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Background: Defining the optimal dosage of the immunosuppressive or duration of

anti-infective agents is a challenge in solid organ transplant (SOT) recipients. We aimed

to systematically review the literature regarding the use of T cell mediated immune

functional assays (IFAs) for adjustment of the immunosuppressive or anti-infective agents

in SOT recipients.

Methods: We systematically searched PubMed, Scopus, EMBASE, Web of Science

(WOS), Cochrane Central Register of Controlled Trials (CENTRAL), and ClinicalTrials.gov

to find human interventional studies or study protocols that used either in-house or

commercially available IFAs for adjustment of the immunosuppressive or anti-infective

agents in SOT recipients.

Results: We included six clinical trials and six study protocols. Four out of the six clinical

trials used interferon-γ release assays for cytomegalovirus (IGRA-CMV), and five out of

the six registered study protocols planned to use IGRA-CMV for adjustment of anti-CMV

antiviral (Valganciclovir) prophylaxis or preemptive therapy in SOT recipients. Primary or

secondary anti-CMV prophylaxes were discontinued in SOT recipients who had positive

IGRA-CMV results without an increase in the rate of CMV infection or reactivation. Among

other IFAs, one clinical trial used interferon-γ release assays for tuberculosis (IGRA-TB),

and one study used ImmuKnow for adjustment of the duration and dosage of isoniazid

and tacrolimus, respectively.

Conclusion: Our systematic review supports a promising role for the IGRA-CMVs for

adjustment of the duration of anti-CMV antiviral prophylaxis in SOT recipients. There

are limited data to support the use of IFAs other than IGRA-CMVs for adjustment of
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immunosuppressive or anti-infective agents. Further multicenter randomized clinical trials

using IFAs other than IGRA-CMVs may help in personalized immunosuppressive or

prophylactic anti-infective therapy in SOT recipients.

Keywords: transplantation, immune system, immunosuppressive agent, anti-infective agent, immune functional

assay

INTRODUCTION

Solid-organ transplantation (SOT) is a life-saving treatment
option for patients with terminal organ failure (1).
To avoid rejection of the transplanted organ, SOT
recipients receive life-long immunosuppressive therapy (1).
Immunosuppressive therapy, however, is a double-edged
sword; over-immunosuppression may precipitate cancers and
infections, while under-immunosuppression increases the
risk of graft rejection (2, 3). Consequently, monitoring of the
immunosuppressive drug-level is part of the standard of care
in SOT recipients. However, infection rates may differ in SOT
recipients who receive the same immunosuppression regimen,
and with equal trough level of the immunosuppressive agents
(4). Moreover, SOT recipients usually receive a combination of
immunosuppressive agents with different mechanisms of action
(5, 6), and therapeutic drug monitoring of individual drugs may
not accurately reflect the immune status. To prevent infections,
SOT recipients may need prophylactic anti-infective agents for
cytomegalovirus (CMV) disease, tuberculosis, pneumocystis
pneumonia (PCP), and some other infective agents but there is no
accurate measure to guide optimal duration of the prophylactic
anti-infective agents in SOT recipients (7, 8). Thus, more precise
tools to monitor the function of the immune system in SOT
recipients and to guide the dosing of immunosuppressants and
anti-infective agents are needed.

Immune functional assays (IFAs) are assays that use
a stimulant to trigger the immune cells and afterward
record the functional immune response (4, 9–11) As such,
IFAs may be used to monitor the immune function and
could be used in approaches toward personalized treatment
with immunosuppressive and anti-infective agents. Several
standardized (commercially available) and in-house IFAs have
been introduced. A common feature of these IFAs is that mainly
test T cell function (11–14). We aimed to systematically review
the literature regarding the use of T cell mediated IFAs for
adjustment of the immunosuppressive or anti-infective agents in
SOT recipients.

A Summary of the Available IFAs
Several commercially available in vitro IFAs are routinely
used in research and clinical practice (9, 10). Assays
such as ImmunKnow R©, QuantiFERON R©-TB Gold, T-
SPOT R©.TB, QuantiFERON R©-CMV, T-Track R© CMV, and
T-SPOT R©.CMV, are examples of commercially available IFAs
(9–11). Below we summarize the mechanism of action of the
mentioned commercially available in vitro IFAs used in solid
organ transplantation.

ImmuKnow®

Most of the cell functions are dependent on the production of
adenosine triphosphate (ATP) and intracellular synthesis of ATP
is amarker of cell activity (15). ImmunKnow R© (Cylex, Columbia,
USA) uses this principle to measure the activity of CD4+
T lymphocytes (10). In ImmuneKnow R©, phytohemagglutinin
(PHA) is used to stimulate lymphocytes, and the concentration of
ATP is measured using the bioluminescence method (Figure 1)
and reported in nanograms per milliliter (ng/ml) (10). According
to the recommendations by manufacturer, ATP levels equal to
or lower than 225 ng/mL are interpreted as a low immune cell
response, while ATP levels equal to or higher than 525 ng/mL are
interpreted as a high immune cell response (10).

T-lymphocytes are the main target of most
immunosuppressive agents, including cyclosporine and
tacrolimus (5). Therefore, the ImmunKnow R© assay is relevant
as an IFA to monitor the immune system in SOT recipients.
Immunosuppressive agents are present both in plasma and
inside the red blood cells, ImmunKnow R© is performed on a
sample of whole blood to ensure that lymphocytes are tested
in the presence of immunosuppressive drugs. Moreover,
pre-purification of lymphocytes is not necessary to perform
the ImmunKnow R© assay and this decreases the iatrogenic
stimulation of lymphocytes (10). Using whole blood is one of
the advantages of this assay (16). However, PHA is not a specific
stimulator of CD4+ T lymphocytes, and all types of living cells
produce ATP. Furthermore, the requirement for purification and
lysis of CD4+ T lymphocytes after stimulation are among the
disadvantages of ImmunKnow R©. This assay was approved by
U.S. Food and Drug Administration (FDA) (17).

Interferon-Gamma Release Assays for Tuberculosis

(IGRA-TB)

QuantiFERON R©-TB Gold and T-SPOT R©.TB assays
The interferon-gamma release assay for tuberculosis (IGRA-TB)
is an in vitro assay that measures the production of IFN-γ
following stimulation of T lymphocytes with Mycobacterium
tuberculosis (M. tuberculosis) specific antigens (Figure 2). The
antigens used are highly specific for M. tuberculosis and are not
found in most of the non-tuberculous mycobacterium, including
Bacillus Calmette-Guérin (BCG) (18). Currently, there are two
commercially available IGRA-TB, the QuantiFERON R©-TB Gold
(Qiagen, Hilden, Germany) and T-SPOT R©.TB assay (Oxford
Immunotec, Abingdon, UK) (11, 18–20).

In the QuantiFERON R©-TB Gold In-Tube, whole blood
is incubated with the M. tuberculosis specific antigens (early
secreted antigenic target 6 (ESAT-6), culture filtrate protein
10 (CFP-10), and TB 7.7. The IFN-γ in the supernatant is
measured using an enzyme-linked immunosorbent assay
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FIGURE 1 | In ImmuKnow assay, a sample of whole blood is incubated with phytohemagglutinin (PHA) for 15–18 h. PHA stimulates lymphocytes and lymphocytes

including CD4+ T lymphocytes produce adenosine triphosphate (ATP). Anti-CD4 antibodies attached to magnetic particles are added and attach to CD4+ T

lymphocytes. CD4+ T lymphocytes are purified and after washing, are lysed. A luminescence reagent (a mixture of luciferin and luciferase) is added. ATP activates

luciferase and this enzyme cut luciferin which results in light production. The produced light is measured using the bioluminescence method and reported in

nanograms per milliliter (ng/ml). The figure designed by authors using Gravit Designer.

FIGURE 2 | The Interferon-Gamma Release Assays (IGRAs) is performed according to two different methods. In the QuantiFERON, whole blood is incubated with

specific antigens overnight (16–24 h). Antigens stimulate lymphocytes and sensitized lymphocytes release interferon-gamma. The interferon-gamma is measured

using an enzyme linked immunosorbent assay (ELISA) and is reported as international units (IU) per milliliter. In the T-Track or T.SPOT assay peripheral blood

mononuclear cell (PBMC) purified from whole blood are incubated with specific antigens overnight, and sensitized PBMCs release interferon-gamma. The

interferon-gamma is measured using an enzyme-linked immunosorbent spot (ELISPOT) and is reported as the number of the formed spots on the ELISPOT’s plate.

The figure designed by authors using Gravit Designer.

(ELISA) technique (Figure 2) and reported as international
units (IU) per milliliter (18, 21). QuantiFERON R©-TB Gold
Plus is a new generation of QuantiFERON R©-TB Gold
that uses a peptide cocktail that mimick the ESAT-6 and
CFP-10 antigens and stimulate CD4+ T lymphocytes,
plus an additional set of peptides that stimulate CD8+
T lymphocytes (19).

In T-SPOT R©.TB assay, peripheral blood mononuclear cells
(PBMCs) are separated from a sample of whole blood using the
Ficoll method (density gradient centrifugation), and a defined
number of PBMCs are incubated with ESAT-6 and CFP 10
resulting in release of IFN-γ from sensitized T lymphocytes
(20, 22). T-SPOT R©.TB is an enzyme-linked immunosorbent
spot (ELISPOT) assay with pre-coated plates with anti-IFN-γ
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antibodies (Figure 2) (11, 18). The use of highly M. tuberculosis
specific antigens is one of the advantages of the QuantiFERON R©-
TB Gold and T-SPOT R©.TB assays. This decreases the risk of
false-positive results in individuals who have received the BCG
vaccine or who are infected with other strains of mycobacteria.
IGRAs, however, have a high number of indeterminate results
and poor reproducibility mainly in immunocompromised
patients (23–26). In comparison with QuantiFERON R©-TB Gold,
the T-SPOT R©.TB assay is more laborious, takes more time, and
needs specific laboratory equipment for purification of PBMCs
(27, 28). Both assays approved by FDA and QuantiFERON R©-
TB Gold has the Conformitè Europëenne Mark (CE Mark) for
commercial use in Europe (19, 20).

Interferon-Gamma Release Assays for

Cytomegalovirus (IGRA-CMV)

QuantiFERON R©-CMV and T-Track R© CMV
The principal of the IGRA-CMV is similar to the IGRA-TB
(Figure 2), however, CMV specific antigens are used in IGRA-
CMV (29). Three commercially available IGRA-CMV are
available. QuantiFERON R©-CMV (Qiagen, Hilden, Germany),
T-Track R© CMV assay (Lophius, Regensburg, Germany), and
T-SPOT R©.CMV (Oxford Immunotec, Abingdon, UK) (29–31).

The QuantiFERON R©-CMV assay monitors the immune
response to the cytomegalovirus (CMV). QuantiFERON R©-CMV
uses human leukocyte antigen (HLA) class I specific synthetic
CMV epitopes to stimulate CMV-specific CD8+ T lymphocytes.
These epitopes are peptide sequences of pp65, pp50, immediate-
early 1 (IE-1), and the glycoprotein gB antigens (Figure 2) (29).

T-Track R© CMV assay stimulates PBMCs with recombinant
pp65 and IE-1 antigens that are called T-activated R© proteins.
These T-activated R© proteins have been processed and can
stimulate CD4+ T lymphocytes, CD8+ T lymphocytes, and
natural killer cells (Figure 2) (30). In terms of principal,
T-SPOT R©.CMV is similar to T-Track CMV and uses pp65 and
IE-1 CMV antigens as the stimulator (31).

When comparing QuantiFERON R©-CMV, T-Track R© CMV,
and T-SPOT R©.CMV, the QuantiFERON R©-CMV is easier to
perform as it does not need laboratory instruments for
purification of PBMCs (Figure 2) (31). However, the ELISPOT
based assays are more sensitive than ELISA based assays for the
detection of cytokines including IFN-γ in the supernatant (32).
QuantiFERON R©-CMV, T-Track R© CMV, and T-SPOT R©.CMV
are not FDA approved, however are CE Marked for commercial
use in Europe (31, 33, 34).

MATERIALS AND METHODS

Search Strategy
We used the preferred reporting items for systematic reviews and
meta-analyses (PRISMA) statement (35). The clinical question
was designed according to the PICOS process and keywords
selected to cover the clinical question (36).We searched PubMed,
Scopus, EMBASE, Web of Science (WOS), Cochrane Central
Register of Controlled Trials (CENTRAL), and ClinicalTrials.gov
from 1 January 1970 to 15 May 2020. In a complementary search,
we did a manual search in google using the mentioned keyword

combinations.We also studied the reference list of eligible studies
for any additional relevant papers.

Two independent investigators searched the mentioned
databases using the same search terms and screened the retrieved
papers by title and abstract. Potentially relevant papers were read
in full-text and included if inclusion criteria were fulfilled.

The study protocol of this systematic review was registered
on the international prospective register of systematic reviews
(PROSPERO) with registration number of CRD42020182068.

Inclusion Criteria
We included studies on human recipients of solid organs
of any type and any age group. The studies should use at
least one of the commercially available or in-house IFAs for
adjustment of dosage or duration of immunosuppressive and/or
prophylactic anti-infective agents. We included interventional
studies including randomized or non-randomized clinical trials.
In regard to the type of articles only original articles, brief
reports, research correspondence, or study protocols in English
were included. We excluded studies that did not full-fill the
inclusion criteria. We also excluded review articles, case reports,
and conference proceedings.

Full Electronic Search Strategy in PubMed
We used the following MeSH terms in PubMed from 1 January
1970 to 15 May 2020 and found 75 hits.

(((((((“Interferon-gamma Release Tests” [Mesh])
OR “Enzyme-Linked Immunospot Assay” [Mesh]) OR
“Phytohemagglutinins” [Mesh]) OR “Lipopolysaccharides”
[Mesh]) OR “Mitogens” [Mesh])) AND (((“Antibiotic
Prophylaxis” [Mesh]) OR “Immunosuppressive Agents”
[Mesh]) OR “Anti-Infective Agents” [Mesh])) AND
“Organ Transplantation”[Mesh].

Using the free-text terms in the same time-period, we found
797 hits in PubMed.

(((((((((((IGRA) OR QuantiFERON) OR ImmuKnow)
OR T-Track) OR T.SPOT) OR TruCulture)) OR ((ELISpot)
OR FluoroSpot))) OR ((((phytohaemagglutinin) OR
lipopolysaccharides) OR proliferation assay) OR in-house
assay))) AND ((((prophylaxis∗) OR antibiotic) OR antiviral) OR
immunosuppress∗)) AND organ transplant∗.

We used the same combination of the free-text terms to search
Scopus, EMBASE, WOS, CENTRAL, and CinicalTrials.gov.

Data Extraction and Risk of Bias of the
Included Studies
The selected papers were studied in full text by the same two
investigators who did the search process (OR and DLM). We
used the Cochrane risk of bias tools for randomized (RoB 2.0)
and non-randomized (ROBINS-I) clinical trials (37, 38). We also
used the online version of robvis (visualization tool) to draw the
traffic light plots and weighted bar plots. Risk of bias tools use
standard signaling questions and elicit aspects of a clinical trial
that are related to the risk of bias. According to an algorithm and
based on the answers to the signaling question, the risk of bias
is evaluated (37, 38). Using traffic light plots and weighted bar
plots, the judgment for risk of bias in randomized clinical trials is
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FIGURE 3 | PRISMA flow diagram for the included studies.

shown as either low, some concerns, or high, and the judgment
for non-randomized clinical trials is shown as low, moderate, or
high (37, 38).

The included studies were not homogenous, hence we could
not perform a meta-analysis and only used narrative data
synthesis for the results.

RESULTS

Out of 915 published papers and registered study protocol,
six papers and six study protocols met our inclusion criteria

and were selected for data extraction (Figure 3). The summary
of the included papers and study protocols are shown in
Tables 1, 2, respectively.

ImmuKnow® Guided Adjustment of
Immunosuppressive and Anti-infective
Agents in SOT Recipients
Liver Transplant Recipients
In a randomized trial of 202 adult liver transplant recipients, SOT
recipients were assigned to the intervention (100 out of 202) or
control groups (102 out of 202) and were followed for 1-year
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TABLE 1 | Summary of the published interventional studies.

Author

location

[Reference

no.]

Number of patients vs.

controls

Immune

functional

assay

[Reference no.]

Study design Summary of methods Main Findings Imitations The

overall

risk of

bias

Ravaioli et al.

(39), Italy

Adult liver transplant

recipients (n = 202

including 102 patients in

the intervention and 100 in

the control group)

ImmuKnow® Randomized

clinical trial

In the intervention group, the

tacrolimus dose decreased by

25% when the ImmuKnow® result

was compatible with a low immune

response (<130 ng/mL ATP) and

increased by 25% when the

ImmuKnow® result was

compatible with a robust immune

response (>450 ng/mL ATP).

ImmuKnow® was done before

transplantation, immediately after

the transplantation, on the first day

after, weeks 1 to 4, 6, and 8, and

months 3 to 6, 9, and 12

post-transplantation.

In the control group, the tacrolimus

dose was tapered according to the

standard practice in the center.

Liver transplant recipients with a

higher model for end-stage liver

disease (MELD) score had lower

ImmuKnow® results.

One-year survival was significantly

higher in the intervention group.

The rate of infection episodes later

than 14 days post-transplantation

was lower in the intervention group

than in controls.

Recipients in the control group had a

higher risk of hospital admission due

to infection and a longer duration of

admission than the intervention

group.

Median through-level of tacrolimus

was significantly lower in the

intervention group at third, sixth, and

twelfth months post-transplantation

than controls.

ImmuKnow® was correlated with the

presence of infection during the first

6 months post-transplantation, while

tacrolimus through-level was only

correlated with the presence of

infections during the

first-month post-transplantation.

Only liver

transplant

recipients

included.

Some

concerns

Kim et al. (40),

Korea

Adult kidney and/or

pancreas transplant

recipients (n = 784)

521 out of 784 had

negative or indeterminate

T-SPOT.TB results, while

262 had positive

T-SPOT.TB results.

263 T-SPOT®.TB positive

transplant recipients

randomly assigned in the

intervention (n = 131) or

control (n = 132) groups.

T-SPOT.TB Randomized

clinical trial

The kidney and or pancreas

transplant recipients who had

positive T-SPOT.TB but had no

clinical or radiologic evidence of

latent tuberculosis infection,

randomized in intervention or

control group.

Patients in the intervention group

received 9 months of isoniazid,

which was started after

transplantation.

The control group did not receive

isoniazid and only were

followed up.

In a median follow up of 1.8 years

post-transplantation, 7 out of 784

(0.9%) transplant recipients

developed tuberculosis.

None of the transplant recipients in

the interventional group developed

tuberculosis, while 3 out of 132 (2%)

in the control group and 4 out of 521

(1%) in the IGRA negative group

developed tuberculosis.

Insufficient

statistical

power.

Some

concerns

Westall et al.

(41), Australia

Adult lung transplant

recipients (n = 118)

QuantiFERON®-

CMV

assay

Randomized

clinical trial

Adult lung transplant recipients

who were at high risk of CMV

infection (D+/R–) or reactivation

(D+/R+), received antiviral

prophylaxis for 5 months after

transplantation, at the end of the

fifth month, QuantiFERON®-CMV

assay was done and transplant

recipients categorized according to

the results.

Antiviral prophylaxis discontinued

in SOT recipients who had positive

QuantiFERON®-CMV assay

(≥0.2 IU/mL IFN-γ) (Control group,

n = 36). In the intervention group

(n = 82), antivirals postponed for 3

months, and this process repeated

at the end of the eighth and

eleventh months

post-transplantation.

Regardless of the

QuantiFERON®-CMV assay

results, prophylaxis discontinued at

the end of the eleventh month.

CMV infection within the lung

allograft was observed in 21 out of

36 (58%) of controls in comparison

with 30 out of 82 (37%) in the

intervention group (P = 0.03).

The incidence of viremia was 6

(16.7%) in controls and 3 (3.7%) in

the intervention group (P = 0–02).

Only lung

transplant

recipients

included.

Some

concerns

(Continued)
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TABLE 1 | Continued

Author

location

[Reference

no.]

Number of patients vs.

controls

Immune

functional

assay

[Reference no.]

Study design Summary of methods Main Findings Imitations The

overall

risk of

bias

Poglajen et al.

(42), Slovenia

Adult heart transplant

recipients (n = 154)

QuantiFERON®-

CMV

assay

Non-

randomized

clinical trial

All the heart transplant recipients

received antiviral prophylaxis for

100 days post-transplantation.

CMV PCR was done on the day

100 post-transplantation, and SOT

recipients who had negative CMV

PCR were categorized into

QuantiFERON®-CMV assay

guided or standard of care groups.

In the QuantiFERON®-CMV assay

guided (the intervention group, 41

out of 154) a QuantiFERON®-CMV

assay was done and antiviral

prophylaxis discontinued if the

result was positive. However, if the

result was negative,

QuantiFERON®-CMV assay

repeated every 100 days until the

assay became positive, and at that

time, antiviral prophylaxis was

discontinued. In the standard of

care (the control group, 113 out of

154) antiviral prophylaxis

discontinued after 100 days.

Participants were followed for 1

year after discontinuation of

antiviral prophylaxis. Prior to

transplantation, 81, 17, and 2% of

recipients in the intervention and

84, 12, and 4% in the control

groups were D±/R+, D+/R–, and

D–/R–, respectively.

The mean duration of antiviral

prophylaxis was longer in the

intervention group than the control

group (155 ± 102 days vs. 104 ± 48

days, p < 0.05).

During 12 months of follow up, the

intervention group had lower rates of

CMV infection than the control (5 vs.

19%, p = 0.03).

Non-

randomized

and single-

center

study.

Serious

Kumar et al.

(43), Canada

27 Adult SOT recipients (7

kidney, ten liver, six lung,

and four combined SOT

recipients)

(14 QuantiFERON®-CMV

positive and 13

QuantiFERON®-

CMV negative)

QuantiFERON®-

CMV

assay

Non-

randomized

clinical trial

Antiviral treatment started in SOT

recipients with the first

documented episode of CMV

infection according to the standard

clinical care. At the end of

treatment, a blood sample was

taken, and the

QuantiFERON®-CMV assay was

done.

Antiviral discontinued in SOT

recipients with positive

QuantiFERON®-CMV assay (≥0.2

IU/mL IFN-γ). Otherwise, antivirals

were postponed for 2 months

(secondary prophylaxis).

SOT recipients monitored with

CMV PCR, on 2-weeks intervals,

and up to 3 months after

completion of the treatment.

All the 27 SOT recipients responded

to antiviral therapy, and CMV viral

load was undetectable in a median

of 33 days after transplantation.

Out of the 27 SOT recipients, 14

recipients were QuantiFERON-CMV

assay positive, and 13

QuantiFERON®-CMV assay

negative.

Nine out of the 13

QuantiFERON®-CMV negative and 1

of the 14 QuantiFERON®-CMV

positive SOT recipients had CMV

recurrence (p = 0.001).

Small

sample size.

It only

included

asymptomatic

patients with

CMV viremia

or mild to

moderate disease.

Moderate

Jarque et al.

(44), Spain

Kidney transplant

recipients (n = 160)

T-SPOT.CMV

assay

Randomized

clinical trial

Kidney transplant recipients who

were anti-CMV Ab D+/R+ enrolled

in this study. T-SPOT®.CMV (IE-1

specific) assay was done prior to

transplantation, and according to

the results, SOT recipients were

allocated into the Group A (low

risk, n = 103) or Group B (high

risk, n = 57). The cut-off for low

and high-risk SOT recipients was

20 spots per 300,000 PBMCs.

SOT recipients in both group

A and B, underwent randomization

to receive either antiviral

prophylaxis

During 12 months follow up, 57 out

of 160 (36%) and 9 out of 160 (6%)

of SOT recipients developed CMV

infection and disease, respectively.

High risk SOT recipients who

received preemptive therapy had

higher rates of CMV infection (73 vs.

44%, p = 0.013), CMV infection

required treatment (53 vs. 19%,

p = 0.001) and CMV disease (20

vs. 4%, p = 0.028) than low risk

SOT recipients who received

preemptive therapy.

Only D+/R+

kidney

transplant

recipients

included.

Some

concerns

(Continued)
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TABLE 1 | Continued

Author

location

[Reference

no.]

Number of patients vs.

controls

Immune

functional

assay

[Reference no.]

Study design Summary of methods Main Findings Imitations The

overall

risk of

bias

(for 3 months) or preemptive

antiviral therapy and followed up

for 12 months.

In addition, T-SPOT®.CMV was

done 15 days post-transplantation

in both groups.

When high and low-risk SOT

recipients who received prophylactic

antiviral were compared, rates of

CMV infection was higher in the

high-risk group (33 vs. 4%,

p = 0.003). While the significance in

the rate of CMV infection required

treatment, was borderline (19 vs.

4%, p = 0.056) and CMV disease

(4 vs. 0%, p = NA) was not

significantly different.

Risk stratification of SOT recipients

according to the T-SPOT®.CMV

values 15 days post-transplantation,

was more accurate than the risk

stratification according to the

T-SPOT®.CMV values prior to

the transplantation.

post-transplantation. ImmuKnow R© was used to guide the dosage
of tacrolimus in the intervention group (39). The tacrolimus
dosage was decreased by 25%when the ATP value was lower than
130 ng/mL and increased by 25% when the ATP value was higher
than 450 ng/mL (39). In the control group, the tacrolimus dosage
was adjusted according to the tacrolimus trough level. Tacrolimus
trough level onmonth 3, 6, and 12 post-transplantationwas lower
in the intervention group than in the controls. SOT recipients in
the intervention group had lower incidence of bacterial (32 vs.
46%, p < 0.05) and fungal (2 vs. 11%, p < 0.05) infections during
the first year post-transplantation (39). However, the incidence of
viral infections (22 vs. 23%) was similar. Lower ATP levels were
associated with the presence of any infection during the first 6
months post-transplantation. In contrast, the tacrolimus trough
level was only correlated with the presence of infection during
the first month but not with infection in the last 11 months of the
first year post-transplantation (39).

Kidney Transplant Recipients
Among registered clinical trials, we only found one open-label
randomized control trial that used ImmuKnow R©, and this trial
was registered in 2011 and finished in 2012 (45). However,
we could not find any results or published articles related to
the clinical trial. No other ongoing or published interventional
studies have used ImmuKnow R© to guide dosage of anti-infective
agents in adult SOT recipients.

QuantiFERON®-TB Gold and/or
T-SPOT®.TB Guided Adjustment of
Immunosuppressive and Anti-infective
Agents in SOT Recipients
Kidney Transplant Recipients
T-SPOT R©.TB assay was used to decide when to initiate anti-
tuberculosis prophylaxis in a randomized clinical trial of 784
adult kidney and/or pancreas transplant recipients in south

Korea which is an intermediate-TB-burden country (40). SOT
recipients with positive T-SPOT R©.TB (263 out of 784), who
did not have any clinical or radiologic evidence of active
tuberculosis, were randomly assigned to the intervention (131 out
of 263) or control (132 out of 263) groups. SOT recipients with
negative or indeterminate T-SPOT R©.TB results were followed
in a parallel arm (521 out of 784) of the study. SOT recipients
in the intervention group received 9 months of isoniazid as
anti-tuberculosis prophylaxis, while controls, as well as patients
in the parallel arm, did not receive isoniazid. In a median follow
up of 1.8 years, none of the SOT recipients in the intervention
group developed tuberculosis, while 2% of the controls (incidence
rate of 1.22 per 100 person-years) and 0.8% of the SOT recipients
in the parallel-arm (incidence rate of 0.43 per 100 person-years)
were diagnosed with tuberculosis (40).

We could not find any other published interventional studies
or study protocols that used QuantiFERON R©-TB Gold for dose
adjustment of immunosuppressive or anti-infective agents in
SOT recipients.

QuantiFERON®-CMV, T-Track® CMV, or
T-SPOT®.CMV Guided Adjustment of
Immunosuppressive and Anti-infective
Agents in SOT Recipients
Heart Transplant Recipients
A recent study used QuantiFERON R©-CMV to adjust the
duration of anti-CMV antiviral (valganciclovir) prophylaxis in a
non-randomized clinical trial of 154 heart transplant recipients
(42). Prior to transplantation, more than 80% of SOT recipients
were CMV seropositive while had seropositive or seronegative
donors. All the SOT recipients received antiviral prophylaxis for
100 days post-transplantation. CMV polymerase chain reaction
(PCR) was done on the day 100 post-transplantation, and SOT
recipients who had negative CMV PCR were categorized into
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TABLE 2 | Summary of the registered interventional study protocols.

Code,

location

Start year

[Reference

no.]

Number of

patients vs.

controls

Detection

method

[Reference

no.]

Study

design

Summary of methods Aims of the study

NCT01424345,

USA, 2011,

NIH (45), (This

trial finished in

2012, but the

results are not

accessible).

Adult kidney

transplant

recipients

(Estimated

number of

participants is

40)

ImmuKnow® Randomized

controlled trial

Adult kidney transplant recipients will be included in

this study. The dosage of immunosuppressive

agents in the control group will be adjusted

according to the current laboratory results. In the

intervention group, the dosage of

immunosuppressive agents will be adjusted

according to the results of ImmuKnow and the

routine post-transplant lab results. Both of the

groups will be followed up for 12 months after

transplantation.

To define the proportion of infection

and rejection during the first year after

transplantation.

To define the quality of life of the

kidney transplant recipients one-year

post-transplantation.

To define allograft function and graft

and recipient survival in the first

year post-transplantation.

NCT03699254,

Spain, 2011,

Paez-Vega et

al. (46)

Adult lung

transplant

recipients

(Estimated

number of

participants is

150 including

75 in the

interventional

and 75 in the

control group)

QuantiFERON®-

CMV

assay

Phase III

randomized,

multicenter,

non-inferiority

clinical trial

Adult lung transplant recipients who are at risk of

CMV reactivation (–/R+) will include in this study.

In the control group, lung transplant recipients will

receive anti-CMV prophylaxis for 6 months

post-transplantation. From the end of the sixth

month up to the end of the twelfth month, episodes

of CMV reactivation will be treated by antivirals.

In the intervention group, lung transplant recipients

will receive antiviral prophylaxis for 3 months after

transplantation. QuantiFERON®-CMV will be done

at the end of the third month, and antiviral

prophylaxis will be discontinued if the

QuantiFERON®-CMV is positive (≥0.2 IU/mL IFN-γ).

If the QuantiFERON®-CMV is negative, antivirals

prophylaxis will be continued for one additional

month, and this process will be repeated monthly

up to the end of the twelfth month after

transplantation.

All the recipients will follow for 18 months or more

post-transplantation for any evidence of

CMV infection.

To define the efficacy of the

immune-guided antiviral prophylaxis

for the prevention of CMV disease in

lung transplant recipients (Intervention

group).

To define the efficacy of the universal

antiviral prophylaxis for the prevention

of CMV disease in lung transplant

recipients (Control group).

To compare interventional and control

groups.

To define a new cut-off for the

QuantiFERON®-CMV assay,

if applicable.

CN-

01898092,

Czech

Republic,

2018, ILTS

(47)

Adult kidney

transplant

recipients

(Estimated

number of

participants is

150)

Quantiferon®-

CMV

assay

Phase IV

randomized,

non-inferiority

clinical trial

Prior to transplantation adult kidney transplant

recipients who are D+/R–, D+/R+, or D-/R+ will be

randomized to one of the QuantiFERON®-CMV

guided (intervention group) or standard protocol

guided (control group) pre-emptive therapy. Weekly

quantitative CMV PCR will be done during the first 4

weeks post-transplantation.

Three weeks post-transplantation a second

QuantiFERON®-CMV assay will be done in the

intervention group and QuantiFERON®-CMV

positive SOT recipients (CMV stimulation ≥0.2

IU/mL plus mitogen stimulation ≥0.5 IU/mL) will be

followed with quantitative CMV PCR on months 2,

3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 15, 18, 21, and 24.

QuantiFERON®-CMV negative (CMV stimulation

<0.2 IU/mL plus mitogen stimulation ≥0.5 IU/mL)

and indeterminate (CMV stimulation <0.2 IU/mL

plus mitogen stimulation <0.5 IU/mL) patients, as

well as SOT recipients in the control group, will be

undergone weekly CMV PCR up to the month 4

post-transplantation. Thereafter, CMV PCR will be

done on months 5, 6, 7, 8, 9, 10, 11, 12, 15, 18,

21, and 24.

At any point, the CMV viral load more than 1,000

IU/mL will be treated with valganciclovir or

gancyclovir per protocol.

All patients will be followed up to 4 years after

transplantation or until death.

To define the cumulative incidence of

CMV infection (DNAemia) with a viral

load of ≥2,000 IU/mL defined by

positive PCR for CMV DNA in whole

blood up to 12 months

post-transplantation.

To define the cumulative incidence of

CMV disease (defined by clinical

symptoms + presence of CMV

DNAemia by quantitative PCR CMV

DNA test).

To define the graft and patients’

survival and complications up to 36

months post-transplantation.

(Continued)
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TABLE 2 | Continued

Code,

location

Start year

[Reference

no.]

Number of

patients vs.

controls

Detection

method

[Reference

no.]

Study

design

Summary of methods Aims of the study

NCT02784756,

Canada,

2016, NIH

(48)

Adult kidney,

kidney-

pancreas,

liver, or heart

transplant

recipient

(Estimated

number of

participants is

200)

Quantiferon®-

CMV

assay

Phase III

clinical trial

with a single

arm

Adult SOT recipients who are D+/R– or –/R+ and

receive antithymocyte globulin induction therapy will

include in this study.

The duration of antiviral prophylaxis will define

according to the results of Quantiferon®-CMV assay

in specific time points during the study.

More details are not accessible.

To use Quantiferon®-CMV assay as a

guide for the duration of primary CMV

prophylaxis in SOT recipients.

To define the number of SOT

recipients with symptomatic CMV

disease (Tissue invasive or viremia)

during the first year

after transplantation.

NCT03123627,

Spain,

2016(49)

Adult kidney

transplant

recipients

(Estimated

number of

participants is

105)

Quantiferon®-

CMV

assay

Phase III

randomized

Clinical Trial

Adult kidney transplant recipients who are CMV

seropositive and Quantiferon®-CMV assay reactive

at the time of transplantation and receive

antithymocyte globulin induction therapy will be

included in this study. The control group will receive

a fixed duration of 3 months of antiviral prophylaxis

after transplantation.

The intervention group will receive antiviral

prophylaxis and will be monitored with

Quantiferon®-CMV assay at the days +15, +30,

and +60 post-transplantation. The antiviral will be

discontinued if the Quantiferon®-CMV assay is

positive. Otherwise, antiviral will be continued up to

the day +90 post-transplantation.

Both groups will be followed 12 months

post-transplantation for evidence of CMV disease.

To define the incidence of CMV

disease in kidney transplant recipients

at 12 months after transplantation.

To define the predictive value of

Quantiferon®-CMV assay for the

duration of anti-CMV

antiviral prophylaxis.

NCT02538172,

Switzerland,

2015, NIH

(50)

Adult kidney

and liver

transplant

recipients

(Estimated

number of

participants is

200)

T-Track®

CMV assay

and

Quantiferon-

CMV®

assays

Randomized

controlled trial

Adult SOT recipients who are D+/R– or –/R+ and

receive antithymocyte globulin induction therapy will

be included in this study.

The control group will receive a fixed duration of 3 or

6 months of antiviral prophylaxis.

In the intervention group, SOT recipients will receive

CMV antiviral prophylaxis and will be monitored with

two different assays every 4 weeks from the second

month after transplantation. Antiviral prophylaxis will

be discontinued in T-Track® CMV assay positive

patients and will be continued until the maximal

duration of prophylaxis (3–6 months).

After discontinuation of the antiviral prophylaxis,

SOT recipients in both groups will be followed up in

for evidence of CMV replication up to 12 months

after transplantation. If viral replication detects by

PCR, standard treatment will be done according to

local guidelines.

To use CMI as a guide for the

duration of primary CMV prophylaxis

in SOT recipients.

To define the incidence of CMV

infection and CMV viremia in SOT

recipients during the first year after

transplantation.

To define graft survival during the

study, follow up.

QuantiFERON R©-CMV assay guided or standard of care groups.
In the QuantiFERON R©-CMV assay guided (the intervention
group, 41 out of 154) a QuantiFERON R©-CMV assay was done
and antiviral prophylaxis discontinued if the result was positive.
However, if the result was negative, QuantiFERON R©-CMV assay
repeated every 100 days and antiviral prophylaxis continued until
the assay became positive, and at that time, antiviral prophylaxis
was discontinued. In the standard of care (the control group,
113 out of 154) antiviral prophylaxis discontinued after 100 days.
Participants were followed for 1 year after discontinuation of
antiviral prophylaxis. Using QuantiFERON R©-CMV, the duration

of anti-CMV antiviral prophylaxis was longer (155 ± 102 days
vs. 104 ± 48 days, p < 0.05), but the rate of CMV infection
(5 vs. 19%, p= 0.03) was lower in the intervention group (42).

Lung Transplant Recipients
In another clinical trial of 118 CMV seropositive lung transplant
recipients, QuantiFERON R©-CMV was used to guide the
duration of antiviral prophylaxis (41). All the SOT recipients
received antiviral prophylaxis for 5 months post-transplantation.
QuantiFERON R©-CMV was done at the end of the fifth month,
and antiviral prophylaxis discontinued in SOT recipients who
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had positive results (control group). In SOT recipients who
had negative QuantiFERON R©-CMV, antiviral prophylaxis was
continued, and viral PCRs were monitored regularly up to the
time point when the QuantiFERON R©-CMV result converted
to positive (Interventional group). The maximum duration
of antiviral prophylaxis in SOT recipients who had negative
QuantiFERON R©-CMV results was 11 months. The CMV
infection in the lung allograft was defined as CMV viral load
of more than 600 copies/mL in bronchoalveolar lavage (BAL).
The incidence of CMV viremia (23 vs. 33%, p = ns) and
CMV infection in the lung allograft (37 vs. 58%, p = 0.03) was
lower in the intervention group than in the control group. In
other words, QuantiFERON R©-CMV guided prophylaxis favored
a lower incidence of CMV in lung allograft (i.e. BAL) but not
CMV viremia. Although, the incidence of severe lung CMV
infection (CMV viral load > 10,000 copies in BAL) did not differ
between the two arms (11 vs. 11%, p= ns) (41).

Several trails of QuantiFERON R©-CMV in SOT recipients are
underway. An ongoing phase III clinical trial on an estimated
number of 150 lung transplant recipients was registered in 2019.
In this clinical trial, researchers plan to use QuantiFERON R©-
CMV guided anti-CMV prophylaxis to reduce the duration of
antiviral prophylaxis (46).

Kidney Transplant Recipients
A phase III clinical trial with an estimated number of 105
CMV-seropositive kidney transplant recipients plans to assess
QuantiFERON R©-CMV guided anti-CMV prophylaxis (49). A
phase IV randomized clinical trial registered in 2018 with an
estimated number of 150 adult kidney transplant recipients aims
to use QuantiFERON R©-CMV as a guide for preemptive therapy
of the CMV infection (47).

A recent multicenter double-blind randomized clinical
trial included adult kidney transplant recipients who were
anti-CMV antibody donor positive / recipient positive prior
to transplantation (44). This clinical trial used T-SPOT R©.CMV
and assigned SOT recipients into the interventional groups.
T-SPOT R©.CMV (IE-1 specific) assay was done prior to
transplantation, and according to the results, SOT recipients
were allocated into the low-risk or high-risk groups. The
cut-off to discriminate low- and high-risk SOT recipients
were 20 spots per 300,000 PBMCs. Both low- and high-risk
SOT recipients underwent randomization to receive either
anti-CMV prophylaxis (for 3 months) or preemptive antiviral
therapy (44). In addition, T-SPOT R©.CMV was done 15 days
post-transplantation in both groups. During one-year follow-
up post-transplantation, 57 out of 160 (36%) and 9 out of 160
(6%) of SOT recipients developed CMV infection and disease,
respectively. High risk SOT recipients who received preemptive
therapy had higher rates of CMV infection (73% vs. 44%,
p = 0.013), CMV infection that required treatment (53 vs. 19%,
p= 0.001) and CMV disease (20 vs. 4%, p= 0.028) than low-risk
SOT recipients who received preemptive therapy. When low-
and high-risk SOT recipients who received prophylactic antiviral
treatment were compared, rates of CMV infection was higher in
the high-risk group (33 vs. 4%, p= 0.003) (44).

Heart, Lung-, Liver-, Kidney- and Pancreas

Transplant Recipients
Other than primary prophylaxis, QuantiFERON R©-CMV has
been used to guide the duration of secondary prophylaxis in a
group of 27 SOT recipients including lung, liver, and kidney
transplant recipients (43). Antiviral treatment started in SOT
recipients with the first documented episode of CMV infection
according to the standard of clinical care. At the end of
treatment, the QuantiFERON R©-CMV assay was done. Antiviral
treatment was discontinued in SOT recipients with positive
QuantiFERON R©-CMV assay (≥0.2 IU/mL IFN-γ). Otherwise,
oral valganciclovir or intravenous ganciclovir were continued
for 2 months (secondary prophylaxis). SOT recipients were
monitored with CMV PCR with 2-weeks intervals, and up to 3
months after completion of the treatment. SOT recipients who
had negative QuantiFERON R©-CMV, and received secondary
prophylaxis, had a higher rate of recurrence during follow up
compared to QuantiFERON R©-CMV positive recipients (9 out of
the 13 vs. 1 out of the 14, p= 0.001). The study concluded that in
the SOT recipients who finished their treatment course and had
a positive QuantiFERON R©-CMV, it is reasonable to discontinue
secondary antiviral prophylaxis (43).

A phase III clinical trial registered in 2016, aims to use
QuantiFERON R©-CMV guided anti-CMV prophylaxis in an
estimated number of 200 adult kidney-, pancreas-, liver-, or
heart transplant recipients who received induction therapy with
antithymocyte globulin (48). An open-label clinical trial was
registered in 2015 and planned to use T-Track R© CMV to guide
the duration of primary CMV antiviral prophylaxis in kidney-
or liver-transplant recipients. The estimated number of SOT
recipients to be included in this clinical trial was 200 and the
status of the clinical trial is recruiting and results have not
communicated yet (50).

TruCulture® and Adjustment of
Immunosuppressive and Anti-infective
Agents in SOT Recipients
TruCulture R© is a relatively new IFA in comparison with
ImmuKnow R© and IGRAs. Hence, it has not been used in clinical
trials on SOT recipients yet. We could not find any published or
registered clinical trial that used TruCulture R© in SOT recipients.

Risk of Bias
The overall risk of bias was with some concerns for 2 out of 4
randomized clinical trials. The other 2 randomized clinical trials
had a high risk of bias (Figure 4). One of the non-randomized
clinical trials had a serious overall risk of bias and the other one
had a moderate risk of bias (Figure 5).

DISCUSSION

In a systematic review, we found only six published papers
and six registered protocols describing interventional studies
aiming to investigate the use of IFAs for adjustment of the
immunosuppressive or anti-infective agents in SOT recipients.
Four out of the six published clinical trials used one of the
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FIGURE 4 | (A) Traffic light plots; (B) weighted bar plots for randomized clinical trials. The overall risk of bias was with some concerns for 2 out of 4 randomized

clinical trials. The other 2 randomized clinical trials had a high risk of bias.

commercially available IGRA-CMVs (41–44), and five out of
the six registered protocols planned to use the IGRA-CMVs
for adjustment of the antiviral prophylaxis or preemptive
therapy (46, 48–50).

Infections and drug-related complications are highly
prevalent and affect both the survival and quality of life of the
SOT recipients (51–54). Only one published interventional study
used ImmuKnow R© to adjust the dosage of immunosuppression
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FIGURE 5 | (A) Traffic light plots; (B) weighted bar plots for non-randomized clinical trials. One of the non-randomized clinical trials had a serious overall risk of bias

and the other one had a moderate risk of bias.

in liver transplant recipients (39). Using ImmuKnow R© as a
guide to dosing of tacrolimus subsequently decreased bacterial
and fungal infections and improved survival in SOT recipients

(39). However, it was a single-center study, only liver transplant
recipients were included and there were some concerns for
risk of bias due to deviation from intended intervention and
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reported results (39). ImmuKnow R© uses PHA as a stimulant and
measures the ATP that is produced by CD4+ T lymphocytes.
Previous meta-analyses have not reached a consistent conclusion
on the routine use of ImmuKnow R© for prediction of infection
in SOT recipients (55, 56). A meta-analysis included ten
studies and showed that ImmuKnow R© could be used for
the prediction of infections in liver transplant recipients
(55). The other meta-analysis included six studies in kidney
transplant recipients but the results did not support the role of
ImmuKnow R© for the prediction of infections (56). It should
be noted that the study that we included in our systematic
review was not part of the previous meta-analyses (55, 56).
Other than the need for further clinical trials to define the
safety and feasibility of ImmuKnow R© in SOT recipients,
we need studies to define the most appropriate ATP cut-
off for discrimination of SOT recipients who are at risk of
infections (16).

One randomized clinical trial has used an IGRA-TB
(T-SPOT R©.TB) to guide the use of anti-tuberculosis
prophylaxis in SOT recipients (40). In the mentioned
study, tuberculosis developed in SOT recipients who did
not receive anti-tuberculosis prophylaxis regardless of the
T-SPOT R©.TB results, although the incidence rate was higher
in T-SPOT R©.TB positive SOT recipients. The study was
well-designed and the overall risk of bias was low (40). It is
reported that IGRA-TBs have a high rate of indeterminate
results (23), and underestimate the real burden of latent
tuberculosis in SOT recipients (48). Therefore, according
to the current evidence, it is not possible to decide for
or against the initiation of anti-tuberculosis prophylaxis
in SOT recipients who have negative or indeterminate
T-SPOT R©.TB results.

Despite prophylaxis and preemptive antiviral strategies, CMV
remains an important cause of post-transplantation infections
(51, 57). Moreover, CMV is among the main causes of
early graft loss, mortality, and morbidity in SOT recipients
(58). Given the importance and burden of CMV infections
and accessibility of CMV-specific and commercially available
IFAs, it is justifiable that most of the studies that we found
targeted CMV.

The feasibility of the IGRA-CMVs for adjustment of the
duration of primary or secondary CMV antiviral prophylaxis has
been shown in SOT recipients (41–43). It seems to be possible
to reduce the duration of primary or secondary CMV antiviral
prophylaxis in SOT recipients who are QuantiFERON R©-
CMV positive post-transplantation (41–43), although the
overall risk of bias for current clinical trials are moderate
to high and solid evidence preferentially from larger well-
designed studies including all types of transplanted solid
organs are warranted. Other than QuantiFERON R©-CMV, it
is possible to use T-SPOT R©.CMV for risk stratification of
the SOT recipients (44). However, the best cut-off point
for discrimination of the positive and negative IGRA-CMV
results is not a fixed value. One of the ongoing clinical
trials plans to define a new cut-off for QuantiFERON R©-CMV

in lung transplant recipients (37). The stimulating antigen,
the method for measuring the response, and timing of the
assessment can significantly affect the results and the cut-off
value (44, 59).

In this systematic review, we used a wide range of
keywords to find all the available evidence regarding the
use of IFAs to guide the dosing of immunosuppressants
or anti-infective agents in SOT recipients. It should be
mentioned that in the current guidelines there are different
clinical indications for use of the IGRA-CMV and IGRA-
TB in SOT recipients. IGRA-TB is an assays used for
risk assessment of latent TB prior to transplantation (60).
Although IGRA-CMV can be used for risk assessment of
CMV infection prior to transplantation, IGRA-CMV is mainly
used for assessment of risk of CMV reactivation post-
transplantation (58). We searched four medical research
databases and two clinical trial registries. Nevertheless, some
of the ongoing clinical trials might be registered in local or
regional registries, and wemay have missed such protocols in our
systematic review.

In conclusion, our systematic review supports the role of
IGRA-CMVs for adjustment of the duration of anti-CMV
antiviral prophylaxis in SOT recipients. We do not have enough
evidence regarding the routine use of the other T cell mediated
IFAs in guiding duration and dosage of immunosuppressive
agents or anti-infective agents in SOT recipients to make
conclusions regarding the clinical utility. Currently, several
ongoing clinical trials are underway, but large, randomized
clinical trials including other T cell mediated IFAs and all types
of transplanted solid organs are needed to evaluate the role of
IFAs in guiding immunosuppressive and anti-infective therapy
in SOT recipients.
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