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The Presence of a Marked Imbalance Between
Regulatory T Cells and Effector T Cells
Reveals That Tolerance Mechanisms Could Be
Compromised in Heart Transplant Children
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Esther Panadero, MD,? Rocio Lopez-Esteban,' Marta Martinez-Bonet, PhD," Marjorie Pion, PhD,’
and Rafael Correa-Rocha, PhD'

Background. Regulatory T cells (Treg) are crucial for the induction and maintenance of graft tolerance. In pediatric heart
transplant procedures, the thymus is routinely excised, removing the primary source of T-cell replenishment. Consequently,
thymectomy joined to the effects of immunosuppression on the T-cell compartment may have a detrimental impact on Treg
values, compromising the intrinsic tolerance mechanisms and the protective role of Treg preventing graft rejection in heart
transplant children. Methods. A prospective study including 7 heart transplant children was performed, and immune
cell populations were evaluated periodically in fresh peripheral blood at different time points before and up to 3 y post-
transplant. Results. Treg counts decreased significantly from the seventh-month posttransplant. Furthermore, there was
a significant increase in effector memory and terminally differentiated effector memory T cells coinciding with the fall of Treg
counts. The Treg/Teffector ratio, a valuable marker of the tolerance/rejection balance, reached values around 90% lower
than pretransplant values. Additionally, a negative correlation between Treg count and T effector frequency was observed.
Particularly, when Treg count decreases below 50 or 75 cells/uL in the patients, the increase in the frequency of T effector
CD4+ and CD8+, respectively, experiences a tipping point, and the proportion of T-effector cells increases dramatically.
Conclusions. These results reveal that interventions employed in pediatric heart transplantation (immunosuppression
and thymectomy) could induce, as an inevitable consequence, a dysregulation in the immunologic status characterized by a
marked imbalance between Treg and T effector, which could jeopardize the preservation of tolerance during the period with
the higher incidence of acute rejection.

(Transplantation Direct 2021;7: e693; doi: 10.1097/TXD.0000000000001152. Published online 23 April, 2021.)

Regarding the last update of the International Society for

Heart transplantation (HTx) has become the most effective
treatment to correct end-stage heart failure due to congeni-
tal heart disease (CHD) and cardiomyopathy in children.
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to death in a high percentage of heart transplant pediatric
patients, mainly in the early posttransplant period, and give
median survival rates between 14 and 24 h depending on the
age at transplant. In the recent era, 13% of these patients
require treatment for immune rejection in the first year post-
transplant, and the rejection episodes in the first 1-2 y post-
transplant are clearly associated with worse survival and
higher incidence of cardiac allograft vasculopathy at longer-
term.! A better knowledge of the alterations in the immune
homeostasis and immune mechanisms of rejection in this
critical period in heart transplant children is crucial to adopt
specific measures to improve these figures. However, consider-
ing the immature pediatric immune system’s peculiarities and
the particular interventions such as thymectomy performed in
heart transplant children, the current knowledge from adults
or other pediatric transplants cannot be extrapolated to these
particular circumstances.

Regulatory T cells (Treg) are a subset of CD4+ T cells with
suppressive capacity, which is crucial for the induction and
maintenance of tolerance, and therefore with a central role
in transplant acceptance.? Treg’s ability to delay/prevent graft
rejection has been shown in animal heart transplant models,
preventing the activation and expansion of effector T cells
responsible for cellular rejection, or inducing B cell death
responsible for humoral rejection.? Indeed, the increased pres-
ence of Treg has been identified as being important in induc-
ing operational tolerance and allograft survival in adult and
pediatric transplant recipients.** On the contrary, a deficit in
the Treg subset could severely compromise the main mecha-
nisms of peripheral tolerance, thus increasing the risk of graft
rejection. In fact, the Treg to effector T-cell (Teff) ratio has
been described to be crucial for either tolerance preservation
or the development of graft rejection responses.®®

The use of immunosuppression in transplanted patients aims
to dampen the immune response against the graft, but its pleio-
tropic effect could also affect cell subsets crucial for developing
tolerance, such as Treg.”!° Treg are originated in the thymus,
which in the case of children requiring HTx, is routinely dis-
carded to gain field exposure in the transplant surgery. Preserved
thymic function and increased Treg values could be critical fac-
tors for lower rejection rates and increased survival in trans-
planted children than adults.!' However, in the case of children
undergoing HTx, the detrimental effect of the immunosuppres-
sive drugs!® combined with the limited capacity to regenerate
Treg cells in the absence of the thymus could seriously deplete
the Treg pool compromising their role in tolerance.

In this study, our objective was to determine whether
immunosuppression and thymectomy in heart transplant chil-
dren might induce a dysregulation in the T-cell compartment,
especially over Treg, which could be a determining factor in
the risk of acute rejection in the first month’s posttransplant.
Identifying at which time points and for how long the mecha-
nisms of immune tolerance are impaired might improve the
immune monitoring of these patients and tailor the therapeu-
tic interventions to minimize the incidence of acute rejection
in heart transplant children.

MATERIALS AND METHODS

Patients
We performed a prospective study of 3 y follow-up in 7
heart transplant children (mean = SEM age = 6.22 = 1.77 y
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at transplant) (Table 1) enrolled at the Hospital “Gregorio
Maraiién” (HGUGM) who had undergone HTx between July
2015 and May 2017. Three patients (42.86 %) underwent HTx
for CHD and the remaining 4 (57.14%) for different cardio-
myopathies (Table 1). All patients were thymectomized (>90%
thymic tissue resection) at transplantation, excluding patients
1, 3, and 6 that were already thymectomized during prior
surgeries for CHD. None of the patients received induction
therapy. All patients received immunosuppression with tacroli-
mus (TAC), mycophenolate mofetil (MMF), and methylpred-
nisolone (Pred). Steroids were withdrawn from the 7th to the
14th-month posttransplant, depending on the patient’s clinical
outcome. In patient 3, MMF was discontinued at 6 mo post-
transplant because of neutropenia, maintaining dual therapy
with TAC and Pred during the rest of the follow-up. In patient
5, Pred was withdrawn at 14 mo posttransplant and was rein-
troduced approximately 7 mo later because of pericarditis,
maintaining triple therapy with TAC, MME, and Pred until the
end of the follow-up. Patient 7 also maintained triple therapy
without withdrawal of Pred throughout the follow-up because
of pericarditis (Table 1). Immunosuppression levels for each
patient over time are shown in Figure 1. None of the patients
developed confirmed rejection episodes during the follow-up.
The study was conducted after the HGUGM ethics commit-
tee’s approval and according to the principles expressed in the
Declaration of Helsinki. Informed written consent from the
legal guardians were obtained before the patient’s enrolment.

Sample Processing and Immune Monitoring

Peripheral blood samples (<3 mL) were drawn and analyzed
within 2 h after the extraction. Samples were obtained before
transplantation and immunosuppressive treatment (baseline),
and the immune follow-up was performed with an inter-
val of 15 d for the first 2 mo posttransplant, 30 d from the
second month and 6 mo from the first year, coinciding with
their scheduled revision visits. From 2 y and until the end of
the follow-up, the samples were obtained in the scheduled time
within a range of +60 d. Samples were grouped considering the
baseline sample, 0, and the following months posttransplant: 1,
2,3,4-6,7-9,10-12, 18,24, 30, and 36. Samples from patients
underlying an ongoing infectious process were not included in
the study since they can alter the immunologic evaluation.

We determined by flow cytometry (Gallios Cytometer,
Beckman Coulter) the frequency and absolute counts of CD4+
T cells, CD8+ T cells, and Treg (CD3+CD4+CD25+CD127
low), including markers for the following subsets: naive
(CD45RA+CD27+),central memory (CM; CD45RA-CD27+),
effector memory (EM; CD45RA-CD27-) and terminally dif-
ferentiated effector memory (TemRA) (CD45RA+CD27-).
Values and functional markers (CD39, CTLA4, Ki67, and
HLA-DR) of Foxp3+ Treg cells (CD3+CD4+CD25+Foxp3+)
and frequency of Foxp3+ Treg “recent thymic emigrants”
(RTE) (CD45RA+CD31+) were also analyzed in PBMCs by
intracellular staining as previously described.'?!* Gating strat-
egies for all these immune populations and subpopulations
are shown in Figure 2.

Statistical Methods

Linear mixed-effects regression models were adjusted for
evaluating the evolution of each immunologic covariate over
time. Since each patient’s measurements are not independent,
this type of model assumes that measurements within each
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Clinical parameters of the patients included in the study
Steroids Rejection

ID Sex Diagnosis Age at Tx Immunosuppression withdrawal Observations episodes Infections
Patient 1 M CHD 14 mo TAC, MMF, Pred 7 mo post-Tx No
Patient2 M DCM 3y TAC, MMF, Pred 9 mo post-Tx No
Patent3 M CHD 2 mo TAC, Pred No MMF discontinued for neutropenia No
Patient4 M RCM 9y TAC, MMF, Pred 12 mo post-Tx No CMV (d + 245)
Patient 5 F NCC My TAC, MMF, Pred 14 mo post-Tx and reintroduced Pred reintroduced because of No

7 mo after pericarditis
Patient6 M CHD 8y TAC, MMF, Pred 9 mo post-Tx No CMV (d + 120)
Patient7  F DCM 1My TAC, MMF, Pred ~ No Pred maintained because of pericarditis No CMV (d + 262)

CHD, congenital heart disease; CMV, cytomegalovirus infection; DCM, dilated cardiomyopathy; F, female; M, male; MMF, mofetil mycophenolate; NCC, noncompaction cardiomyopathy; Pred, methyl-

prednisolone; RCM, restrictive cardiomyopathy; TAC, tacrolimus; T, transplant.

child are more similar than between different children (auto-
correlation). The same model was used for the group analysis
of the phenotype frequencies along with a pairwise compar-
ison of adjusted predictions using the Bonferroni test. For
the correlations, samples from all patients at all time points
were considered. They were tested using the nonparametric
Spearman correlation coefficient, and a linear mixed-effects
regression model was applied for the cutoff point analysis.

RESULTS

Treg Counts Significantly Decrease From the
Seventh-month Posttransplant

We assessed the dynamic changes in T-cell populations over
the first 3 y posttransplant, taking the pretransplant sample
(baseline, 0) as the reference value (0% change). In the first
6 mo, we did not find significant variations of Treg counts
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(cells/pL) compared to baseline levels. However, the Treg num-
ber significantly decreased from the seventh month (-37.20%
from BL; P = 0.012), reaching their lowest values at the end of
the follow-up (-68.95%; P < 0.001) (Figure 3A). These results
were confirmed by measuring Foxp3+ Treg counts, which also
decreased significantly (Figure 3B). The decrease in the fre-
quency and number of Treg and Foxp3+ Treg cells is shown
in a representative patient comparing pretransplant and 3 y
posttransplant values (Figure 3C).

Total CD4+ T-cell counts did not vary significantly
throughout the follow-up, except for a short-term/punc-
tual increase at the third-month posttransplant (+38.26%;
P =0.039) (Figure 4A), and therefore the decrease seems to
occur specifically in the Treg subpopulation and not in other
conventional CD4+ T cells. Besides, there were no significant
variations in total CD8+ T-cell counts during the follow-up
(Figure 4B).
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FIGURE 1. Immunosuppression levels of TAC, MMF, and methylprednisolone per patient over time. Drug levels for each patient at samples
included in this study are shown. Blood TAC levels at ng/mL (A) and TAC doses at mg/kg (B) per patient over time. Doses of MMF at mg/kg (C)
per patient over time. In patient 3, MMF was finally discontinued because of neutropenia. Doses of methylprednisolone (corticosteroids) at mg/
kg (D) per patient over time. In patient 3, methylprednisolone was maintained. In patient 5 and patient 7, methylprednisolone was reintroduced
or maintained, respectively, because of pericarditis. In the rest of the patients, corticosteroids were withdrawn from the 7th to the 14th-mo
posttransplant. At time O (pretransplant), doses of all immunosuppressants were 0. MMF, mycophenolate mofetil; TAC, tacrolimus.
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FIGURE 2. Flow cytometry gating strategy and representative dot plots for immune cell populations and subpopulations. Gating panels
are shown for (A) lymphocytes, CD4+ T, Treg, and CD8+ T cells and their subsets: naive (CD45RA+CD27+), CM (CD45RA- CD27+), EM
(CD45RA-CD27-), and TemRA (CD45RA+CD27-) analyzed in fresh whole blood samples. In peripheral blood mononuclear cells, gating panels
are shown for (B) lymphocytes, CD4+ T and Foxp3+ Treg cells. Gated on Foxp3+ Treg, here we showed Treg CTLA4+, Treg CD39+, activated
Treg (CD45RA-HLADR+), Treg Ki67+, and Treg RTE (CD45RA+CD31+). CM, central memory; EM, effector memory; FSC, forward scatter;
Linfos, lymphocytes; RTE, recent thymic emigrants; SSC, side scatter; TemRA, terminally differentiated effector memory; Treg, regulatory T cells.

>

Treg count per pl
(% change from pre-tx)

1001 C [T CD4+) [T CD4+]

104 10.23%

9081/l

Pre-Tx

0123 46 79 1012 18 24 30 36

Months post-transplant [T CD4+] [T CD4+]

-50-

ears post-Tx

=100

3
CD25

(% change from pre-tx)

Treg Foxp3 count per pl

=150 T T T T T T 1
0123 46 79 10412 18 24 30 36

cD127 g Foxp3

Months post-transplant
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plots from a representative patient (C) showing the frequency and the cell number per pL of blood for Treg (left panels) and Foxp3+ Treg (right
panels), comparing the pre-Tx with the 3 y post-Tx values in the same patient. Treg, regulatory T cells; Tx, transplantation.
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Markers Related to Treg Functionality and
Proliferative Capacity Are Not Impaired After
Transplant, but There Are Signs of Active
Differentiation in the Treg Pool

In the light of the decreased Treg counts, we analyzed
whether the expression of markers related to the functional
and proliferative capacity of Treg could also be impaired.
We found a significant increase in the frequency of CD39+
Treg (a marker of highly active and suppressive Treg with
a regulatory effector/memory-like phenotype'*) from the
second-year posttransplant (+51.60%; P = 0.009), reaching
their highest values at the end of the follow-up (+102.66%;
P < 0.001) (Figure SA). The frequency of CTLA4+ Treg,
another critical marker of Treg functionality, kept compa-
rable levels to baseline (Figure 5B). The frequency of acti-
vated Treg (CD45RA-HLADR+) was increased at the 18th
month (+170.54%; P = 0.044), and an increasing (nonsig-
nificant) tendency was observed along the rest of the follow-
up (Figure 5C). No significant differences were found in the
frequency of Ki67 (a marker present in all actively dividing
cells) during the follow-up (Figure 5D), discarding a loss in
the proliferation capacity of Treg as the cause of reduced Treg
numbers. Therefore, although Treg counts were decreased in
heart transplant children, the expression of markers related to
the Treg functionality and proliferative capacity of remaining
Treg does not appear to be impaired.

Nevertheless, the increase in the frequency of CD39+ Treg
during the last 2 y posttransplant suggests a differentiation
process in the Treg population to a more effector/memory-
like phenotype. The increased differentiation in the Treg pool
would also be confirmed by a decrease in the frequency of
RTE Treg, identified as CD45RA+CD31+ Treg cells. In the
absence of a functional thymus as a consequence of thymec-
tomy, the CD31 marker was able to identify the thymic pre-
formed Treg pool still presented in the transplanted patients
after thymectomy."” The results showed that the frequency
of Treg RTE significantly decreased from the 30th month
(=50.07% from BL; P = 0.018), reaching values of -47.29%
at the end of the follow-up (P < 0.01) (Figure SE), indicating
that the preformed RTE Treg pool was starting to deplete.
Altogether, these results suggest that the Treg cell differen-
tiation in conjunction with the lack of thymic replenishment
causes the preformed Treg pool to begin to run low at the end
of the follow-up.

Effector Subsets Within CD4+ and CD8+ T Cells
Increase Dramatically After Transplant

It is known that the exposure to cumulative alloantigens
in transplanted patients leads to a differentiation/activation
increase within the peripheral T-cell pool.'¢ Thus, although no
significant variations were found in CD4+ and CD8+ T-cell
counts during the follow-up, we were wondering whether
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their differentiation/activation status remained unchanged.
Regarding CD4+ T-cell phenotypes, the frequency of EM
cells significantly increased compared to baseline values from
the fourth month (+393.02%; P = 0.006). EM CD4+ fre-
quency reached the highest values (+793.45%; P < 0.001) at
2-y posttransplant to decrease afterward, coinciding with an
increase of the most differentiated TemRA CD4+ subset at
the end of the follow-up (+761.80%; P = 0.004) (Figure 6A).
Frequencies of naive and CM CD4+ T cells did not change
from baseline. We compared the behavior of these subsets
employing the Bonferroni test. Significant differences in sub-
set evolution were observed when analyzing EM versus naive,
EM versus CM, and TemRA versus naive within CD4+ T
cells (Table 2A). In the case of CD8+ T-cell phenotypes, the
frequency of EM remains comparable to the baseline val-
ues (P > 0.05). However, the values of TemRA CD8+ T cells
dramatically increased from the 10th month (+2953.86%;
P < 0.001), reaching the highest values at 3-y posttransplant

(+8350.75%; P < 0.001) (Figure 6B). The evolution of this
TemRA CD8+ subset was significantly different from the
other 3 phenotypes (naive, CM, and EM) (Table 2B). The
increase in the frequency of the EM and TemRA subsets
within CD4+ and CD8+ T is shown in a representative patient
comparing the pretransplant with the 3 y posttransplant val-
ues (Figure 6C).

The Increase of Effector T Cells Is Concomitant
With the Decrease in Treg Counts

Treg are characterized by their capacity to suppress the
proliferation and function of effector T cells. Thus, we were
interested in analyzing the Treg/Teffector (EM) ratio, which
has been described as a valuable marker to monitor toler-
ance preservation.'” We found a significant decrease from
the fourth month for Treg/Teff-CD4+ (-27.88%; P = 0.035)
and from the seventh month for Treg/Teff-CD8+ (-72.59%;
P < 0.001), reaching minimum values at 3-y posttransplant
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(-82.95; P < 0.001 and -94.72%; P < 0.001, respectively)
(Figure 7A and B). Additionally, we found a clear negative
correlation between Treg counts and the Teff (EM) CD4+ and
CD8+ cell frequency, which was consistent with the decreased
Treg/Teff. The lower the Treg counts in peripheral blood, the
greater the Teff CD4+ (P < 0.001) and CD8+ (P < 0.001) fre-
quency (Figure 8A and B). Regarding TemRA cells, we also
found a strong negative correlation between Treg counts and
both CD4+ TemRA and CD8+ TemRA cells (P < 0.001).

Interestingly, the negative correlation between Treg counts
and Teff (EM) frequency showed 2 differentiated patterns, so
that when Treg counts decrease below a number, the frequency
of effector T cell increases sharply (Figure 9). Therefore, we
tried to define which Treg value could be a cutoff point asso-
ciated with an increased risk of effector T-cell spreading. We
defined 25, 50, 75, and 100 Treg cells/pL as arbitrary cutoff
points to perform the analysis. A cutoff point of Treg <50
cells/pL was related to the higher increase in CD4+ EM, since

Pairwise comparison between the subpopulations of CD4+ and CD8+ T cells

Bonferroni Bonferroni
Contrast Delta method SE z P>l 95% Cl
A. CD4+ T groups
CM vs naive 109.852 60.390 1.82 0.413 —49.473 269.178
EM vs naive 343.159 60.390 5.68 0.000 183.834 502.485
TemRA vs naive 214.613 60.390 3.55 0.002 55.288 373.939
EM vs CM 233.307 60.390 3.86 0.001 73.981 392.633
TemRA vs CM 104.761 60.390 1.73 0.497 —-54.564 264.087
TemRA vs EM —128.546 60.390 -213 0.200 —-287.872 30.780
B. CD8+ T groups
CM vs naive 225.385 367.023 0.61 1.000 —742.916 1193.686
EM vs naive 613.289 367.023 1.67 0.568 -355.012 1581.590
TemRA vs naive 2585.186 367.023 7.04 0.000 1616.884 3553.487
EM vs CM 387.904 367.023 1.06 1.000 -580.397 1356.205
TemRA vs CM 2359.801 367.023 6.43 0.000 1391.499 3328.102
TemRA vs EM 1971.897 367.023 5.37 0.000 1003.595 2940.198

Pairwise comparison of adjusted predictions between naive, CM, EM, and TemRA of CD4+ (A) and CD8+ T (B) cells using the Bonferroni test. If the Cl does not include 0, a P< 0.05 will result. Significant

(P < 0.05) pairwise comparisons are highlighted in bold font.

Cl, confidence interval; CM, central memory; EM, effector memory; TemRA, terminally differentiated effector memory.
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FIGURE 7. Percentage of change from the pretransplant sample (0) in the Treg to Teff (EM) CD4+ and CD8+ count (cells per pL of blood) ratio.
Treg to Teff (EM) CD4+ count ratio (A) and Treg to Teff (EM) CD8+ count ratio (B) change from pre-Tx. The dotted line represents the 0% change from
pre-Tx. The solid line represents the estimated mean with 95% ClI at each point. If the CI does not include 0, a P < 0.05 will result. *: P < 0.05, **:
P <0.01, **: P < 0.001. Cl, confidence interval; EM, effector memory; Teff, effector T cells; Treg, regulatory T cells; Tx, transplantation.
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FIGURE 8. Correlation between Treg count (cells per uL of blood) and Teff (EM) CD4+ and CD8+ cell frequency. Samples from all patients at
all time points were considered. Treg count and the frequency of Teff (EM) CD4+ (A) and Teff (EM) CD8+ (B) cells are shown. Correlations were
tested using the Spearman correlation coefficient shown as rho value. P < 0.05 was considered significant. EM, effector memory; Teff, effector
T cells; Treg, regulatory T cells.

<50 Treg counts a significant negative association with EM
CD4+ of -0.1071 (P < 0.001) is detected. In other words,
the frequency of EM CD4+ increases by 0.1071% per unit
of Treg diminished (Table 3A and Figure 9A). In the case of
Teff (EM) CD8+, a Treg count <735 cells/pL showed the highest
potency to determine a significant negative correlation with

the frequency of EM CD8+ T (-0.0464; P = 0.011) (Table 3B
and Figure 9B). Considering all the samples included in the
study, the 75 and 50 Treg/pL cutoffs were reached around the
6th and 12th month, respectively (Figure 10). In summary, our
results show that during the first 3 y after transplant, when Treg
count decrease <50 or 75 cells/pL, the increase in the frequency
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FIGURE 9. Correlations below and above a selected statistical cutoff point between Treg count (cells per pL of blood) and Teff (EM) CD4+ and
CD8+ cell frequency. Samples from all patients at all time points were considered. Treg count <50 cells/uL (A) and Treg count <75 cells/uL (B)
showed the highest potency to determine a significant negative correlation with the frequency of Teff (EM) CD4+ (A) and Teff (EM) CD8+ (B) cells,
respectively. Correlations were tested using the Spearman correlation coefficient shown as rho value. Values below these selected statistical
cutoff points are shown in blue. EM, effector memory; Teff, effector T cells; Treg, regulatory T cells.

of Teff (EM) CD4+ and CD8+ experiences a tipping point and
the proportion of T-effector cells increases dramatically. This
could indicate that Treg numbers below these thresholds are
not sufficient to control the risk of Teff spreading.

DISCUSSION

In this prospective study, we describe the immune changes
over the T-cell compartment observed right after transplant
and during a follow-up of 3-y posttransplant in a cohort
of heart transplant children. We have shown at which time
points and for how long these patients experienced a rel-
evant immune dysregulation, hallmarked by a decrease in
Treg numbers and an increase in effector T cells, critical play-
ers for either tolerance preservation or development of graft
rejection.

The observed Treg count changes cannot be attributed
to the physiologic changes in T-cell populations by the age,
because as described by Schatorjé et al,'® in the period from

Correlations between Treg count (cells per L of blood)
below statistical cutoff points and Teff (EM) CD4+ and
CD8+ cell frequency

Robust
Coef. SE z P>ld 95% Gl
A EM CD4+T
Treg < 25 cells/uL.  —0.0721 0.0827 —-0.87 0.383 -0.2341 0.0899
Treg < 50 cells/ul. —0.1071 0.0258 -4.16 0.000 -0.1576 -0.0567
Treg < 75 cells/uL  —0.0523 0.0145 -3.62 0.000 —0.0807 —-0.0240
Treg < 100 cells/uL  —0.0310 0.0141 —-2.20 0.028 —0.0586 —0.0034
B.EM CD8+ T
Treg < 25cells/ul ~ 0.0146  0.0550 0.26 0.792 -0.0933 0.1223
Treg < 50 cells/uL  —0.0546 0.0378 —-1.44 0.149 -0.1287 0.0195
Treg < 75 cells/ul.  —0.0464 0.0183 -2.53 0.011 -0.0823 -0.0104
Treg < 100 cells/ul.  —-0.0316 0.0111 —2.84 0.004 -0.0534 —-0.0098

25,50, 75, and 100 Treg counts (cells/uL) were determined as arbitrary cutoff points based on
statistical values. Treg counts <25, <50, <75, and <100 cells/uL and the frequency of Teff (EM)
CD4+ (A) and Teff (EM) CD8+ (B) cells are shown. If the CI does not include 0, a P < 0.05 will
result. For Teff (EM) CD4+ and CD8+, the cut point of Treg with the highest potency to determine
a significant negative correlation is highlighted in bold font.

Cl, confidence interval; Coef, Spearman correlation coefficient; EM, effector memory; Teff, effec-
tor T cell; Treg, regulatory T cell.

2 to 16 vy, the Treg counts hardly vary. Treg cells can be
generated extrathymically by differentiation in the periph-
ery (induced Treg cells), but approximately 80% of the Treg
repertoire originates in the thymus'’; therefore, thymectomy
should have a clear impact on the Treg counts. Besides, in
the context of a pediatric heart transplant, thymectomy
coexists with chronic immunosuppression over the patient’s
lifetime. Although CD4+ and CD8+ T cells are the primary
target cells to control potentially graft rejection by immu-
nosuppressants and these cells are also produced by the thy-
mus, we have not found relevant changes in total CD4+ and
CD8+ T cells counts during the follow-up. However, heart
transplant children presented a marked decrease in Treg
numbers from the seventh-month posttransplant, being the
most beneficial population, the most affected in these trans-
planted patients.

The consequences of thymectomy over the T-cell compart-
ment have been extensively studied in pediatric cardiac sur-
gery.!”2! Children undergoing neonatal thymectomy showed
a significant reduction in the frequency and the total number
of CD4+ and CD8+ T cells. More specifically, the naive T
cell population shrinks, accompanied by the concomitant
increase of the memory T cell subset due to homeostatic
proliferation in an attempt to restore the T-cell pool.?02!
Similarly, thymectomy has been related to decreased Treg
counts that could lead to an increased homeostatic prolif-
eration of Foxp3+ cells. However, in the case of Treg, this
proliferation could carry a loss of its suppressive capacity
compromising their role in the maintenance of immune tol-
erance.'”?? Regarding thymectomy in transplanted patients,
to our knowledge, there are only 2 cross-sectional stud-
ies in heart transplant children. In the first study, Ogle et
al showed that individuals that undergo thymectomy plus
transplantation (and immunosuppressive regime) in infancy
have a dramatic decrease in the T-cell repertoire,?® but the
study does not analyze Treg cells. In another recent study,
Mengrelis et al compared children undergoing HTx and
children who simply underwent thymus excision without
immunosuppression.?* Interestingly, they showed that the
relative proportion of Treg was lower in the transplantation
group, which seems to indicate a more detrimental effect
over the Treg population when thymectomy is accompanied
by immunosuppression.
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FIGURE 10. Evolution of Treg counts (cells per pL of blood) along the 3-y follow-up. Treg values from all the collected samples are shown.
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Patients included in this study received TAC, MME, and
corticosteroids, and a possible explanation for the specific
decrease in the Treg population could be a higher suscepti-
bility of Treg to these immunosuppressants in comparison to
conventional T cells. Tregs are strongly dependent on IL-2
because of their constitutively high expression of CD25 and
amplified intracellular signal transduction downstream of the
IL-2 receptor.!® Although other cytokines can substitute the
function of IL-2 on conventional T cells, IL-2 is indispensa-
ble for Treg development, homeostasis, and function,” and
because Treg do not produce IL-2, they are dependent on IL-2
from other T cells and dendritic cells. TAC directly impairs
Treg activation, proliferation, and survival, but it can also
affect Treg indirectly by limiting IL-2 production by Teff,!°
and in the absence of an appropriate turnover by thymic
production, the IL-2 deficit could promote the Treg-count
decrease in the periphery. Regarding MMEF, the effect on Treg
is still controversial. In vitro experiments indicate that MMF
does not alter Treg phenotype or even can promote Treg
dominance over Th17 cells,'® and kidney transplant recipients
receiving MMF showed higher Treg levels than those treated
with everolimus.?® However, the MMF administration in ani-
mal models receiving Treg therapy reduced the efficacy of the
Treg preventing rejection.?” Finally, corticosteroids seem to
benefit Treg prevalence and activity facilitating TGF-f3 signal-
ing and Foxp3 expression.'® Indeed, in our cohort, steroids
were withdrawn from the 7th to the 14th-month posttrans-
plant, which interestingly coincides with the period when the
drop of Treg counts became remarkable. Certainly, the rapid
steroid withdrawal could be one of the determinant factors
that push this drop in Treg counts due to their benefit on the
Treg proportion.'® Besides, in the 3 patients in whom ster-
oid therapy was maintained until the end of the follow-up,
they received lower levels of corticosteroids from the seventh-
month posttransplant, and the same marked decrease in Treg
counts was observed.

There are very few studies reporting Treg values in pediatric
patients transplanted with other organs when thymectomy is
not performed to elucidate whether the immunosuppression
alone also produces a similar Treg reduction. Stenard et al ana-
lyzed Treg values in 11 pediatric liver allograft recipients with
a mean age of 53 mo receiving methylprednisolone, tacroli-
mus, and discontinued steroids.?® Treg absolute counts were

not analyzed in this study, but the authors report that the mean
percentage of Treg was comparable between before transplan-
tation and posttransplantation. These data could suggest again
that thymectomy, along with chronic immunosuppression,
would have more weight in the fall of Treg than immuno-
suppressants alone. Additionally, this study showed that Treg
values were lower in pediatric liver allograft recipients during
acute rejection in comparison with levels when the graft was
stable, confirming their crucial role in preventing rejection.

Therefore, regarding which is the cause of the Treg fall,
it is difficult to know whether the main causative factor for
Treg impairment is thymectomy or immunosuppression.
Probably there is a summative effect of both factors, as sug-
gested by Mengrelis et al,>* that produces the observed Treg
impairment.

We have shown that the frequency of effector subsets
within CD4+ and CD8+ T cells (EM and TemRA) starts to
increase dramatically after transplant, coinciding with Treg’s
fall. T-cell effector subsets, particularly TemRA CD8+ T cells,
are considered the main initiators of rejection, either cellular
or humoral,?” and responsible for transplant failure. TemRA
CD8+ T cells are generated from the CM subset upon homeo-
static proliferation,®® and they are more resistant than other
T-cell phenotypes to induced cell death and immunosuppres-
sion,*! which could be the reason why TemRA CD8+ increases
more drastically from the 10th-month posttransplant in our
cohort of heart transplant children than other phenotypes. It
has been reported an association between high TemRA CD8+
T cells and a higher risk of rejection during the first year post-
transplant,’>3 and also an association to a higher risk of long-
term graft dysfunction in adult kidney-transplant patients.*
However, despite the dramatic increase in the frequency of
TemRA CDS8+ in our patients, no rejection episodes appeared
in the 3-y follow-up in this cohort. The incidence of immune
rejection in heart transplant children in the first 5y posttrans-
plant is lower than 15%,"' and considering that only 7 patients
were studied, the incidence of rejection in this small cohort of
patients is not conclusive. Therefore, we cannot rule out that
the increase in effector T cells, notably TemRA CD8+ cells,
will not jeopardize graft survival in heart transplant children.

The hypothesis of this study is that the emergence and
expansion of Teff, and particularly TemRA CD8+ cells,
could be related to the observed Treg fall in the early period
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posttransplant. Treg play a pivotal immunomodulatory role
in suppressing through several mechanisms these exacer-
bated effector T-cell responses.’® The balance between Treg
and Teff has been postulated as a critical factor to prevent
alloresponses and acute rejection,” either in numbers or in
overall functional predominance.* In fact, low Treg numbers
during the first month posttransplant have been associated
with acute rejection in heart transplant adult patients.’” In
our study, we observed that patients presented a gradual and
marked decrease in the Treg to Teff (EM) CD4+ and CD8+ T
cell ratio from the fourth month, and low Treg counts were
correlated to higher frequencies of EM and TemRA CD4+ and
CD8+ T cells. Interestingly, this imbalance between Treg and
Teff posttransplant coincides with the period of higher risk
of acute rejection, and its effect persisted until the end of the
follow-up, at 3 y posttransplant. Furthermore, previous stud-
ies in the group have shown that heart transplant children
transplanted for >4 vy still presented an immune dysregulation
that even leads to the development of secondary chronic com-
plications, such as atopic dermatitis.*®

In the 7 heart transplant patients analyzed, we defined that
a Treg count <50 cells/pL correlated with the highest frequen-
cies of Teff (EM) CD4+, and Treg count <735 cells/uL with the
highest frequencies of Teff (EM) CD8+. In our cohort, these
values represent a potential risk cutoff point indicating that
when Treg numbers decrease below 50 or 75 cells/pL, Treg
cells could be insufficient to control the spreading of Teff cells
leading to a more favorable environment for the development
of graft rejection.

Summing up, although interventions derived from the
HTx procedure (immunosuppression and thymectomy) are
needed to carry out transplants, they could induce, as an
inevitable consequence, a dysregulation in the immunologic
status of transplanted children characterized by a marked
decrease in Treg cells. We hypothesize that the diverse naive
Treg reservoir already presented at birth, after normal fetal
thymic development, and before thymectomy," could pro-
tect against allogeneic T cell responses, at least in the short-
term. In fact, our data indicate that the expression of markers
related to Treg functionality and proliferative capacity were
not impaired after transplant. However, an increased differ-
entiation of the Treg pool, reflected by the decrease in the
Treg RTE frequency, could lead to a depletion of existing
Treg cells. The pressure exerted by immunosuppressants on
the Treg population, having lost the ability to replenish the
Treg pool by the absence of the thymus, overpasses the com-
pensatory homeostatic proliferation leading to a progressive
decrease in the Treg counts.

In the light of these results and the evidence supporting
the crucial role of Treg to prevent rejection, we suggest that
monitoring the balance between Treg and Teff could iden-
tify risk markers that may help to anticipate graft damage
before a biopsy, leading to improved patient outcomes in
these patients. New approaches addressed to prevent the Treg
decrease or restore the pool of these cells could have an impact
on the prevention of graft rejection, and therefore in reducing
the mortality in heart transplant children. Interventions such
as (1) the election of immunosuppressive drugs with lower
impact on Treg; (2) supplementation with vitamin D, which
has proven to increase Treg survival® and to reduce the risk of
acute rejection*®; (3) or even a cell therapy with Treg cells,*!#?
could counteract the Treg/Teff imbalance. In adults, adoptive
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transfer of Treg has provided promising results,* and we are
currently recruiting patients in a clinical trial of heart trans-
plant children treated with autologous thyTreg,** which could
establish a new paradigm preventing rejection in the field of
solid organ transplantation.

ACKNOWLEDGMENTS

We acknowledge Veronica Pérez and Adrian Prieto for
their technical assistance. We also thank Dr Maribel Clemente
from the Cell Culture Unit and Dr Laura Diaz from the Flow-
cytometry Unit of IISGM. We acknowledge Dr José Maria
Bellon for support with the statistics shown in this article.
We thank all the nurses and staff of the Pediatric Cardiology
Division of the Hospital Materno Infantil Gregorio Marafién
for their collaboration in this project.

REFERENCES

1. Rossano JW, Singh TP, Cherikh WS, et al; International Society for
Heart and Lung Transplantation. The International Thoracic Organ
Transplant Registry of the International Society for Heart and Lung
Transplantation: twenty-second pediatric  heart transplantation
report—2019; focus theme: donor and recipient size match. J Heart
Lung Transplant. 2019;38:1028-1041.

2. Safinia N, Scotta C, Vaikunthanathan T, et al. Regulatory T cells: seri-
ous contenders in the promise for immunological tolerance in trans-
plantation. Front Immunol. 2015;6:438.

3. Ma Y, He KM, Garcia B, et al. Adoptive transfer of double negative
T regulatory cells induces B-cell death in vivo and alters rejection
pattern of rat-to-mouse heart transplantation. Xenotransplantation.
2008;15:56-63.

4. Bestard O, Cruzado JM, Mestre M, et al. Achieving donor-spe-
cific hyporesponsiveness is associated with FOXP3+ regulatory
T cell recruitment in human renal allograft infiltrates. J Immunol.
2007;179:4901-4909.

. Li'Y, Koshiba T, Yoshizawa A, et al. Analyses of peripheral blood mon-
onuclear cells in operational tolerance after pediatric living donor liver
transplantation. Am J Transplant. 2004;4:2118-2125.

6. Wood KJ, Sakaguchi S. Regulatory T cells in transplantation toler-
ance. Nat Rev Immunol. 2003;3:199-210.

. Mirabet S, Gelpi C, Roldan C, et al. Assessment of immunological
markers as mediators of graft vasculopathy development in heart
transplantation. Transplant Proc. 2011;43:2253-2256.

8. Gorantla VS, Schneeberger S, Brandacher G, et al. T regula-
tory cells and transplantation tolerance. Transplant Rev (Orlando).
2010;24:147-159.

9. Schulz-Juergensen S, Marischen L, Wesch D, et al. Markers of opera-
tional immune tolerance after pediatric liver transplantation in patients
under immunosuppression. Pediatr Transplant. 2013;17:348-354.

10. Furukawa A, Wisel SA, Tang Q. Impact of immune-modulatory drugs
on regulatory T cell. Transplantation. 2016;100:2288-2300.

11. Dipchand Al, Rossano JW, Edwards LB, et al; International Society
for Heart and Lung Transplantation. The Registry of the International
Society for Heart and Lung Transplantation: eighteenth official pediat-
ric heart transplantation report—2015; focus theme: early graft failure.
J Heart Lung Transplant. 2015;34:1233-1243.

12. Perezabad L, Lopez-Abente J, Alonso-Lebrero E, et al. The establish-
ment of cow’s milk protein allergy in infants is related with a deficit of
regulatory T cells (Treg) and vitamin D. Pedliatr Res. 2017;81:722-730.

13. Lopez-Abente J, Martinez-Bonet M, Bernaldo-de-Quirds E, et al.
Basiliximab impairs regulatory T cell (TREG) function and could affect
the short-term graft acceptance in children with heart transplantation.
Sci Rep. 2021;11:827.

14. Borsellino G, Kleinewietfeld M, Di Mitri D, et al. Expression of ectonu-
cleotidase CD39 by Foxp3+ Treg cells: hydrolysis of extracellular ATP
and immune suppression. Blood. 2007;110:1225-1232.

15. Kimmig S, Przybylski GK, Schmidt CA, et al. Two subsets of naive
T helper cells with distinct T cell receptor excision circle content in
human adult peripheral blood. J Exp Med. 2002;195:789-794.

16. Wood KJ, Goto R. Mechanisms of rejection: current perspectives.
Transplantation. 2012;93:1-10.

(&)}

~



12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Transplantation DIRECT m 2021

Zheng XX, Sanchez-Fueyo A, Domenig C, et al. The balance of deletion
and regulation in allograft tolerance. Immunol Rev. 2003;196:75-84.
Schatorjé EJ, Gemen EF, Driessen GJ, et al. Paediatric reference
values for the peripheral T cell compartment. Scand J Immunol.
2012;75:436-444.

Deya-Martinez A, Flinn AM, Gennery AR. Neonatal thymectomy in
children-accelerating the immunologic clock? J Allergy Clin Immunol.
2020;146:236-243.

van den Broek T, Delemarre EM, Janssen WJ, et al. Neonatal thymec-
tomy reveals differentiation and plasticity within human naive T cells. J
Clin Invest. 2016;126:1126-1136.

Gudmundsdottir J, Oskarsdéttir S, Skogberg G, et al. Early thymec-
tomy leads to premature immunologic ageing: an 18-year follow-up. J
Allergy Clin Immunol. 2016;138:1439-1443.e10.

Schadenberg AW, van den Broek T, Siemelink MA, et al. Differential
homeostatic dynamics of human regulatory T-cell subsets following
neonatal thymectomy. J Allergy Clin Immunol. 2014;133:277-80.e1.
Ogle BM, West LJ, Driscoll DJ, et al. Effacing of the T cell compartment
by cardiac transplantation in infancy. J Immunol. 2006;176:1962-1967.
Mengrelis K, Kucera F, Shahid N, et al. T cell phenotype in paediat-
ric heart transplant recipients. Pediatr Transplant. 2020:e13930. doi:
10.1111/petr. 13930

Cheng G, Yu A, Malek TR. T-cell tolerance and the multi-functional role
of IL-2R signaling in T-regulatory cells. Immunol Rev. 2011;241:63-76.
Fourtounas C, Dousdampanis P, Sakellaraki P, et al. Different immu-
nosuppressive combinations on T-cell regulation in renal transplant
recipients. Am J Nephrol. 2010;32:1-9.

Lim DG, Koo SK, Park YH, et al. Impact of immunosuppressants on the
therapeutic efficacy of in vitro-expanded CD4+CD25+Foxp3+ regula-
tory T cells in allotransplantation. Transplantation. 2010;89:928-936.
Stenard F, Nguyen C, Cox K, et al. Decreases in circulating
CD4+CD25hiFOXP3+ cells and increases in intragraft FOXP3+ cells
accompany allograft rejection in pediatric liver allograft recipients.
Pediatr Transplant. 2009;13:70-80.

Gerlach UA, Vogt K, Schlickeiser S, et al. Elevation of CD4+ differ-
entiated memory T cells is associated with acute cellular and anti-
body-mediated rejection after liver transplantation. Transplantation.
2013;95:1512-1520.

Geginat J, Lanzavecchia A, Sallusto F. Proliferation and differentiation
potential of human CD8+ memory T-cell subsets in response to anti-
gen or homeostatic cytokines. Blood. 2003;101:4260-4266.

Gupta S, Su H, Bi R, et al. Life and death of lymphocytes: a role in
immunesenescence. Immun Ageing. 2005;2:12.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

www.transplantationdirect.com

Jacquemont L, Tilly G, Huchet V, et al. TEMRA CD8 T cells from
human kidney transplant recipients exhibit potent anti-donor reactiv-
ity and induce GVHD in humanized mouse model. Transplantation.
2018;102:549.

Jacquemont L, Tilly G, Yap M, et al. Terminally differentiated effector
memory CD8+ T cells identify kidney transplant recipients at high risk
of graft failure. J Am Soc Nephrol. 2020;31:876-891.

Yap M, Boeffard F, Clave E, et al. Expansion of highly differentiated cyto-
toxic terminally differentiated effector memory CD8+ T cells in a subset
of clinically stable kidney transplant recipients: a potential marker for
late graft dysfunction. J Am Soc Nephrol. 2014;25:1856-1868.
Salcido-Ochoa F, Yusof N, Hue SS, et al. Are we ready for the use of
foxp3(+) regulatory T cells for immunodiagnosis and immunotherapy
in kidney transplantation? J Transplant. 2012;2012:397952.

Roldan C, Mirabet S, Cecilia C, et al. CD4+CD45RO+CD25-/
lowCD127+: CD4+CD45R0O+CD25hiCD127-/low ratio in peripheral
blood: a useful biomarker to detect cardiac allograft vasculopathy in
heart transplanted patients. Transplantation. 2015;99:1521-1528.
Lanio N, Sarmiento E, Gallego A, et al. The potential role of T-cell
memory distribution as predisposing factor for rejection in heart trans-
plant recipients. Transplant Proc. 2009;41:2480-2484.
Lopez-Abente J, Bernaldo-de-Quirés E, Camino M, et al.
Immune dysregulation and Th2 polarization are associated with
atopic dermatitis in heart-transplant children: A delicate balance
between risk of rejection or atopic symptoms. Am J Transplant.
2019;19:1536-1544.

Chambers ES, Hawrylowicz CM. The impact of vitamin D on regula-
tory T cells. Curr Allergy Asthma Rep. 2011;11:29-36.

Zhou Q, Li L, Chen, et al. Vitamin D supplementation could reduce
the risk of acute cellular rejection and infection in vitamin D deficient
liver allograft recipients. Int Immunopharmacol. 2019;75:105811.

Atif M, Conti F, Gorochov G, et al. Regulatory T cells in solid organ
transplantation. Clin Trans! Immunology. 2020;9:601099.

Romano M, Tung SL, Smyth LA, et al. Treg therapy in transplantation:
a general overview. Transpl Int. 2017;30:745-753.

Sawitzki B, Harden PN, Reinke P, et al. Regulatory cell therapy in kid-
ney transplantation (The ONE Study): a harmonised design and analy-
sis of seven non-randomised, single-arm, phase 1/2A trials. Lancet.
2020;395:1627-1639.

Bernaldo-de-Quirds E, Camino M, Gil N, et al. “First-in-human” clinical
trial employing adoptive transfer of autologous thymus-derived Treg
cells (thyTreg) to prevent graft rejection in heart-transplanted children.
Transplantation. 2018;102:5205.



