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Abstract

After pediatric kidney transplantation, immunosuppressive therapy is given to avoid acute and chronic rejections.
However, the immunosuppression causes an increased risk of severe viral complications and bacterial infections and
is associated with serious side effects. It is therefore crucial to achieve the optimal individual balance between over-
and under-immunosuppression and thereby avoid unnecessary exposure to immunosuppressive drugs. In routine
use, steering of immunosuppressants is performed primarily by monitoring of trough levels that mirror
pharmacokinetics (although not, however, pharmacodynamics). Other diagnostic and prognostic markers to assess
the individual intensity of immunosuppression are missing. Potential methods to determine immune function and
grade of immunosuppression, such as analysis of the torque teno virus (TTV) load, QuantiFERON Monitor®, and
ImmuKnow® as well as virus-specific T cells (Tvis), are currently being evaluated. In some studies TTV load,
QuantiFERON Monitor® and ImmuKnow® were associated with the risk for post-transplant rejections and infections,
but randomized controlled trials after pediatric kidney transplantation are not available. Post-transplant monitoring
of Tvis levels seem to be promising because Tvis control virus replication and have been shown to correlate with
virus-specific as well as general cellular immune defense, which represents the individual’s susceptibility to
infections. Additional Tvis-monitoring provides an innovative opportunity to personalize the antiviral management
and the dosing of the immunosuppressive therapy after pediatric kidney transplantation to avoid unnecessary
therapeutic interventions and identify over-immunosuppression.
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Introduction
For many years, kidney transplantation has been the pre-
ferred treatment for pediatric patients with end-stage
renal disease. To avoid acute and chronic graft rejec-
tions, lifelong immunosuppressive therapy is necessary,
but this is associated with the risk of serious bacterial
and viral complications. Moreover, immunosuppressive
medication has side effects which include nephrotoxicity,

arterial hypertension, anemia, leucopenia, new-onset dia-
betes mellitus, dyslipidemia, hypertrichosis, bone mineral
disorders, growth impairment, malignancies, and delayed
sexual maturation [1–6]. It is therefore crucial to achieve
the optimal individual balance between over- and under-
immunosuppression and thereby avoid unnecessary ex-
posure to immunosuppressive drugs.
The immunosuppressive treatment impairs the indi-

vidual cellular immune response resulting in an elevated
incidence of severe viral complications, notably after
pediatric transplantation. Post-transplant primary
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infections or reactivations, especially by cytomegalovirus
(CMV), BK polyomavirus (BKPyV), or Epstein-Barr virus
(EBV) are associated with increased morbidity, mortality,
and graft failure, for example from CMV disease [7, 8],
BKPyV-associated nephropathy [9, 10], and EBV-
associated post-transplant lymphoproliferative disease
[11]. The outcome of post-transplant viral infections is
individually different, but prognostic markers are miss-
ing. Virus DNA and serology are the diagnostic stan-
dards used to guide immunosuppressive and antiviral
therapy in the case of primary virus infections or reacti-
vations, but they are insufficient to precisely predict the
individual risk of viral complications. An antiviral
prophylaxis or preemptive therapy is often recom-
mended, especially for CMV, but antiviral medication
should be restricted to patients with insufficient immune
defense because of the high costs and severe side effects
[12]. If antiviral drugs are not available, a preemptive re-
duction of immunosuppressive therapy is often per-
formed in case of post-transplant DNAemia to avoid
viral complications, especially for BKPyV [9] or for EBV
[13, 14], but on the other hand, it is associated with an
increased risk of under-immunosuppression and rejec-
tions. Accordingly, in case of self-limiting DNAemia, the
preemptive reduction of immunosuppressive therapy is
not only unnecessary but also hazardous. Because of the
lack of prognostic markers, it is actually difficult to limit
therapeutic interventions to patients with increased risk
of viral complications like CMV disease, BKPyV-
associated nephropathy, and post-transplant lymphopro-
liferative disease. The necessity of antiviral prophylaxis,
the timing of antiviral therapy, and the optimal dosing of
immunosuppressive therapy therefore remain a subject
for debate, inviting exploration of new biomarkers with
the aim to characterize over-immunosuppression and
preemptively identify patients with the risk of viral com-
plications and need for therapeutic intervention.
In routine use, diagnostic and prognostic markers to

assess the individual intensity of immunosuppression are
missing. Monitoring of immunosuppressive treatment is
most often performed using pharmacokinetic (PK) mon-
itoring by measuring trough levels of immunosuppres-
sants. Unfortunately, the lack of validated PK exposure
targets and the difficulty in extrapolating the pharmaco-
dynamics (PD) from current exposure levels are a major
limitation in the routine application of PK monitoring.
Actually, no direct assays that measure the pharmacody-
namic effect of immunosuppressants are available for
routine use.
Accordingly, the search for appropriate markers of the

individual strength of the immune response is crucial to
achieve the aim of a personalized immunosuppressive
therapy. Currently, ImmuKnow®, QuantiFERON Moni-
tor®, and monitoring of the torque teno virus (TTV) load

or virus-specific T cells (Tvis) are evaluated to
characterize the individual immune function and the in-
tensity of immunosuppression. Representing virus-
specific as well as general cellular immune response, the
analysis of Tvis level seems to be one of the most prom-
ising methods to steer antiviral and immunosuppressive
therapy after pediatric kidney transplantation (Table 1).

Innovative non-cellular biomarkers
In the last few years, multiple methods to measure the
grade of immunosuppression and thus to enable effect-
related immune monitoring have been assessed. Cyto-
kines and chemokines, especially IL-6 that can be rou-
tinely measured in most hospitals, showed some
correlation with clinical events after pediatric kidney
transplantation, but they seemed to be insufficient for
immune monitoring and failed to predict future infec-
tious events [35]. Different markers in the urine, which
include proteins such as perforin, granzyme B, CXCL9,
CXCL10, CXCR3 or CD3E, or mRNAs, as well as
markers in the blood, for example, donor-specific anti-
body (DSA) functionality, TRIB1, FOXP3, kSORT, miR-
142-5p, T cell subgroups, IFNy-ELISpot, B cell-related
genes, and others, have been tested for their relation to
immunological events such as acute and chronic rejec-
tion or operational tolerance. However, none of these
has been validated in independent cohorts [15].
Functional assays to determine immune function seem

to be a promising tool to optimize the dosing of immu-
nosuppressants after solid organ transplantation. Immu-
Know® (Cylex, Columbia, MD, USA) is a commercially
available assay measuring the amount of intracellular ad-
enosine triphosphate (ATP) produced by CD4 T cells
from whole blood after stimulation with phytohemagglu-
tinin. Some observational trials observed low ATP levels
in association with infections and high ATP levels in
case of rejections after kidney transplantation [17]
whereas other studies did not find any predictive value
of ImmuKnow® assay for rejection or infection after kid-
ney transplantation, especially after T cell depleting in-
duction therapy [18]. In a randomized controlled trial
after liver transplantation, the adjustment of the im-
munosuppressive therapy was based on ATP concentra-
tion of ImmuKnow® assay and resulted in less bacterial
and fungal infections without influence to rejection rate
[19]. However, randomized controlled trials after kidney

Table 1 Methods for immunemonitoring

Method Studies

Cytokines, chemokines [15, 16]

ImmunoKnow-Assay [17–21]

TorqueTenoVirus [16, 22–29]

Virus-specific T cells [30–34]
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transplantation are missing and the ImmuKnow® data
are inconsistent and a meta-analysis of six studies did
not support the use of the ImmuKnow® assay to predict
the risk of infections and acute rejections after renal
transplantation [20]. Another commercially available
functional assay is the non-pathogen-specific Quanti-
FERON Monitor® test (Qiagen) detecting global cell-
mediated immune response by plasma interferon-
gamma (IFNy) levels after stimulation of the whole
blood with a combination of antigens. An observational
cohort study after solid organ transplantation using the
QuantiFERON Monitor® showed significant lower IFNy
levels in case of post-transplant infections [21], but
interventional as well as pediatric data are lacking. Fur-
ther studies are necessary to define cut-off levels and to
analyze the benefit of intervention based on Quanti-
FERON Monitor® test. Neither ImmuKnow® nor Quanti-
FERON Monitor® reached clinical practice to date.
The torque teno virus (TTV) load was thought to

serve as a possible endogenous marker of the immune
function. TTV is a non-pathogenic, ubiquitous, circular
single-strand DNA virus which mirrors the net state of
immunosuppression [22]. TTV load increases under im-
munosuppressive therapy, and replication is inversely
correlated with the number and function of T cells [22–
24]. Several studies reported an association of TTV load
with the post-transplant presence of infections or rejec-
tions [16, 25–27], and recently, an observational trial
confirmed that high TTV load is related to an increased
risk of post-transplant infections and decreased risk of
rejections after kidney transplantation [28]. However, in
liver-transplanted children, it was reported that TTV
replication is influenced not only by immune status but
also by viral coinfection resulting in lower TTV load in
case of hepatitis E virus infection [29]. Many studies
showed a poor quality with a low level of evidence [22],
the results varied, and pediatric data after kidney trans-
plantation are missing. To assess the impact of TTV
load as a surrogate marker after kidney transplantation,
the measurement technique should be standardized and
interfering factors as age, immunosuppressive regimen,
and coinfection with other virus types have to be charac-
terized [22]. Until now, there have been no randomized
controlled interventional trials using TTV viral load for
steering of immunosuppression and confirm an add-
itional benefit of post-transplant TTV monitoring. Fu-
ture studies will show whether the measurement of TTV
replication will become an additional biomarker to steer
immunosuppressive therapy.

Virus-specific T cells as a promising biomarker
Virus-specific T cells (Tvis) have been shown to play a
key role in the control of virus replication [36]. Virus-
specific CD4-positive T cells (CD4 Tvis) detect viral

epitopes which are presented on major histocompatibil-
ity complex (MHC) class II molecules on antigen-
presenting cells such as B lymphocytes, dendritic cells,
and macrophages, and CD8-positive T cells (CD8 Tvis)
locate and destroy virus-infected cells which present
viral antigens by MHC class I molecules. Antigen-
specific CD4 and CD8 T cells have been identified in
most studies after stimulation with pooled peptides de-
rived from virus lysate representing a broad answer
against all viral surface antigens.
Also in children, it has been shown that the number of

Tvis is associated with the risk of virus diseases [30–33].
Regarding the high incidence of post-transplant viral
complications (especially in children), prophylaxis, diag-
nosis, and treatment of viral infections may be improved
by the inclusion of Tvis-analysis in routine monitoring
after kidney transplantation [36, 37]. Besides, there is in-
creasing evidence that Tvis mirror not only the virus-
specific but also the general cellular immune defense.
Thus, Tvis may serve as a marker to identify over-
immunosuppression [36–38].
A number of different assays are currently available for

the detection of the cellular response to viral antigens
[36], the main ones being the enzyme-linked immuno-
spot (ELISpot) assay, the enzyme-linked immunosorbent
assay (ELISA), intracellular cytokine staining followed by
fluorescence-activated cell sorting (FACS) analysis, and
MHC multimer staining. ELISpot, ELISA, and FACS as-
says are based on virus-specific in vitro stimulation of T
cells inducing activation markers. Stimulation is per-
formed by antigens such as virus-infected cell lysates,
virus particles, proteins, or peptides. The easiest meth-
odology is the ELISA, where cytokines such as IFNy can
be measured in the supernatant of stimulated cells, and
the ELISpot assay where IFNy is locally captured in mi-
crotiter plates. The disadvantage of these methods is that
they do not allow a subclassification of stimulated cells,
i.e., in CD4- and CD8-positive cells. The FACS analysis
using intracellular cytokine staining followed by flow cy-
tometry overcomes this drawback and allows a complete
sub-characterization of Tvis, but comes at the price of a
longer and more difficult methodology. In contrast,
MHC multimer staining is rapid and independent of
stimulation but has the disadvantage that special MHC/
peptide complexes have to be manufactured for each
antigen and MHC allele so that this test is expensive and
cumbersome, making it unfeasible for use in routine
care.

Steering of immunosuppressive therapy by virus-specific
T cells
Post-transplant monitoring has shown that the Tvis-
levels fluctuated depending on the intensity of immuno-
suppression in pediatric kidney recipients. During the
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initial post-transplant period—at the time of intensified
immunosuppressive therapy—the number of Tvis was
decreased and showed an increase after reduction of the
immunosuppressive drugs (own data, not published).
Interestingly, the risk of viremia, such as EBV, correlated
with the number of CD4 Tvis, not only against EBV but
also against other virus types as CMV and adenovirus
(ADV) (own data, not published). Accordingly, it is hy-
pothesized that Tvis represent not only the virus-specific
but also the general cellular immune defense and
thereby correlates with the individual susceptibility to in-
fections. It is also speculated that a high number of Tvis
could also represent underimmunosuppression and
might therefore be associated with a higher risk for im-
munological events such as acute and chronic cellular
and humoral infections. Serving as a marker of over- or
under-immunosuppression, additional post-transplant
monitoring of Tvis levels might therefore optimize dos-
ing of immunosuppressive drugs compared to blood
level monitoring alone. On this basis, we conducted the
investigator-initiated, multicenter IVIST trial, which is
the first randomized, controlled trial to consider the
benefit of additional steering of immunosuppressive
drugs by Tvis levels using intracellular cytokine staining
followed by FACS analysis [34, 38]. Sixty-four pediatric
kidney recipients were randomized 1:1 4 weeks after
transplantation either to a control group (n=33) with
classical trough level monitoring of immunosuppressants
or to an intervention group (n=31) with additional steer-
ing by Tvis levels. Regarding high prevalence, even in
childhood and long-term persistency after primary infec-
tion, CD4 Tvis against CMV, ADV, and herpes simplex
virus (HSV) were selected as being most suitable for
monitoring after pediatric kidney transplantation. Both
study groups received the same immunosuppressive
regimen consisting of cyclosporin A and everolimus,
with the same target range of trough levels. The primary
endpoint of the study was the estimated glomerular fil-
tration rate (eGFR) 2 years after transplantation. Second-
ary endpoints were the number and severity of viral
infections and the exposure to immunosuppressive
drugs, as well as biopsy-proven acute rejections and
safety. In terms of an effect-related drug monitoring, the
study design of the IVIST trial aimed to realize the
personalization of immunosuppressive management
after transplantation. The primary analysis detected no
difference in eGFR between the intervention and control
group 2 years after transplantation [34]. Patients in the
intervention group received significantly lower daily
doses (mg/m2) of everolimus (0.8±0.3 vs. 1.2±0.5, p=
0.004) and numerically lower doses of cyclosporin A
(78.4±20.0 vs. 88.4±26.5, p=0.13) resulting in signifi-
cantly lower trough levels (μg/L) of everolimus (3.5±0.7
vs. 4.5±0.8, p<0.001) and of cyclosporin A (47.4±9.9 vs.

64.1±11.1, p<0.001). In addition, fewer patients in the
intervention group received glucocorticoids 2 years after
transplantation (20% vs. 47%, p=0.04). Caused by CD4
Tvis <2 cells/μl a total of 125 dose reductions of immu-
nosuppressants (mainly based on ADV-Tvis) was per-
formed in 28/31 children of the intervention group with
a median of 4 Tvis-based dose reductions (range 0–10)
per patient. Nearly half of the Tvis-based dose reduc-
tions were carried out in the first 6 months after trans-
plantation. Only three Tvis-based dose increases were
implemented in two children. Despite reduced immuno-
suppressive therapy, the number of biopsy-proven acute
rejections did not increase in the intervention group but
was even numerically lower than in the control group
(p=0.11). Furthermore, the intervention group showed a
numerically lower risk for EBV DNAemia (p=0.09). The
numbers of DSAs and (serious) adverse events were
comparable in both groups [34]. Consequently, the IVIS
T trial demonstrated that additional steering of im-
munosuppressive therapy by Tvis levels is safe and re-
duces exposure to immunosuppressive drugs with
significantly lower trough levels but without increasing
the risk of acute rejections. It is the first randomized
controlled trial after pediatric kidney transplantation to
prove that an effect-related drug monitoring by Tvis per-
sonalizes the pediatric post-transplant care and might
serve as an additional marker that might complement—
but obviously not replace—traditional trough level
monitoring.

Perspectives
In pediatric kidney transplantation, new diagnostic strat-
egies, which mirror the individual cellular immune re-
sponse such as Tvis, seem to be promising to decide on
the necessity of antiviral medication and/or reduction of
immunosuppressive therapy and thereby detect over-
immunosuppression. The measurement of Tvis at the
time of onset of viremia, challenging whether a thera-
peutic intervention should be performed, could become
a part of routine practice. Prospective, interventional tri-
als comparing standard of care with T cell-based steer-
ing of antiviral and immunosuppressive therapy in case
of post-transplant viral infections are needed in order to
confirm the usability of this antiviral management after
pediatric transplantation. In addition to virus-specific
immune response, the levels of Tvis represent the gen-
eral cellular immune defense and thereby the intensity
of immunosuppression after pediatric kidney transplant-
ation serving as a marker to detect over-
immunosuppression, avoid unnecessary exposure to im-
munosuppressive drugs, and reduce their undesirable
side effects. Within a randomized controlled trial, the
additional Tvis-based immune monitoring has proven to
be safe and reduce immunosuppressive therapy after
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pediatric kidney transplantation, likely resulting in lower
drug costs and thereby even in an economical benefit.
Analysis of Tvis may become an important step towards
the introduction of precision medicine in pediatric kid-
ney transplantation to detect the individual intensity of
immunosuppression, realize an effect-related drug moni-
toring, and target a tailor-made immunosuppressive
therapy. With regard to existing data, Tvis seem to be a
reliable indicator of over-immunosuppression but lesser
effective to identify under-immunosuppression. Larger
validation trials in separate patient cohorts are needed
before this method can become standard of care. Cut-off
values might have to be adopted in different patient pop-
ulations as compared to the published levels.
Other immune markers, such as the TTV load, Immu-

Know®, QuantiFERON Monitor®, miRNA, or further cy-
tokines and chemokines, may offer additional benefits
for immune monitoring, but in contrast to Tvis-based
management, none of these biomarkers has been evalu-
ated within a randomized controlled trial after pediatric
kidney transplantation. Further interventional trials are
needed to investigate their potential for steering im-
munosuppression after solid organ transplantation. In
the future, a panel using different parameters of cellular
and humoral immune response in the urine and blood,
including immunosuppressant trough levels but also
Tvis, cytokines, miRNA, and others, could more accur-
ately characterize the individual strength of the immune
system of each kidney recipient to detect over- as well as
under-immunosuppression. Artificial intelligence, that
can use this panel to suggest an adjustment of immuno-
suppressive medication but which can also take into ac-
count all individual risk factors such as HLA-antigen
mismatches, ischemia time, underlying disease, donor
and recipient age, viral risk constellations, DSAs, prior
rejection episodes, and virus DNAemia as well as the
choice of immunosuppressive drugs and their specific
side effects, might then become the next step in preci-
sion medicine for pediatric kidney recipients. This will
herald a new era of personalized immunosuppressive
therapy leading to better graft and patient survival in the
future.

Abbreviations
ADV: Adenovirus; ATP: Adenosine triphosphate; BKPyV: BK polyomavirus;
CMV: Cytomegalovirus; DSA: Donor-specific antibody; EBV: Epstein-Barr virus;
ELISA: Enzyme-linked immunosorbent assay; ELISpot: Enzyme-linked
immunospot; FACS: Fluorescence-activated cell sorting; eGFR: Estimated
glomerular filtration rate; HSV: Herpes simplex virus; IFNy: Interferon-gamma;
MHC: Major histocompatibility complex; TTV: Torque teno virus; Tvis: Virus-
specific T cells

Acknowledgements
We thank Felicity Kay for language editing.

Authors’ contributions
LP and TA wrote this review together. Both authors have read and approved
the manuscript.

Funding
This review was not supported by any funding. Open Access funding
enabled and organized by Projekt DEAL.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
We consent to the terms of publication in the Molecular and Cellular
Pediatrics.

Competing interests
The authors declare that they have no competing interests concerning the
content of this Mini Review. The authors have a bias towards their own
published data.

Received: 13 April 2021 Accepted: 7 July 2021

References
1. Trompeter R, Filler G, Webb NJ, Watson AR, Milford DV, Tyden G, Grenda R,

Janda J, Hughes D, Ehrich JH, Klare B, Zacchello G, Bjorn Brekke I, McGraw
M, Perner F, Ghio L, Balzar E, Friman S, Gusmano R, Stolpe J (2002)
Randomized trial of tacrolimus versus cyclosporin microemulsion in renal
transplantation. Pediatr Nephrol 17(3):141–149. https://doi.org/10.1007/s004
67-001-0795-9

2. Naesens M, Kuypers DR, Sarwal M (2009) Calcineurin inhibitor
nephrotoxicity. Clin J Am Soc Nephrol 4(2):481–508. https://doi.org/10.2215/
CJN.04800908

3. Franke D, Thomas L, Steffens R, Pavicic L, Gellermann J, Froede K, Querfeld
U, Haffner D, Zivicnjak M (2015) Patterns of growth after kidney
transplantation among children with ESRD. Clin J Am Soc Nephrol 10(1):
127–134. https://doi.org/10.2215/CJN.02180314

4. Zhang H, Zheng Y, Liu L, Fu Q, Li J, Huang Q, Liu H, Deng R, Wang C (2016)
Steroid avoidance or withdrawal regimens in paediatric kidney
transplantation: a meta-analysis of randomised controlled trials. Plos One
11(3):e0146523. https://doi.org/10.1371/journal.pone.0146523

5. Tsampalieros A, Knoll GA, Molnar AO, Fergusson N, Fergusson DA (2017)
Corticosteroid use and growth after pediatric solid organ transplantation: a
systematic review and meta-analysis. Transplantation 101(4):694–703.
https://doi.org/10.1097/TP.0000000000001320

6. Schober T, Framke T, Kreipe H, Schulz TF, Grosshennig A, Hussein K,
Baumann U, Pape L, Schubert S, Wingen AM, Jack T, Koch A, Klein C,
Maecker-Kolhoff B (2013) Characteristics of early and late PTLD
development in pediatric solid organ transplant recipients. Transplantation
95(1):240–246. https://doi.org/10.1097/TP.0b013e318277e344

7. Hocker B, Zencke S, Pape L, Krupka K, Koster L, Fichtner A, Dello Strologo L,
Guzzo I, Topaloglu R, Kranz B, Konig J, Bald M, Webb NJ, Noyan A, Dursun
H, Marks S, Ozcakar ZB, Thiel F, Billing H, Pohl M, Fehrenbach H, Schnitzler P,
Bruckner T, Ahlenstiel-Grunow T, Tonshoff B (2016) Impact of everolimus
and low-dose cyclosporin on cytomegalovirus replication and disease in
pediatric renal transplantation. Am J Transplant 16(3):921–929. https://doi.
org/10.1111/ajt.13649

8. Hocker B, Zencke S, Krupka K, Fichtner A, Pape L, Dello Strologo L, Guzzo I,
Topaloglu R, Kranz B, Konig J, Bald M, Webb NJ, Noyan A, Dursun H, Marks
S, Yalcinkaya F, Thiel F, Billing H, Pohl M, Fehrenbach H, Bruckner T,
Tonshoff B (2016) Cytomegalovirus infection in pediatric renal
transplantation and the impact of chemoprophylaxis with (val-)ganciclovir.
Transplantation 100(4):862–870. https://doi.org/10.1097/TP.
0000000000000888

9. Josephson MA, Williams JW, Chandraker A, Randhawa PS (2006)
Polyomavirus-associated nephropathy: update on antiviral strategies. Transpl
Infect Dis 8(2):95–101. https://doi.org/10.1111/j.1399-3062.2006.00150.x

10. Hocker B, Schneble L, Murer L, Carraro A, Pape L, Kranz B, Oh J, Zirngibl M,
Dello Strologo L, Buscher A, Weber LT, Awan A, Pohl M, Bald M, Printza N,
Rusai K, Peruzzi L, Topaloglu R, Fichtner A, Krupka K, Koster L, Bruckner T,

Ahlenstiel-Grunow and Pape Molecular and Cellular Pediatrics             (2021) 8:8 Page 5 of 6

https://doi.org/10.1007/s00467-001-0795-9
https://doi.org/10.1007/s00467-001-0795-9
https://doi.org/10.2215/CJN.04800908
https://doi.org/10.2215/CJN.04800908
https://doi.org/10.2215/CJN.02180314
https://doi.org/10.1371/journal.pone.0146523
https://doi.org/10.1097/TP.0000000000001320
https://doi.org/10.1097/TP.0b013e318277e344
https://doi.org/10.1111/ajt.13649
https://doi.org/10.1111/ajt.13649
https://doi.org/10.1097/TP.0000000000000888
https://doi.org/10.1097/TP.0000000000000888
https://doi.org/10.1111/j.1399-3062.2006.00150.x


Schnitzler P, Hirsch HH, Tonshoff B (2019) Epidemiology of and risk factors
for BK polyomavirus replication and nephropathy in pediatric renal
transplant recipients: an international CERTAIN registry study.
Transplantation 103(6):1224–1233. https://doi.org/10.1097/TP.
0000000000002414

11. Laurent A, Klich A, Roy P, Lina B, Kassai B, Bacchetta J, Cochat P (2018)
Pediatric renal transplantation: a retrospective single-center study on
epidemiology and morbidity due to EBV. Pediatr Transplant 22(3):e13151.
https://doi.org/10.1111/petr.13151

12. Preiksaitis JK, Brennan DC, Fishman J, Allen U (2005) Canadian society of
transplantation consensus workshop on cytomegalovirus management in
solid organ transplantation final report. Am J Transplant 5(2):218–227.
https://doi.org/10.1111/j.1600-6143.2004.00692.x

13. Comoli P, Maccario R, Locatelli F, Valente U, Basso S, Garaventa A, Toma P,
Botti G, Melioli G, Baldanti F, Nocera A, Perfumo F, Ginevri F (2005)
Treatment of EBV-related post-renal transplant lymphoproliferative disease
with a tailored regimen including EBV-specific T cells. Am J Transplant 5(6):
1415–1422. https://doi.org/10.1111/j.1600-6143.2005.00854.x

14. Kanzelmeyer NK, Maecker-Kolhoff B, Zierhut H, Lerch C, Verboom M, Haffner
D, Pape L (2018) Graft outcomes following diagnosis of post-transplant
lymphoproliferative disease in pediatric kidney recipients: a retrospective
study. Transpl Int 31(4):367–376. https://doi.org/10.1111/tri.13071

15. Danger R, Sawitzki B, Brouard S (2016) Immune monitoring in renal
transplantation: the search for biomarkers. Eur J Immunol 46(12):2695–2704.
https://doi.org/10.1002/eji.201545963

16. Solis M, Velay A, Gantner P, Bausson J, Filipputtu A, Freitag R, Moulin B,
Caillard S, Fafi-Kremer S (2019) Torquetenovirus viremia for early prediction
of graft rejection after kidney transplantation. J Infect 79(1):56–60. https://
doi.org/10.1016/j.jinf.2019.05.010

17. He J, Li Y, Zhang H, Wei X, Zheng H, Xu C, Bao X, Yuan X, Hou J (2013)
Immune function assay (ImmuKnow) as a predictor of allograft rejection
and infection in kidney transplantation. Clin Transplant 27:351

18. Sageshima J, Ciancio G, Chen L, Dohi T, El-Hinnawi A, Paloyo S, Gaynor JJ,
Mattiazzi A, Guerra G, Kupin W, Roth D, Ruiz P, Burke GW (2014) Lack of
clinical association and effect of peripheral WBC counts on immune cell
function test in kidney transplant recipients with T-cell depleting induction
and steroid-sparing maintenance therapy. Transpl Immunol 30(2-3):88–92.
https://doi.org/10.1016/j.trim.2014.01.003

19. Ravaioli M, Neri F, Lazzarotto T, Bertuzzo VR, Di Gioia P, Stacchini G, Morelli
MC, Ercolani G, Cescon M, Chiereghin A, Del Gaudio M, Cucchetti A, Pinna
AD (2015) Immunosuppression modifications based on an immune
response assay: results of a randomized, controlled trial. Transplantation
99(8):1625–1632. https://doi.org/10.1097/TP.0000000000000650

20. Wang Z, Liu X, Lu P, Han Z, Tao J, Wang J, Liu K, Wu B, Yin C, Tan R, Gu M
(2014) Performance of the ImmuKnow assay in differentiating infection and
acute rejection after kidney transplantation: a meta-analysis. Transplant Proc
46(10):3343–3351. https://doi.org/10.1016/j.transproceed.2014.09.109

21. Mian M, Natori Y, Ferreira V, Selzner N, Husain S, Singer L, Kim SJ, Humar A,
Kumar D (2018) Evaluation of a novel global immunity assay to predict
infection in organ transplant recipients. Clin Infect Dis 66(9):1392–1397.
https://doi.org/10.1093/cid/cix1008

22. Rezahosseini O, Drabe CH, Sorensen SS, Rasmussen A, Perch M, Ostrowski SR,
Nielsen SD (2019) Torque-teno virus viral load as a potential endogenous
marker of immune function in solid organ transplantation. Transplant Rev
(Orlando) 33(3):137–144. https://doi.org/10.1016/j.trre.2019.03.004

23. Focosi D, Macera L, Pistello M, Maggi F (2014) Torque teno virus viremia
correlates with intensity of maintenance immunosuppression in adult
orthotopic liver transplant. J Infect Dis 210(4):667–668. https://doi.org/10.1
093/infdis/jiu209

24. Christensen JK, Eugen-Olsen J, SLrensen M, Ullum H, Gjedde SB, Pedersen
BK, Nielsen JO, Krogsgaard K (2000) Prevalence and prognostic significance
of infection with TT virus in patients infected with human
immunodeficiency virus. J Infect Dis 181(5):1796–1799. https://doi.org/10.1
086/315440

25. Fernandez-Ruiz M, Albert E, Gimenez E, Ruiz-Merlo T, Parra P, Lopez-
Medrano F, San Juan R, Polanco N, Andres A, Navarro D, Aguado JM (2019)
Monitoring of alphatorquevirus DNA levels for the prediction of
immunosuppression-related complications after kidney transplantation. Am
J Transplant 19(4):1139–1149. https://doi.org/10.1111/ajt.15145

26. Strassl R, Doberer K, Rasoul-Rockenschaub S, Herkner H, Gorzer I, Klager JP,
Schmidt R, Haslacher H, Schiemann M, Eskandary FA, Kikic Z, Reindl-

Schwaighofer R, Puchhammer-Stockl E, Bohmig GA, Bond G (2019) Torque
teno virus for risk stratification of acute biopsy-proven alloreactivity in
kidney transplant recipients. J Infect Dis 219(12):1934–1939. https://doi.org/1
0.1093/infdis/jiz039

27. Strassl R, Schiemann M, Doberer K, Gorzer I, Puchhammer-Stockl E,
Eskandary F, Kikic Z, Gualdoni GA, Vossen MG, Rasoul-Rockenschaub S,
Herkner H, Bohmig GA, Bond G (2018) Quantification of torque teno virus
viremia as a prospective biomarker for infectious disease in kidney allograft
recipients. J Infect Dis 218(8):1191–1199. https://doi.org/10.1093/infdis/jiy306

28. Doberer K, Haupenthal F, Nackenhorst M, Bauernfeind F, Dermuth F,
Eigenschink M, Schiemann M, Klager J, Gorzer I, Eskandary F, Reindl-
Schwaighofer R, Kikic Z, Bohmig G, Strassl R, Regele H, Puchhammer-Stockl
E, Bond G (2020) Torque teno virus load is associated with sub-clinical
alloreactivity in kidney transplant recipients: a prospective observational trial.
Transplantation. https://doi.org/10.1097/TP.0000000000003619

29. Beland K, Dore-Nguyen M, Gagne MJ, Patey N, Brassard J, Alvarez F, Halac U
(2014) Torque teno virus in children who underwent orthotopic liver
transplantation: new insights about a common pathogen. J Infect Dis
209(2):247–254. https://doi.org/10.1093/infdis/jit423

30. Schachtner T, Stein M, Reinke P (2017) CMV-specific T cell monitoring offers
superior risk stratification of CMV-seronegative kidney transplant recipients
of a CMV-seropositive donor. Transplantation 101(10):e315–e325. https://doi.
org/10.1097/TP.0000000000001825

31. Schultze-Florey RE, Tischer S, Schwerk N, Heim A, Eiz-Vesper B, Maecker-
Kolhoff B (2016) Monitoring of adenovirus (ADV)-specific T cells in a boy
with ADV pneumonia and disseminated disease after lung transplantation.
Transpl Infect Dis 18(5):756–760. https://doi.org/10.1111/tid.12569

32. Falco DA, Nepomuceno RR, Krams SM, Lee PP, Davis MM, Salvatierra O,
Alexander SR, Esquivel CO, Cox KL, Frankel LR, Martinez OM (2002)
Identification of epstein-barr virus-specific CD8+ T lymphocytes in the
circulation of pediatric transplant recipients. Transplantation 74(4):501–510.
https://doi.org/10.1097/00007890-200208270-00012

33. Comoli P, Azzi A, Maccario R, Basso S, Botti G, Basile G, Fontana I, Labirio M,
Cometa A, Poli F, Perfumo F, Locatelli F, Ginevri F (2004) Polyomavirus BK-
specific immunity after kidney transplantation. Transplantation 78(8):1229–
1232. https://doi.org/10.1097/01.TP.0000137932.44791.D3

34. Ahlenstiel-Grunow T, Liu X, Schild R, Oh J, Taylan C, Weber LT, Staude H,
Verboom M, Schroder C, Sabau R, Grosshennig A, Pape L (2021) Steering
transplant immunosuppression by measuring virus-specific T cell levels: the
randomized, controlled IVIST trial. J Am Soc Nephrol 32(2):502–516. https://
doi.org/10.1681/ASN.2020050645. Epub 2020 Dec 15.

35. Borsum N, Verboom M, Ahlenstiel-Grunow T, Pape L (2019) Cytokine profiles
in children after pediatric kidney transplantation with acute cellular
compared to chronic antibody-mediated rejection and stable patients: a
pilot study. Transplant Direct 5(11):e501. https://doi.org/10.1097/TXD.
0000000000000943

36. Sester M, Leboeuf C, Schmidt T, Hirsch HH (2016) The “ABC” of virus-specific
T cell immunity in solid organ transplantation. Am J Transplant 16(6):1697–
1706. https://doi.org/10.1111/ajt.13684

37. Ahlenstiel-Grunow T, Pape L (2021) Virus-specific T cells in pediatric renal
transplantation. Pediatr Nephrol 36(4):789–796. https://doi.org/10.1007/s004
67-020-04522-6

38. Ahlenstiel-Grunow T, Koch A, Grosshennig A, Fromke C, Sester M, Sester U,
Schroder C, Pape L (2014) A multicenter, randomized, open-labeled study to
steer immunosuppressive and antiviral therapy by measurement of virus
(CMV, ADV, HSV)-specific T cells in addition to determination of trough
levels of immunosuppressants in pediatric kidney allograft recipients (IVIS
T01-trial): study protocol for a randomized controlled trial. Trials 15:324

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ahlenstiel-Grunow and Pape Molecular and Cellular Pediatrics             (2021) 8:8 Page 6 of 6

https://doi.org/10.1097/TP.0000000000002414
https://doi.org/10.1097/TP.0000000000002414
https://doi.org/10.1111/petr.13151
https://doi.org/10.1111/j.1600-6143.2004.00692.x
https://doi.org/10.1111/j.1600-6143.2005.00854.x
https://doi.org/10.1111/tri.13071
https://doi.org/10.1002/eji.201545963
https://doi.org/10.1016/j.jinf.2019.05.010
https://doi.org/10.1016/j.jinf.2019.05.010
https://doi.org/10.1016/j.trim.2014.01.003
https://doi.org/10.1097/TP.0000000000000650
https://doi.org/10.1016/j.transproceed.2014.09.109
https://doi.org/10.1093/cid/cix1008
https://doi.org/10.1016/j.trre.2019.03.004
https://doi.org/10.1093/infdis/jiu209
https://doi.org/10.1093/infdis/jiu209
https://doi.org/10.1086/315440
https://doi.org/10.1086/315440
https://doi.org/10.1111/ajt.15145
https://doi.org/10.1093/infdis/jiz039
https://doi.org/10.1093/infdis/jiz039
https://doi.org/10.1093/infdis/jiy306
https://doi.org/10.1097/TP.0000000000003619
https://doi.org/10.1093/infdis/jit423
https://doi.org/10.1097/TP.0000000000001825
https://doi.org/10.1097/TP.0000000000001825
https://doi.org/10.1111/tid.12569
https://doi.org/10.1097/00007890-200208270-00012
https://doi.org/10.1097/01.TP.0000137932.44791.D3
https://doi.org/10.1681/ASN.2020050645
https://doi.org/10.1681/ASN.2020050645
https://doi.org/10.1097/TXD.0000000000000943
https://doi.org/10.1097/TXD.0000000000000943
https://doi.org/10.1111/ajt.13684
https://doi.org/10.1007/s00467-020-04522-6
https://doi.org/10.1007/s00467-020-04522-6


This text is made available via DuEPublico, the institutional repository of the University of
Duisburg-Essen. This version may eventually differ from another version distributed by a
commercial publisher.

DOI: 10.1186/s40348-021-00118-8
URN: urn:nbn:de:hbz:465-20230704-180918-7

This work may be used under a Creative Commons Attribution 4.0
License (CC BY 4.0).

https://duepublico2.uni-due.de/
https://duepublico2.uni-due.de/
https://doi.org/10.1186/s40348-021-00118-8
https://nbn-resolving.org/urn:nbn:de:hbz:465-20230704-180918-7
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Abstract
	Introduction
	Innovative non-cellular biomarkers
	Virus-specific T cells as a promising biomarker
	Steering of immunosuppressive therapy by virus-specific T cells

	Perspectives
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

