction, early ABMR treated with plasma exchange and i.v. Ig.

(CMV-CMI risk-score) as follows: (i) HR (both responses
below their respective threshold), (ii) IR (1 of the 2
responses below the respective threshold), and (iii) LR
(both responses above their respective thresholds).

Types of CMV Preventive Therapies

In the derivation cohort, patients received either anti-
viral prophylaxis with oral valganciclovir 900 mg/d
(adjusted to estimated glomerular filtration rate) during
the first 90 days in R+ receiving T-cell depletion or 180
days in D+/R—, or preemptive therapy based on
weekly CMV quantitative nucleic acid testing on whole
blood or plasma during the first month, every 2 weeks
until month 3, monthly until months 6, and every 2
months until month 12 after transplantation in R+
patients not receiving T-cell depletion.”

3048

In the validation cohort (Supplementary Figure S1),
decision to start or not prophylaxis in R+ not receiving
T-cell depletion (early CMV-CMI monitoring) and to
stop or extend prophylaxis after usual prophylaxis
duration in R+ patients receiving prophylaxis (3
months) and D+/R— patients (6 months) was made by
the clinician, being aware of the result of the CMV-CMI
risk score. In all patients displaying an LR CMV-CMI
risk-score, physicians followed a preemptive therapy
(either initially after transplantation in group A, or
after prophylaxis withdrawal in group B). In 82.9%
and 61.2% of patients with an IR and HR CMV-CMI
risk-scores, respectively, clinicians also followed a
preemptive strategy; whereas in 17.1% and 38.8% of
IR and HR patients, respectively, physicians initiated
(group A) or prolonged (group B) antiviral prophylaxis.

Kidney International Reports (2025) 10, 3044-3057
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a Replication b CMV-CSI Disease

IE1 pp65S IE1 pp65 IE1 pp65 IE1 pp65 IE1 pp65 IE1 pp65

CMV disease
/no CSl1 (n=16)

CMV-specific IFN-y spots/250 000 PBMCs
CMV-specific IFN-y spots/250 000 PBMCs

CMV-specific IFN-y spots/250 000 PBMCs

no CMV cmMV No CMV CSI CcMV sl
replication replication (n=499) (n=71)
(n=455) (n=115)

Figure 2. CMV-CMI results in the derivation cohort. CMV-CMI for patients developing (a) CMV replication, (b) CMV-CSI, and (c) CMV disease.
(a) Any CMV replication versus no replication among all patients: 2.0 (0.0-16.0) versus 10.0 (0.0-118.0) median IE-1-specific IFN-y spots/2.5 x 10°
PBMC respectively, P < 0.0001, and 27.0 (1.0-123.0) vs. 109.0 (4.0-332.0) median pp65-specific IFN-y spots/2.5 x 10° PBMC, respectively; P <
0.0001. (b) CMV-CSI versus no CMV-CSI among all patients: 1.0 (0.0-4.0) versus 10.0 (0.0-99.0) median IE-1-specific IFN-y spots/2.5 x 10° PBMC
respectively; P < 0.0001, and 6.0 (0.0-55.0) versus 109.0 (6.0-323.0) versus median pp65-specific IFN-y spots/2.5 x 10° PBMC respectively; P <
0.0001. (c) CMV disease versus no CMV disease among all patients: 2.5 (0.0-13.3) versus 10.0 (0.0-99.0) median IE-1-specific [FN-y spots/2.5 x
10° PBMC, respectively; P = 0.0424, and 68.2 (3.8-175.8.0) versus 109.0 (6.0-323.0) median pp65-specific IFN-y spots/2.5 x 10° PBMC
respectively, P = 0.2903). CMI, cell-mediated immunity; CMV, cytomegalovirus; CSI, clinically significant infection; D+, CMV IgG seropositive
donor; IE-1, immediate-early protein 1; IFN-y, interferon gamma; PBMC, peripheral blood mononuclear cell; pp65, 65 kDa phosphoprotein; R—,
CMV IgG seronegative recipient; R+, CMV IgG seropositive-recipient.

To ensure the safety and accuracy of the CMV-CMI
risk-score, patients undergoing prophylaxis with-
drawal were followed-up with polymerase chain reac-
tion monitoring during the following 3 (R+) and 6
months (D+/R—).

Statistical Analysis

Continuous data of CMV-specific T-SPOT.CMV against
each antigen (IE-1 and pp65) are presented as median
and interquartile range because of a nonnormal distri-
bution. Categorical data are presented as number and
percentage of patients. Groups were compared using
nonparametric Mann-Whitney U test for nonnormally
distributed continuous variables and Y test for cate-
gorical variables. The incidence of CMV events was
compared between groups with Kaplan Meier curves
using log-rank test. The evaluation of the potential
variation of the results between cohorts due to a batch-
to-batch effect was ruled out by performing a Kruskal-
Wallis test, followed by a post hoc Dunn test (data not
shown).

The statistical significance level was defined as 2-
tailed P-value < 0.05. Statistical analyses were per-
formed with IBM SPSS statistics (version 23, IMB
Corp., Amonk, NY) and GraphPad Prism (version 6.0,
GraphPad Software, San Diego, CA).

The CMV-CMI risk score predicting CMV infection
was done using receiver operating characteristic curve
analyses to obtain the most accurate thresholds for each
CMV-CMI antigen. Logistic regression analyses were
performed to determine the independent correlation
between variables and infection. The results were
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expressed as odds ratios with 95% CIs. The develop-
ment of a CMV-PrognosTIC risk model to quantify the
risk of infection was built using elastic net penalized
regression with the glmnet R package’”” using the
complete derivation cohort, and subsequently assessed
in the prospective validation cohort. A thorough
explanation and key TRIPOD items are presented in the
Supplementary Methods.

RESULTS

Characteristics of the Derivation Cohort

The derivation cohort included 570 kidney transplant
patients (Figure 1 and Table 1), including 166 D+/R—
and 404 R+ patients. Early CMV-CMI monitoring was
performed in 48 R+ patients (8.4%) who did not
receive T-cell depletion and on preemptive therapy at a
median time of 15 days posttransplant. All other pa-
tients were monitored later at the time of prophylaxis
withdrawal (n = 522 [91.6%], 356 R+ and 166 D+/R—,
median time to CMV-CMI testing 90 (90-98) days and
178 (106-198) days, respectively). In late CMV-CMI
monitoring groups, 241 of the 356 R+ patients
(67.7%) and 102 of the 166 D+/R— patients (61.4%)
received T cell depletion (3—4.5 mg/kg total dose).

Frequencies of CMV-CMI, Absolute Lymphocyte
Counts and CMV Infection Rates in the
Derivation Cohort

Median pp65 CMV-CMI frequencies were significantly
higher than IE-1-specific CMI; both being significantly
higher in R+ than D+/R— (Supplementary Figure S2A
and B). Patients who did not develop any viral
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Figure 3. Risk-score classification with IE-1 and pp65-specific CMV-CMI. (a) ROC curves for the risk of CMV replication. (b) ROC curves for the
risk of CMV-CSI. (c) Classification of patients in 3 distinct risk categories considering the combination of both IE-1 and pp65-specific CMI (CMV-
CMI risk-score): low-risk (LR), intermediate-risk (IR), and high-risk (HR). CMI, cell-mediated immunity; CMV, cytomegalovirus; CSI, clinically
significant infection; IE-1, immediate-early protein 1; pp65, 65 kDa phosphoprotein; ROC, receiver operating characteristics.

replication or CSI displayed higher IE-1 and pp65-
specific CMV-CMI frequencies than patients who did
(Figure 2a and b). Patients who developed CMV disease
showed lower IE-l-specific CMV-CMI (Figure 2c).
These differences were similar if assessed at either early
or late time points (Supplementary Figures S3 and S4).
There were no statistically significant differences,
albeit numerically, between groups when only study-
ing D+/R— patients (Supplementary Figure S5). No
association was observed between absolute lymphocyte
counts and subsequent CMV infection, or with either
IE-1 or pp65-specific CMI (Supplementary Figure S6).

Development of a CMV-CMI Risk-Score for
Immune Stratification

CMV-CMI AUCs for CSI significantly outperformed
those for any viral replication (Figure 3a and b). Most
sensitive or specific thresholds were 34 and 126 IFN-Y
spots/2.5.10° peripheral blood mononuclear cells
(PBMC) for IE-1 and pp65, respectively. Using these
CMV-CMI thresholds, patients were classified based on
each individual antigen into either HR (CMV-CMI re-
sponses below the threshold) or LR (CMV-CMI re-
sponses above the threshold), which resulted in good
sensitivity and NPV for CSI. However, when we com-
bined the 2 CMV-CMI antigen responses, patients were
reclassified into 3 risk categories: HR (low responses
against both antigens), LR (high responses against both
antigens), or IR (combined low and high response
against one of the 2 CMV antigens), improving their
predictive accuracy (Supplementary Table S1). As
shown in Figure 3¢, whereas approximately 50% of HR
patients were observed at the early monitoring assess-
ment and within D+/R— patients (87%), IR patients
were similarly represented in all clinical settings.
Notably, almost 40% of R+ patients (36% R+ without
T-cell depletion assessed early after transplant and
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39% at 3-month posttransplant in R+ receiving T-cell
depletion) showed an LR score.

Performance of the CMV-CMI Risk-Score in
Distinct Clinical Settings and Derivation Cohorts
Cumulative infection rates (any replication, CSI, and
disease) when considering CMV-CMI for each indi-
vidual CMV antigen were significantly higher among
HR patients (Figure 4). When patients were classified
into the 3-group risk categories by combining both
CMV antigens (using the CMV-CMI risk score), several
patients considered as LR either by the IE-1 or pp65
CMV-CMI response were reclassified as IR and devel-
oped higher rates of CMV replication and CSI.
Although CSI occurred in 3 of 195 LR (1.5%) and in 68
of 375 HR patients (18.1%) when considering IE-1
CMV-CMI, and in 7 of 244 1R (2.9%) and 64 of 326
HR patients (19.6%) when using pp65 CMV-CMI (Log-
rank test P < 0.0001), with the CMV-CMI risk-score, 2
of 159 LR patients (1.3 %), 6 of 121 IR (5.0 %), and 62
of 290 HR patients (21.7%) developed CSI (Log-rank
test P < 0.0001).

The same differences were observed when we
assessed the impact of the distinct immune-risk scores
on the rates of CMV replication, CSI, and disease when
CMV-CMI was assessed early after transplantation
(Supplementary Figure S7) and later at prophylaxis
withdrawal among R+ (Supplementary Figure S8) and
D+/R— patients (Supplementary Figure S9). The
composition of the IR group was fundamentally made
up of patients with preserved reactivity against pp65
but not against IE-1 (Supplementary Figure S10).

Prospective Validation of the CMV-CMI Risk-
Score

The incidence of CSI and disease in the whole valida-
tion cohort was 12.3% and 5.4%, respectively
(Table 2). None of the patients with LR developed CSI,
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Figure 4. CMV infection rates according to CMV-CMI risk stratification in the derivation cohort. Kaplan-Meier CMV infection-free survival
curves for (a, b, c) any CMV replication, (c, d, ) CMV-CSI, and (g, h, i) CMV disease in all patients of the derivation cohort according to (a, d, g)
IE-1-specific CMV-CMI, (c, f, i) pp65-specific CMV-CMI and for the combined IE-1 and pp65-specific CMV-CMI risk-score. CMI, cell-mediated
immunity; CMV, cytomegalovirus; CSI, clinically significant infection; IE-1, immediate-early protein 1; pp65, 65 kDa phosphoprotein.

which only occurred among IR and particularly among
HR SOT (12.8%, odds ratio: 18.82, 95% CI: 0.86—289.3,
P =0.0091 and 24.5%, odds ratio: 33.65, 95% CI: 1.93—
587, P = 0.0002, respectively) (Figure 5 and Table 3).
In this cohort, the NPV of the CMV-CMI risk score for
CMI (considering LR vs. IR/HR) was 100%. When we
stratified the groups according to the type of
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Figure 5. Kaplan-Meier CMV CSl|-free survival curves in the validation cohort. (a) KM CMV-CSI-free survival curves between different CMI-CMV
risk-scores and (b) when stratified according to the prevention strategies used. CMI, cell-mediated immunity; CMV, cytomegalovirus; CSI,
clinically significant infection; HR, high-risk CMI; IR, intermediate-risk CMI; LR, low-risk CMI.
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preventive strategy used, IR and HR patients following
a preemptive therapy (both in those following pre-
emptive therapy initiation early after transplantation in
group A, and those with prophylaxis withdrawal at the
time of the test in group B) developed significantly
higher CSI than those receiving antiviral prophylaxis
(both in those with early prophylaxis initiation in
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Table 4. Univariate and multivariate logistic regression analysis of main clinical, demographic and immunological variables predicting CMV-CSI
Univariate analysis

Multivariate analysis

Variables predicting CMV-CSI OR 95% Cl P OR 95% ClI P
Type of CMV preventive therapy (Prophylaxis vs. preemptive) 0.264 0.135-0.517 < 0.0001 0.171 0.064-0.456 < 0.0001
Sex (Male) 1.058 0.626-1.788 0.834

Age (yrs) 1.030 1.009-1.052 0.004 1.034 1.011-1.058 0.004
Induction (T-cell depletion) 0.603 0.366-0.993 0.047 12156 0.646-2.282 0.546
Serological risk (D+/R— vs R+) 2.920 1.760-4.844 < 0.0001 2222 1.173-4.210 0.014
IE-1 HR vs. LR 14.176 4.399-45.686 < 0.0001 5.721 1.5656-20.913 0.008
Pp65 HR vs. LR 8.270 3.717-18.402 < 0.0001 4.198 1.635-10.780 0.003
Absolute lymphocyte counts (Giga/L) 1.204 0.858-1.691 0.283

Cl, confidence interval; CMI, cell-mediated immunity; CMV, cytomegalovirus; CSI, clinically significant infection; D+, CMV IgG seropositive donor; HR, high-risk CMI; IE-1, inmediate-
early protein 1; LR, low-risk CMI; OR, odds ratio; pp65, 65 kDa phosphoprotein; R—-, CMV IgG seronegative recipient; R+, CMV IgG seropositive-recipient.

able to describe robust CMV-CMI cut-offs against 2
main CMV antigens (IE-1 and pp65), which stratify
patients into 3 different risk layers. Most importantly,
we show the high NPV of this CMV-CMI risk-score,
identifying patients at very LR of developing CSIs,
both asymptomatic high viral replication and disease
among different patient phenotypes and clinical sce-
narios; and thus, may help to safely stop or avoid
stringent preventive therapies. Interestingly, patients
classified as HR by the CMV-CMI risk-score in whom
prophylaxis therapy was initiated or prolonged had
lower incidences of infections than those undergoing
routine monitoring on preemptive therapy, because
they were reduced by almost 50%. These results open
the field for interventional trials to investigate the best
prevention strategy and duration in IR and HR
patients.

Although fewer D+/R— patients developed detect-
able CMV-CMI over time, the CMV-CMI risk-score
could also detect patients at very LR and in whom
prophylaxis was safely withdrawn in this group of
patients. The majority of D+/R— patients showed an
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HR profile with a low positive predictive value of the
test (having a negative test), which strongly suggests
that other immune cell subset counterparts may play a
key role protecting from CMV infection among these
patients.

Unlike other IFN-Y-release assays such as the
enzyme-linked immunosorbent assay—based Quanti-
FERON assay, main advantages of this CMV-CMI risk-
score based on the T-SPOT.CMV are that it provides
quantifiable CMV-specific T-cell frequencies and in-
forms of the CMI response against each of the 2 main
immunogenic CMV antigens, which seem to confer
differential immune protection than the assessment of a
single antigenic response.'''!%?%%¢

Notably, though the CMV-CMI risk-score identifies
3 risk groups, their quantifiable relative risk may differ
according to distinct clinical variables and scenarios.
Therefore, we incorporated key clinical and immuno-
logical predictors of CMV infection such as type of
preventive therapy, patient age, and serostatus
mismatch to the CMV-CMI risk-score to build a novel
CMV-PrognosTIC Score system, to better contextualize
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Figure 6. ROC curves of each variable and combination of variables for the risk of CMV-CSI, with respective AUC. AUC, area under the curve;
CMV-CSI, cytomegalovirus clinically significant infection; ROC, receiver operating characteristics. ROC curves were compared using the

DeLong method.
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Figure 7. CMV-PrognosTIC score performances. ROC curves of the CMV-PrognosTIC score in the (a) derivation and (b) validation cohorts. (c)
Calibration plot of the CMV-PrognosTIC score for the validation cohort. The graph represents the ratio of positive cases and the standard error
of the observed risk of CMV-CSI (Y axis) according to each centile of CMV-CSI risk predicted by the CMV-CMI PrognosTIC score (x axis),
illustrating the fit between expected and observed risk. Perfect calibration is represented by the line. We observe good predictions along all the
risk percentiles, with certain overdiagnosis of high-risk CMV-CMI for CSI (patient with a lower observed risk than the predicted risk when the
predicted risk is high). Density plot of the patients from the (d) derivation cohort and (e) validation cohort. Each model value (x axis) is
associated with a risk of CMV-CSI (dash lines representing different values of CMV-CSI risk). Density of patients for each model value is
represented on the graph, stratifying patients in 3 categories according to their CMV-CMI risk-score: LR (green), IR (blue) and HR (red).
Furthermore, individual patient's model value given by the CMV-Prognostic score is represented on the x-axis, characterizing each patient
by the occurrence (red) or not (black) of a CMV-CSI during follow-up. CMI, cell-mediated immunity; CMV, cytomegalovirus; CSlI,
clinically significant infection; HR, high-risk CMI; |E-1, immediate-early protein 1; IR, intermediate-risk CMI; LR, low-risk CMI; pp65, 65 kDa

phosphoprotein.

the global risk of infection and help decision-making
regarding the type and duration of preventive ther-
apy. As illustrated in Figure 6, the CMV-PrognosTIC
Score may provide some overlap between the 3 CMV-
CMI risk categories, which describe the influence of
the distinct clinical variables on the CMV-CMI
risk-score.

Our findings outperform data reported in recent
studies, including prospective, interventional, ran-
domized trials using different commercially available
assays.'”'**” Although all of them showed the poten-
tial usefulness of these CMV-CMI assays for early
prophylaxis withdrawal to avoid side effects and costs
of current antiviral therapies, they all showed a rela-
tively poor capacity of predicting CMV events, thus
exposing patients to unpredictable CMV replication
after earlier prophylaxis withdrawal. Although the
ideal diagnostic biomarker would be that with the
highest specificity and positive predictive value,”” in
the setting of preventive management of CMV
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infection, a sensitive assay with high NPV accurately
excluding the risk of CMV-CSI is a successful
achievement, because almost 40% of R+ patients may
safely benefit from reducing rigorous preventive stra-
tegies, while reducing overall related health care
costs.”” In addition, with the advent of novel antiviral
agents for preventing CMV infection,””’" this new
CMV risk prognostic tool may also help to better
individualize their use.

Our study has some limitations. First, both deriva-
tion cohorts pooled from different studies and valida-
tion cohorts with the inclusion of distinct SOT may
introduce a certain risk of selection bias. Moreover, the
number of patients assessed in the different clinical
scenarios is not balanced and fewer patients were
assessed early after transplantation as compared with
later time points. Nonetheless, the strong validation
performance of the assay in the validation study in
which we reproduced the same outcomes, strongly
supports the high similarities and value of this
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predictive system across different SOT patients and
clinical settings. However, the value of this CMV-CMI
risk-score has not been evaluated in lung and he-
matopoietic stem cell transplant recipients and thus,
would need to be confirmed. %% Finally, because all
patients of the study receiving T-cell depletion
received universal prophylaxis, we could not assess
whether the use of T-cell depletion was an independent
variable predicting CMV-CSI.

In conclusion, we have developed and validated a
CMV-CMI risk-score using the T-SPOT.CMV assay that
accurately identifies SOT at different risks of devel-
oping clinically relevant CMV infections. We have
shown its reproducibility across multiple patient co-
horts and within a prospective interventional study.
By integrating key clinical risk factors into the CMV-
CMI risk-score, we have built a robust prognostic
CMV risk-score system, the CMV-PrognosTIC Score,
which allows for a precise quantification of CMV
infection risk at the individual patient level that may
be readily implementable in clinical transplantation
and ultimately improve the safety and clinical out-
comes of SOT recipients.
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