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Editorial on the Research Topic
Advances in the diagnosis and treatment in kidney transplantation

Introduction

Kidney transplantation significantly improves patient survival and quality of life in
patients with chronic kidney disease (CKD) stage 5 and is thus considered as the current
optimal therapy for this patient cohort. More than 21,000 kidney transplantations have
been performed in the EU in 2019 (1). Even though advances have been made in treating
kidney transplant recipients leading to an improved graft and patient survival despite
of increased numbers of transplanted organs from extended criteria donors (2), further
advancements are needed especially in the field of organ preservation/regeneration
using machine perfusion, diagnostic evaluations, antibody-mediated rejections as well
as improvement of cardiovascular disease and treatment of infections (Figure 1). We
believe that these fields hold great potential to improve the quality of treatment of our
patients after kidney transplantation leading to better patient and graft outcomes. In the
Research Topic of Frontiers in Medicine “Advances in the Diagnosis and Treatment in
Kidney Transplantation,” a great number of publications within these fields have been
published and will be discussed in this Editorial.

Strategies to overcome ischemia-reperfusion
injury

Ischemia-reperfusion injury has been considered to be the inevitable consequence
of every transplantation procedure. Both the advanced donor age which reflects

the poor organ quality and longer ischemia time were shown to be associated
with delayed graft function and inferior kidney grafts outcome. Therefore,
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several attempts have been done to overcome such an obstacle
to improve graft quality and prolong time of preservation.
Among those Moers et al. as early as in 2009 presented the first
randomized clinical trial on machine perfusion and found that
hypothermic perfusion was associated with a reduced risk of
delayed graft function and improved graft survival at the 1st
year after transplantation (3). Since that time many transplant
centers have introduced this method which has become a routine
for at least grafts at risk for delayed graft function. Zulpaite
et al. reviewed therapeutic potential and challenges of ex-vivo
kidney machine perfusion techniques in this Research Topic.
Furthermore, two original clinical studies and one experimental
study have been published. Zeng et al. performed a small
study comparing traditional antegrade perfusion technique with
retrograde approach when they cannulated either renal artery
or renal vein for hypothermic LifePort Kidney Transporter
perfusion. Authors found that both approaches are associated
with similar delayed graft function rates and eGFR at 6 months.
Clearly, the study was underpowered and future studies are
necessary to show this approach may have some advantages
over the classical approach. Next, Weissenbacher et al. evaluated

Frontiersin Medicine

hemodynamic and metabolic parameters in normothermic
kidney preservation. Normothermic machine preservation has
been studied by several groups and this method is about to enter
the clinical medicine. Normothermic machine perfusion may
eliminate the effect of cold ischemia and allows evaluation of
function and metabolic status of the graft and thus may help
to decide whether the organ is still suitable for transplantation
(4). Authors used 12 discarded human kidneys which underwent
normothermic machine perfusion for 24 h. In eight cases, urine
recirculation was used and in four case urine was replaced by
Ringer’s lactate. Several biomarkers and parameters of machine
perfusion were assessed. Arterial flow, pH, NGAL and L-FABP
correlated with donor creatinine and eGFR. Perfusate TNF-a
was higher in kidneys with lower arterial flow. The cytokines IL-
1B and GM-CSF decreased during 6 h. Kidneys with more urine
output had also lower perfusate KIM-1 levels. These parameters
may be considered as additional viability markers.

Finally, Xiang et al. showed in the mouse model of kidney
cold storage that in kidney proximal tubules the p53, a
tumor suppressor and stress response gene, is associated with
kidney injury and graft dysfunction. They demonstrated that
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pharmacological inhibition of p53 may reduce acute tubular
injury, apoptosis and inflammation at 24 h after cold storage.
These preclinical data support a role of p53 in the graft
injury associated with ischemia-reperfusion injury and thus
demonstrate the possible therapeutic potential of p53 inhibitors.

Diagnostics in kidney transplantation

During the last years diagnostic procedures have
significantly improved. Especially in the field of transplantation,
important progress has been made in the areas of biomarker
search and omics technologies. These are not limited to kidney
biopsies, but also include non-invasive investigations using
serum or urine.

The use of omics technologies has a relevant impact to the
further development of diagnostic possibilities, not only in terms
of finding a diagnosis but also in making a prognosis, such as
transplant survival.

The molecular microscope developed by Halloran et al.
makes an interesting contribution to the diagnosis of rejection
and injury in transplanted organs (5). Using indication biopsies
from the INTERCOMEX study (6) the actual study by Halloran
et al. was designed to extend previous investigations and to
classify scenarios associated with parenchymal injury. By using
archetypal analysis (AA) of scores for gene sets and classifiers
previously identified in various injury states, six injury groups
were defined. Two classes of early AKI could be separated
showing differences in function, parenchymal dedifferentiation,
response to injury, inflammation and graft survival. The
most important predictors of function (estimated glomerular
filtration rate) and graft loss were injury-based molecular scores,
not rejection scores.

Zero-time biopsies reflect the state of a donor organ before
transplantation. In contrast to other organ transplants zero
biopsies in kidneys are not routinely performed. Vonbrunn et
al. investigated in 26 zero-time biopsies gene expression profiles
for different types of subsequent renal transplant complications.
They could reveal significant differences between living and
deceased donor kidneys mainly due to differences in the cold
ischemia time. Genes encoding for immunoglobulins were
differentially expressed in biopsies from transplants which later
developed rejection corresponding to higher number of CD20™"
and CD1387 cells. Acute renal failure before transplantation
also had an influence on gene expression. Although transplant
biopsies are still the gold standard in routine diagnostic, non-
invasive diagnostic from urine or plasma can help to identify
patients at risk for renal transplant rejection. Analysis of
donor derived cell-free DNA (dd-cfDNA) has been shown
to have the potential to detect cases of rejection episodes,
with patients with rejection having higher plasma dd-cfDNA
levels than patients with stable grafts without rejection (7).
In their study Jeric Kokelj et al. describe a novel method
using droplet digital PCR analysis to quantify dd-cfDNA in
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kidney transplant patients. By using a novel pilot set of assays
targeting single nucleotide polymorphisms they found that
droplet digital PCR is suitable for analysis of kidney transplant
patients’ plasma but recommend prior genotyping of donor
DNA and performing reliable preamplification of cfDNA. As
long as the transplant patient has sufficient urine output it
is possible to use it for diagnostic investigations. Oblak et
al. could correlate the estimated protein excretion rate in the
Ist year after kidney transplantation with ABMR, vascular
TCMR and de novo DSA, although not surprisingly the test
validity was higher in ABMR compared to TCMR (AUC 0.95
vs. 0.68). Previously Banas et al. developed a novel, non-
invasive method to detect graft rejection via a characteristic
constellation of urine metabolites by NMR spectroscopy (8).
In the following prospective international PARASOL study
Banas et al. collected 1,230 urine samples and matched them
to the corresponding kidney transplant biopsies. The clinical
characteristics of subjects recruited, indicate a patient cohort
typical for European renal transplantation. A typical shift from
T-cellular early rejections episodes to later antibody mediated
allograft damage over time after renal transplantation further
strengthens the usefulness of the cohort for the evaluation of
novel biomarkers for allograft damage. Living-donor kidney
transplant recipients undergoing desensitization for Human
Leukocyte Antigen (HLA)-incompatibility have a high risk of
developing antibody-mediated rejection (ABMR). The purpose
of the study by Cucchiari et al. was to evaluate if residual
B cell activity after desensitization could be estimated by the
presence of circulating B cell-derived extracellular vesicles.
In studies on patients before and after desensitization and
controls they could demonstrate a significant drop in B cell-
derived extracellular vesicles after desensitization and that this
paralleled the reduction in CD197 cells in lymph nodes, while
in peripheral blood B cells, this change was almost undetectable.

To unravel the finding why kidney transplant recipients
show impaired immune responses to SARS-CoV-2 infection
and a reduced efficacy of SARS-CoV-2 vaccination compared to
dialysis patients, Schuller et al. investigated peripheral blood B
cell composition before and after kidney transplantation. They
could detect persistent and profound compositional changes
within the B cell compartment. Low Transitional B cells, 1
year after KT, may account for the low serological response to
SARS-CoV-2 vaccination in KTRs compared to dialysis patients.

Advances in antibody-mediated
rejection

In the last two decades, antibody-mediated rejection
(ABMR) has become a major research focus in transplant
medicine, and, today, our knowledge about molecular
mechanisms and the manifold phenotypic presentation of this
rejection type has improved substantially. Nevertheless, there
are large numbers of unanswered questions, some of them
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now addressed in the context of our present Research Topic.
One is the burden of recipient sensitization—a dominant risk
factor of ABMR occurrence. Individualized risk assessment
in this context may be of decisive importance to adequately
guide organ allocation and tailor the composition or intensity
of desensitization protocols (9, 10). There is still a need for
immunological variables that accurately predict allograft
outcomes. In a retrospective cohort study including 108 donor-
specific antibody (DSA)-positive deceased donor transplant
recipients subjected to desensitization with anti-thymocyte
globulin, plasmapheresis, intravenous immunoglobulin (IVIG)
and/or rituximab, Osickova et al. found particularly high
ABMR rates among recipients with a positive pre-transplant
flow cytometric crossmatch (76 vs. 19% among crossmatch-
negative recipients), demonstrating a 5-fold increased risk
in multivariable analysis. These interesting results are of
considerable clinical relevance, as they strongly support the
systematic use of flow crossmatch testing in the context
of DSA-positive deceased donor kidney transplantation.
Moreover, Kilble et al. evaluated allograft outcomes in 38
DSA and/or crossmatch-positive recipients of a living donor
transplant following an individualized algorithm of peri-
transplant apheresis. Treatment, which included rituximab
and/or thymoglobulin, was tailored according to careful
immunological risk stratification, among others, based on single
bead assay results and/or soluble CD30 (sCD30) monitoring.
Patient and graft survival rates were found to be similar to those
observed among standard-risk recipients, without differences
regarding rejection rates. An interesting observation was that,
following transplantation, 56% of the recipients had lost their
DSA. ABMR rates in these patients were only 6%, but 60% in
recipients with persistent and de novo DSA. In a retrospective
study of 287 patients subjected to standard immunosuppression,
Drasch et al. evaluated the impact of preformed DSA and sCD30
levels on renal allograft outcomes. In their study, graft survival
was significantly lower in DSA-positive as compared to DSA-
negative patients. While DSA-positive patients with increased
levels of sCD30 had adverse 3-year graft survival, sCD30 levels
were not associated with ABMR frequency, DSA persistence
and long-term survival. Senn et al. studied a distinct risk
constellation—husband-to-wife transplantations with mutual
children—which may be complicated by the persistence of
alloreactive T and B cells triggered by paternal HLA antigens.
Analyzing 25 such transplants in comparison to women with
prior pregnancies who received a kidney from other donor
sources, they found numerically higher incidences of ABMR
and inferior death-censored graft survival, despite the use
of T cell-depleting induction therapy. Interestingly, in this
cohort, DSA status, number of pregnancies, or the number of
HLA-mismatches were not predictive for rejection or graft loss.

Treatment of ABMR has remained a major challenge,
and evidence for efficacy of currently available anti-rejection
treatments is considerably low, especially in chronic rejection.
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One promising concept of ABMR treatment may be the use of
antibodies directed against interleukin-6 (IL-6) or its receptor
(IL-6R). Noble et al. present a single-center study including
40 renal allograft recipients who all received the anti-IL-6R
antibody tocilizumab for chronic active ABMR. Six patients lost
their graft within 12 months, but many patients showed stable
eGFR, and there was no change in microvascular inflammation
scores and the extent of interstitial fibrosis and tubular atrophy.
Transplant glomerulopathy scores, however, increased. Even
though limited by its uncontrolled retrospective design, this
study may suggest that tocilizumab is able to stabilize the decline
in renal function and histological rejection lesions, at least
in some of the treated patients. There is now accumulating
evidence for a role of DSA-negative ABMR, but there is not
much known about its pathophysiology or responsiveness to
rejection treatment. The latter issue was addressed by Koslik
et al. Evaluating 102 renal allograft recipients diagnosed with
ABMR, among them 61 with detectable DSA, the authors
studied the impact of multi-compound treatment, primarily
based on apheresis and intravenous immunoglobulin (IVIG)
on allograft outcomes. In case of persistent ABMR increase in
maintenance immunosuppression or long-term application of
IVIG was used. While late rejection diagnosis and positive C4d
staining turned out to be independent risk factors for allograft
failure, DSA status did not relate to graft survival. An interesting
finding was that DSA-positive recipients showed significantly
better allograft survival after long-term IVIG than patients with
DSA-negative ABMR. Conversely, the latter exhibited better
responses to intensified maintenance immunosuppression.
Moreover, there are individual histological and molecular
phenotypes of ABMR that may respond differently to treatment.
In this context, Sazpinar et al. provide a detailed evaluation
of 16 patients presenting with pure chronic active ABMR. The
authors evaluated the expression of predefined rejection-related
transcripts using NanoStringTM technology and evaluated
biopsy results in relation to clinical outcomes. In this
preliminary small study, treatment responsiveness of ABMR
was associated with the extent of microvascular inflammation
and transcriptome changes in NK cell and endothelial cell
associated genes. Cell therapies treating late ABMR are emerging
including the transfer of mesenchymal stem cells (MSC). Still,
these therapies might be accompanied by serious side-effects in
individual patients as described by Veceri¢-Haler et al. They
describe a single patient case with late ABMR treated with
autologous MSC within a study and the patient developed life-
threatening symptoms mimicking capillary leakage syndrome,
which only resolved after explantation of the kidney graft. The
authors speculate that Parvovirus B19 might have mediated the
life-threatening condition. These data point to the fact that viral
infections might be transferred via cell therapies which result in
life-threatening complications for the patient.

There is definitely a need for well-designed randomized
prospective trials to clarify the efficacy of new treatment
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approaches that are currently in the pipeline. Trial design
in ABMR, however, is a challenge, partly because of the
requirement of large patient numbers and long periods of
follow-up to demonstrate meaningful differences in allograft
survival. In a retrospective monocentric study, Borski et al.
confirmed a strong impact of late ABMR on renal allograft
survival, demonstrating a 93, 64, 53, and 15% unadjusted
overall allograft survival at 1, 3, 5, and 10 years after index
biopsy, respectively. In search of surrogate endpoints that allow
for accurate prediction of graft survival, they found a strong
predictive value of early eGFR decline. An eGFR loss of 1
ml/min/1.73 m? per year was thereby associated with a 10%
(12-month slope) to up to 30% (24-month slope) increase in
the risk for future allograft loss. These data strongly support
the utility of calculating eGFR slope as a surrogate endpoint
of graft failure in ABMR trials. Moreover, in search of biopsy
findings that predict transplant outcomes after ABMR diagnosis,
Pifieiro et al. studied a retrospective cohort of 90 patients
treated for active ABMR, exploring the clinical relevance
of persistent inflammation detected in follow-up biopsies.
Following treatment with plasma exchange, IVIG and rituximab,
microvascular inflammation persisted in 71% and tubulitis in
19% of the biopsies. Persistent inflammation, even despite not
strictly meeting any of the Banff rejection categories, was found
to strongly associate with graft failure. Retreatment of patients
with persistent inflammation was thereby associated with a
better prognosis than in untreated patients. Finally, Novotny
et al. studied 72 renal allograft recipients exhibiting vascular
rejection (intimal arteritis), in association with TCMR or ABMR
features (microvascular inflammation). The authors found that
intimal arteritis in conjunction with ABMR was a significant
risk factor of transplant glomerulopathy in follow-up biopsies,
regardless of DSA status. Among DSA-positive patients with
intimal arteritis and microvascular inflammation, resolution of
rejection was less frequent (27% as compared to 58 or 90%
in patients with phenotypes of intimal arteritis associated with
DSA-negative ABMR or TCMR, respectively).

Advances in cardiovascular disease
and infections after kidney
transplantation

Alloimmune responses are causative for kidney graft loss
in a valuable number of our kidney transplant recipient. Still,
cardiovascular events as well as infections are major causes of
graft loss as well as death with a functioning graft after kidney
transplantation (11). Thus, strategies to improve outcome after
kidney transplantation in these areas are of critical importance
to improve graft- and patient-survival. In the Research Topic
Advances in kidney transplantation in Frontiers in Medicine
published articles further add important new information in
the field of cardiovascular disease and infections after kidney
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transplantation. Végh et al. showed nicely that blood pressure
monitoring by 24-h measurements (ABPM) as well as vascular
stiffness correlated with the GFR in the long term follow
up of pediatric kidney transplantation recipients. Interestingly,
there was no correlation of vascular stiffness and ABMR 2
years after transplantation, which points to the fact that CV
health is of crucial importance for long-term function of grafts.
Protection and/or of vascular calcification is an important
step toward an improvement of cardiovascular survival in the
chronic kidney disease population including kidney transplant
recipients. Supplementation of magnesium has been proposed to
be beneficial in treating vascular calcification in animal models
(12). In line, low serum-magnesium levels have been associated
with an increased cardiovascular risk and all-cause mortality in
the general population (13). Contrarily, Lahav et al. show in
their article in Frontiers in Medicine that serum-magnesium
levels correlated inversely with all-cause and cardiovascular
mortality in their cohort of kidney transplant recipients.
Furthermore, magnesium supplementation did not show a
benefit, but was rather associated with worse cardiovascular
outcomes. Still, these outcomes might be biased by an improved
graft function, which is associated with lower magnesium
levels (14). Clearly interventional studies are needed to
evaluate whether magnesium supplementation is beneficial in
CKD patients as well as kidney transplant recipients. Since
post-transplantation diabetes mellitus is one of the most
important factors in increasing cardiovascular mortality in
kidney transplantation recipients, studies addressing this issue
are of outmost importance. Yin et al. published a study
enrolling 105 kidney transplant recipients, who will be treated
with placebo, metformin or empagliflozin. The two drugs
will be tested for safety, effectivity, and tolerability in the
kidney transplant population. The primary end point is the
change in the visceral-to subcutaneous fat area evaluated by
MRI as well as inflammatory parameters. This study critically
addresses the problem of obesity and PTDM in the kidney
transplantation cohort with the great opportunities of new
therapeutic drugs such as SGLT-2 inhibitors, which have been
shown to improve kidney function and cardiovascular mortality
in the CKD cohort (15). Still, they also hold great potential in the
kidney transplantation population, where only few studies exist
evaluating these drugs (16, 17).

Infections are an important factor of graft and patient loss
in the kidney transplantation population. Rare infections occur
in our immune suppressed population such as shown in a
recent case report of a patient developing malacoplakia due
to the infection with a multi-resistant E. coli and Cryptococcus
albidus. Both colonized in the transplanted kidney. Yan et al.
further show that metagenome sequencing can be utilized as an
additional diagnostic tool complementing pathogen detection
especially in transplant recipients with unusual infections. In
contrast, BK Polyoma virus infection is a frequent problem
in kidney transplant recipients associated with an increased

frontiersin.org


https://doi.org/10.3389/fmed.2022.967749
https://doi.org/10.3389/fmed.2022.817127
https://doi.org/10.3389/fmed.2021.761919
https://doi.org/10.3389/fmed.2021.781206
https://doi.org/10.3389/fmed.2021.800580
https://doi.org/10.3389/fmed.2021.690273
https://doi.org/10.3389/fmed.2021.800872
https://doi.org/10.3389/fmed.2021.721145
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Eller et al.

probability for graft loss. The study by Omi¢ et al. showed
that kidney transplant recipients with an insufficient decrease
in BK Polyoma virus titers in the blood have a significantly
increased risk for graft loss. Thus, not only patients with an
initially high BK viral load, but also patients without a rapid
decrease in BK viral load need to be closely followed. Omic also
show that leflunomide did not improve GFR in their patient
cohort but had the ability to fully clear the virus in a greater
number of patients. Nevertheless, the only sufficient way to
limit BK polyoma virus infection currently seems to be the
reduction of immunosuppression. The COVID-19 pandemia
put our kidney transplant cohort into severe risk for developing
critical COVID-19 due to chronic immunosuppression and
coexisting conditions (18). Dedinska et al. add to this evidence
by providing retrospective, multicenter analysis of 186 kidney
transplantation patients with COVID-19. Obese and patients
>59 years are of high risk to develop critical COVID-19 illness.
Corticosteroids more than 7.5 mg/day as well as HLA-DQ2 seem
to be protective factors in their cohort of patients but need to be
confirmed in larger trials.

Finally, a study on sex differences between start of kidney
replacement therapy and inclusion on the waiting list for kidney
transplantation has been published in this Research Topic of
Frontiers in Medicine. Hodlmoser et al. show compelling sex
disparities in both the US as well as in Austria with a significant
higher chance for men to be listed for kidney transplantation.
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Background: Serum magnesium levels are associated with cardiovascular disease and
all-cause mortality in the general population and chronic kidney disease patients, but
the association between serum magnesium levels and cardiovascular risk after kidney
transplantation is not established. We sought to evaluate whether exposure to low
serum magnesium levels after renal transplantation is related to cardiovascular morbidity
and mortality.

Methods: We conducted a single center retrospective study that included all
transplanted patients who had a functioning graft for at least 6 months after
transplantation between January 2001 and December 2013. We calculated exposure to
magnesium using time weighted average for serum magnesium levels, using all values
available during the follow-up. Several statistical methods were used, including liner
regression analysis, x 2 test, and multivariate Cox proportional hazard model.

Results: Four hundred ninety-eight patients were included. Median follow-up was 5.26
years. High time weighted average of serum magnesium was associated with a hazard
ratio of 1.94 for all-cause mortality and major cardiovascular outcome compared to low
levels (95% CI 1.18-3.19, p = 0.009). The high quartile of time weighted average of
serum magnesium was associated with death censored major cardiovascular outcome
(hazard ratio 2.13, 95% CI 1.17-3.86, p = 0.013) in multivariate analysis.

Conclusions: Exposure to low serum magnesium levels in renal transplant recipients
was associated with a lower risk for all-cause mortality and major cardiovascular
outcome. These findings contrast the higher risk found in the general population.

Keywords: magnesium, renal transplantation, cardiovascular outcomes, mortality, renal function

INTRODUCTION

Magnesium (Mg) is the second most prevalent intracellular cation (1) and has a vital role in cellular
and biological processes. Serum magnesium (sMg) levels depend on the balance between renal
excretion and intestinal absorption; thus, hypomagnesemia results from gastrointestinal losses and
renal losses due to medications such as loop or thiazide-type diuretics, calcineurin inhibitors and
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Magnesium and MACE in Renal Transplantation

cisplatin, hypercalcemia, volume expansion, recovering acute
tubular necrosis, post-obstructive diuresis and inherited
tubulopathies (e.g., Bartter and Gitelman syndromes) (2).

Data from epidemiological studies suggests that low sMg
levels are associated with increased cardiovascular disease (CVD)
and all-cause mortality in the general population (3, 4).

In chronic kidney disease (CKD) patients, there is an
increasing body of evidence for an inverse association between
sMg and insulin resistance, new onset diabetes (5), hypertension
(6), atherosclerosis (7), inflammation (8), CVD (3, 9), vascular
calcification (10), dyslipidemia (11), and renal function decline
and mortality risk (12, 13).

Magnesium  deficiency is common after  kidney
transplantation mainly due to the effect of calcineurin
inhibitors (CNI) on tubular magnesium handling. CNI
induce hypomagnesemia through downregulation of the renal
expression of epidermal growth factor (EGF) and transient
receptor potential channel melastatin 6 (TRMP6) in the distal
collecting tubule, leading to Mg wasting (14). Hypomagnesemia
is associated with new onset diabetes after transplantation
(15, 16) and also with vascular stiffness and endothelial
dysfunction (17), measured by carotid-femoral pulse wave
velocity. The association between sMg levels and CVD in kidney
transplant recipients has not been evaluated yet.

The aim of this study was to evaluate whether there
is association between exposure to low magnesium blood
levels after renal transplantation and cardiovascular morbidity
and mortality.

MATERIALS AND METHODS
Study Design

This is a single-center retrospective cohort study. The study
protocol was approved by the Rabin Medical Center (RMC)
institutional review board (IRB).

Study Population

We searched the RMC kidney transplant registry between
January 2001 and December 2013 and selected all transplanted
patients who had a functioning graft for at least 6 months
after transplantation. We collected sMg values and calculated
time weighted average (TWA) for sMg levels using all values
available since the renal transplantation and during the follow-
up period. TWA was calculated by multiplying each sMg value
by the time of exposure, summing all the values, and dividing
them by the time interval between the first and last values. We
evaluated cumulative TWA of sMg from time of transplantation
for each time point, by calculating TWA between the time of

Abbreviations: BMI, body mass index; CHE congestive heart failure; CI,
Confidence Interval; CKD, chronic kidney disease; CNI, calcineurin inhibitors;
CV, cardiovascular; CVA, cerebrovascular accident; CVD, cardiovascular disease;
eGFR, estimate glomerular filtrate rate; HBA1C, hemoglobin A1C; HDL, High-
density lipoprotein; HR, Hazard Ratio; IHD, Ischemic Heart Disease; IQR,
interquartile range; LDL, low-density lipoprotein; MACE, major cardiovascular
outcome; Mg, magnesium; MI, myocardial infarction; PPI, proton-pump
inhibitors; PVD, peripheral vascular disease; WBC, white blood cells; sMg, serum
magnesium; TWA, time weighted average.

TWA3= (S1 + 52 +$3)/T3

I

T2

SMg level

L
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FIGURE 1 | Schematic description of sMg TWA calculation.

transplantation to the end of each 6-month interval. As a result,
the exposure variable for this study was the mean sMg (weighted
for time of exposure) during all the follow-up time until the time
of the event. Schematic description of TWA for sMg at each time
point is depicted in Figure 1.

We excluded patients with less than six magnesium blood
level values available, patients who were lost to follow-
up, multiple organ transplant patients, and patients who
experienced cardiovascular events during the first 6 months after
the transplantation.

Endpoints

The primary endpoint was the composite outcome of all-
cause mortality and major cardiovascular outcome (MACE)
defined as non-fatal myocardial infarction (MI), non-fatal
cerebrovascular accident (CVA), coronary revascularization,
peripheral revascularization, and hospitalization due to acute
coronary syndrome, congestive heart failure (CHF) exacerbation,
or peripheral vascular disease (PVD).

Secondary endpoints included the separate components of
the primary outcome, graft survival, and overall survival. The
outcome of MACE was determined by two physicians (I.V. and
M.M.). The physicians opened every medical file and did not
rely on the written diagnosis. Whenever there was a doubt about
the diagnosis, the physicians consult with a senior nephrologist
(R.R. or B.R.Z.) in order to ascertain the MACE event. In
any disagreement, another senior nephrologist (R.R. or B.R.Z.)
was consulted.

Study Design

The time period from transplantation was divided into 6-month
intervals. The primary exposure was TWA of sMg from the
transplantation to the end of each interval. Each patient was
assigned into a group according to the TWA of sMg at the
beginning of each interval. As the TWA of sMg changed over
time, each patient could be assigned to a different group at each
time interval. Each outcome episode was attributed to the TWA
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FIGURE 2 | Schematic description of study design.

of SMg calculated from the transplantation to the end of the
previous time interval, and analysis was done by time-varying
manner. A schematic description of the study design is depicted
in Figure 2.

Statistical Methods

Baseline patient characteristics are presented as means and
standard deviations or median and interquartile range,
as appropriate.

Data was collected from the patients’ electronic health records.
Recipient data included age, gender, baseline kidney disease, body
mass index (BMI), history of hypertension, diabetes mellitus,
ischemic heart disease, MI, coronary revascularization, CHE,
valvular disease, PVD, CVA, past renal replacement therapy,
and transplantations. Transplantation data included donor type
(living or deceased), age and gender, panel reactive antibodies
(PRA) status, human leukocyte antigen (HLA) mismatch,
induction therapy, maintenance immunosuppression therapy,
delayed graft function, hospitalization length, and episodes of
acute rejections.

Laboratory data was collected at 6 months post-
transplantation and included creatinine, urea, low-density
lipoprotein (LDL) cholesterol, glucose, cholesterol, albumin,
hemoglobin, white blood cells (WBC), platelets, and hemoglobin
A1C (HBA1C). At 6 months, we also evaluated for development
of hypertension and diabetes and recorded medications
prescribed including immunosuppression medication (prograf,
cyclosporine, mTOR inhibitors), magnesium supplements, blood
pressure medications (ACE inhibitors, Ca channel blockers, Beta
blockers), anti-aggregates, statins, and proton pump inhibitors.
The protocol for magnesium supplementation at our clinic was
magnesium citrate 100 mg thrice daily, and it was given at the
discretion of the treating physician.

We used multiple imputations using liner regression
analysis, with five repeats for missing data analysis. Mean and
standard deviation described normally distributed variables,
whereas median and range described non-normally distributed
variables. For differences between groups, we used analysis of
variance (ANOVA) for continuous variables and y? test for
discreet variables.

For modeling time to first event, we used time varying
univariate and multivariate Cox proportional hazard model, with

649 Renal transplant patients

Between 1/1/2003 and 31/12/2013

25 patients with MACE within 180
days of transplant

116 patients with less than six
values of SMg available for
analysis

9 patients with other organ
transplantations

one patient with no outcome data

498 patients included in the final cohort

FIGURE 3 | Flow diagram of the recruitment and exclusion of patients in the
studly.

quartiles of TWA sMg as time dependent variable. We compared
quartiles of sMg according to the TWA of sMg from the
time of transplantation to each time point. The proportionality
assumption was validated by evaluating each variable for
interaction with time and assessing for the null hypothesis. For
multivariate analysis, we used forward stepwise analysis with
possible confounders using inclusion p-value of 0.05. We also
forced into the model variables that were significantly associated
with TWA of magnesium at 6 months post-transplantation.
The variables in the multivariate analysis included recipient
age and gender, BMI, history of heart disease, diabetes
mellitus, smoking status, donor age, Mg supplementation,
maintenance immunosuppression therapy, duration of dialysis,
serum albumin, and eGFR. The full models of the multivariate
analysis are presented in Supplementary Tables 1, 3, 6.

In order to further evaluate the risk of our primary and
secondary outcomes, we used repeated measures generalized
estimating equations (GEE). We used the cumulative TWA
of magnesium level at the beginning of each time interval as
repeated measures variable and the odds for an event during each
interval as response variable using binary logistic model. The
multivariable adjusted model included the same variables used
for the time varying Cox analysis.

In order to increase the internal validity of our results,
we performed several sensitivity analyses. We analyzed the
association between sMg level and the primary outcome in all
the patients in the cohort including patients with <6 sMg values
and patients that had CV event during the first 6 months post-
transplantation. We also analyzed the association between the
highest sMg value and the primary outcome. Lastly, we evaluated
the association between TWA of sMg at 1 year and the secondary
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outcome of death censored CV events using competing risk
analysis with non-CV death as the competing risk.

RESULTS

Between January 1, 2003 and December 31, 2013, 649 patients
were transplanted; 498 were included in the final cohort. Reasons
for exclusion were as follows: MACE within 180 days of
transplant (18), less than six values of sMg available for analysis
(116), other organ transplantations (9), and no outcome data (1).
Flow diagram of the recruitment and exclusion of patients in the
study is depicted in Figure 3.

The patients’ characteristics according to TWA of magnesium
concentration during the first 6 months post-transplantation
are presented in Table 1. Low TWA of serum magnesium was
associated with younger donor age, higher estimated glomerular
filtrate rate (eGFR), treatment with magnesium supplementation,
and non-smoker status.

Time Varying TWA of Blood Magnesium

and the Primary Outcome

During a median follow-up time of 5.26 years [interquartile range
(IQR) 4.21-7.37], 145 outcome events occurred including 98
events of MACE and 47 events of death.

We divided the patients into quartiles according to TWA of
sMg at each time point. Table 2 presents the association between
time varying TWA of Mg levels and the primary composite
outcome of MACE and overall death.

When compared to the lowest quartile, the highest quartile
was associated with increased risk of the primary outcome
[Hazard Ratio (HR) 1.94, 95% Confidence Interval (CI) 1.18-
3.19, p = 0.009]. The results were not significantly changed
by multivariate adjustment (HR 1.86, 95% CI 1.08-3.21, p =
0.027). We also analyzed the data by repeated measures GEE with
comparable results [Odd Ratio (OR) 1.69, 95% CI 1.03-2.77, p =
0.037] and (OR 1.8, 95% CI 1.04-3.1, p = 0.034) for univariate
and adjusted analysis, respectively (see Supplementary Table 2).
Sensitivity analysis using the highest sMgl level gave similar
results (HR 2.27, 95% CI 1.331-3.872, p = 0.003) and (HR
1.882, 95% CI 1.088-3.255, p = 0.024) for the highest quartile
vs. the lowest quartile by univariate and multivariate analysis,
respectively (see Supplementary Table 4).

Another sensitivity analysis included patients with <6 sMg
levels (but at least one value) and patients that had CV events
during the first 6 months post-transplantation. This analysis
showed comparable results though, with numerically smaller
effect size, when compared to the lowest quartile; the highest
quartile was associated with increased risk of the primary
outcome (HR 1.528, 95% CI 1.001-2.334, p = 0.05). The results
were not significantly changed by multivariate adjustment (see
Supplementary Table 5).

Comparable results were obtained when the secondary
outcome of death censored MACE (with the exception of
CV mortality) was evaluated. The high quartile of TWA of
magnesium was associated with this outcome (HR 1.84, 95% CI
1.07-3.18, p = 0.028) and (HR 2.13, 95% CI 1.17-3.86, p = 0.013)

for univariate and multivariate analysis, respectively. The results
of association between sMg quartiles and death censored MACE
and the full multivariate model are presented in Table 3 and
Supplementary Table 6, respectively.

When the association with death censored MACE was
analyzed by competing risk analysis (with the competing risk
of non-CV death), the highest quartile of TWA of Mg at 1
year was non-significantly associated with CVD by univariate
analysis (HR 1.47, 95% CI 0.93-2.33, p = 0.17). However, by
multivariate analysis, the association was significant (HR 1.88,
95% CI 1.14-3.11, p = 0.038) (see Supplementary Table 7).

In a similar manner, analysis by repeated measures GEE
generated equivalent results (OR 1.69, 95% CI 0.97-2.94, p =
0.062) and (OR 2.15, 95% CI 1.15-4.02, p = 0.017) for univariate
and adjusted analysis, respectively. As can be seen, the trend for
increased odds for CV events was non-significant by univariate
analysis but became significant after multivariate adjustment (see
Supplementary Table 8).

Table 4 presents the association between time varying TWA
of serum magnesium and the separate components of MACE.

Time Varying TWA of Blood Magnesium

and All-Cause Mortality

During the follow-up, 77 patients died: 22 (28.6%) due to CVD,
30 (39%) due to infections, 7 (9.1%) due to malignancy, and
18 (23.4%) due to other or unknown cause. Table 5 presents
the association between quartiles of TWA of sMg levels during
the follow-up and the secondary outcome of all-cause mortality.
By univariate analysis, both the third and fourth quartiles were
associated with increased mortality compared to the lowest
quartile (HR 2.2, 95% CI 1.08-4.49, p = 0.031) and (HR 2.16, 95%
CI 1.06-4.38, p = 0.034), respectively. By multivariate analysis,
only the third quartile was significantly associated with mortality,
while there was only a non-significant trend for the fourth
quartile (Table 5). The full model of the multivariate analysis is
presented in Supplementary Table 6.

By repeated measures GEE, univariate analysis the fourth
quartile was associated with increased mortality compared to the
lowest quartile with non-significant trend for the third quartile
(OR 2.18, 95% CI 1.08-4.41, p = 0.029 and OR 1.9, 95% CI
0.93-3.89, p = 0.081, respectively). By multivariate analysis, the
association was no longer significant for both quartiles compared
to the lowest quartile (OR 1.74, 95% CI 0.85-3.55, p = 0.127 and
OR 1.94, 95% CI 0.94-4.02, p = 0.074 for the third and fourth
quartiles, respectively) (see Supplementary Table 9).

Association of Magnesium
Supplementation at 6 Months and CV
Outcomes

Of the 498 patients included in the study, 495 (99.4%)
had information available regarding prescribed medications
6 months post-transplantation. Sixty-six of the 495 patients
(13.3%) were treated with magnesium supplementation. Table 6
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TABLE 1 | Baseline characteristics of the entire study population according to TWA quartiles of sMg during the first 6 months post-transplantation.

Quartile 1 (n = 123) Quartile 2 (n = 121) Quartile 3 (n = 122) Quartile 4 (n = 127) P-value
Baseline variables
Age (years) 471 £1563 491 +£14.4 47.9 £14.5 47.7 £15 0.765
Gender (men) 50 (40.7%) 38 (31.4%) 40 (32.8%) 45 (35.4%)
Dialysis duration (months) 35.6 + 33.4 34.7 £ 40.2 30.3 £ 356.8 31.94+32.9 0.633
Living donor 68 (55.3%) 64 (562.9%) 79 (64.8%) 76 (569.8%) 0.248
Donor age 40.7 £156.3 441 +£14.3 455+ 125 49.6 + 13 <0.001
Systolic blood pressure 131.2 £ 194 129.3+17.9 1324 £ 185 130.1 £17.9 0.663
Creatinine at 6 months 1.26 +0.43 1.45+0.67 1.45+£0.48 1.45+0.48 0.005
eGFR at 6 months 66.74 + 21.49 58.25 + 18.38 57.47 +18.99 56.17 + 19.68 <0.001
BMI 26.34 £ 5.9 25,89+ 5.4 26.76 +£ 5.3 25.37 £ 4.9 0.303
Triglycerides 178.3 £86.2 177.4 £ 130.1 1717 11156 173.7 £ 86.8 0.957
LDL 92.5 +23.3 90.4 £ 259 91.8 £ 237 86.9 + 27.9 0.331
Calcium 9.9+0.76 9.8 £0.6 9.8+ 0.6 9.8 +0.6 0.688
HDL 50.1 + 14.3 49.8 £14.5 51.2+137 5124+ 14.9 0.822
Phosphorus 3.2+0.87 3.2+0.76 3.2+0.72 34 +£0.74 0.099
Albumin 4.2 +0.36 4.3 +£0.33 4.3 £0.35 43+04 0.749
Cholesterol 177.7 £30.2 175 £ 33.2 176.9 £ 34.8 1719 £ 355 0.535
Glucose 119.8 £ 48.1 112.8 £ 53 116.2 £ 454 117.9 £60.9 0.787
Mg at 6 months 1.55 +0.08 1.68 + 0.09 1.77 £0.08 1.95+0.14 <0.001
Mg at 1 year 1.6 +£0.08 1.72 £ 0.09 1.82 £ 0.07 1.97 £0.15 <0.001
Gender 73 (69.3%) 83 (68.6%) 82 (67.2%) 82 (64.6%) 0.443
Diabetes before transplantation 35 (28.5%) 33 (27.3%) 34 (27.9%) 42 (33.1%) 0.735
Diabetes at 6 months 47 (38.2%) 41 (33.9%) 44 (36.1%) 52 (40.9%) 0.694
IHD before transplantation 17 (13.8%) 27 (22.3%) 31 (25.4%) 29 (22.8%) 0.132
Transplantation number (n = 2) 14 (11.4%) 10 (8.3%) 7 (6.7%) 18 (14.2%) 0.132
Delate graft function 21 (17.1%) 24 (19.8%) 26 (21.3%) 35 (27.6%) 0.222
Hypertension 80 (65%) 74 (61.2%) 77 (63.1%) 85 (66.9%) 0.593
Prograf 118 (95.9%) 113 (98.4%) 107 (87.7%) 116 (91.3%) 0.129
Cyclosporine 3 (2.4%) 7 (5.8%) 7 (5.7%) 6 (4.7%)
mTOR inhibitors 2 (1.6%) 1(0.8%) 8 (6.6%) 5 (3.9%)
Anti-aggregates 96 (78%) 96 (80%) 104 (85.2%) 105 (82.7%) 0.493
PPI 93 (75.6%) 89 (73.6%) 88 (72.1%) 91 (71.7%) 0.714
ARB/ACE inhibitors 21 (17.1%) 21 (17.6%) 28 (23%) 33 (26%) 0.247
Mg supplement 32 (26.2%) 19 (156.8%) 9 (7.4%) 6 (4.7%) <0.001
Calcium supplement 21 (17.1%) 18 (15%) 13 (10.7%) 18 (14.2%) 0.542
Phosphorus supplement 8 (6.5%) 4 (3.3%) 6 (4.9%) 5 (3.9%) 0.664
Statins 62 (50.4%) 54 (45%) 74 (60.7%) 62 (48.8%) 0.088
Beta-blockers 60 (48.8%) 49 (40.8%) 70 (57.4%) 57 (44.9%) 0.063
Calcium channel blockers 45 (36.6%) 40 (33.6%) 56 (45.9%) 56 (44.4%) 0.144
Acute coronary syndrome 11 (8.9%) 16 (13.2%) 7 (5.7%) 6 (4.7%) 0.065
Any smoking 30 (24.4%) 48 (39.7%) 47 (38.5%) 51 (40.2%) 0.027
Current smoking 11 (8.9%) 26 (21.5%) 17 (13.9%) 18 (14.2%) 0.05

describes the characteristics of patients treated with magnesium
supplementation vs. the untreated patients.

By univariate Cox analysis, magnesium supplementation was
not significantly associated with the primary outcome (HR 1.46,
95% CI 0.9-2.37, p = 0.103). However, by the multivariate
model including TWA for sMg at 6 months, age, gender, BMI,
ischemic heart disease (IHD) before transplantation, serum
calcium, albumin and LDL, treatment with PPI, beta blockers,

and inhibitors of the renin angiotensin, the association became
significant (HR 2.07, 95% CI 1.23-3.46, p = 0.006).

DISCUSSION

Previous research has shown an association between sMg
levels and renal and cardiometabolic outcomes in the general
population and patients with CKD. Due to a lack of
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TABLE 2 | Association between TWA quartiles of Mg level and the primary composite outcome of MACE and overall death by univariate and multivariate analysis.

Univariate analysis

Multivariate analysis

Hazard ratio 95% confidence interval P-value Hazard ratio 95% confidence interval P-value
Quartile 1 Ref Ref Ref Ref Ref Ref
Quartile 2 1.51 0.89-2.56 0.124 1.86 1.08-3.18 0.024
Quartile 3 1.57 0.93-2.54 0.09 1.73 0.99-3.01 0.054
Quartile 4 1.94 1.18-3.19 0.009 1.86 1.08-3.21 0.027
TABLE 3 | Association between sMg quartiles and death censored MACE by univariate and multivariate analysis.
Univariate analysis Multivariate analysis
Hazard ratio 95% confidence interval P-value Hazard ratio 95% confidence interval P-value
Quartile 1 Ref Ref Ref Ref Ref Ref
Quartile 2 1.44 0.81-2.54 0.213 1.76 0.98-3.17 0.059
Quartile 3 1.09 0.59-2.2 0.781 1.38 0.72-2.73 0.332
Quartile 4 1.84 1.07-3.18 0.028 2.13 1.18-3.86 0.013
TABLE 4 | Association between quartiles of TWA of sMg and the separate components of MACE.
Hazard ratio 95% confidence interval P-value
ACS ql ref ref ref ref
q2 0.782 0.324 1.889 0.585
a3 0.528 0.195 1.429 0.209
a4 0.858 0.364 2.021 0.726
CVA ql ref ref ref ref
q2 1.264 0.283 5.648 0.759
a3 1.959 0.49 7.835 0.342
a4 2.815 0.762 10.403 0.121
PVD ql ref ref ref ref
g2 1.56 0.731 3.331 0.25
a3 0.898 0.381 2.115 0.805
a4 1.583 0.753 3.327 0.225
CHF ql ref ref ref ref
a2 0.877 0.338 2.276 0.788
a3 1.534 0.655 3.595 0.324
a4 1.406 0.601 3.293 0.432
CV DEATH ql ref ref ref ref
g2 0.794 0.213 2.959 0.731
a3 1.025 0.297 3.5643 0.969
g4 1.306 0.414 4117 0.648
TABLE 5 | Association between TWA quartiles of Mg and all-cause mortality by univariate and multivariate analysis.
Univariate analysis Multivariate analysis
Hazard ratio 95% confidence interval P-value Hazard ratio 95% confidence interval P-value
Quartile 1 Ref Ref Ref Ref Ref Ref
Quartile 2 1.45 0.67-3.13 0.343 1.59 0.73-3.45 0.241
Quartile 3 2.2 1.08-4.49 0.031 2.37 1.14-3.91 0.021
Quartile 4 2.16 1.06-4.38 0.034 1.94 0.93-4.06 0.079
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TABLE 6 | Baseline characteristics of patients treated with magnesium supplementation vs. untreated patients.

No Mg supplement Mg supplement P-value
Number of patients 429 66
Age 47.83 £ 14.79 49.00 £+ 14.52 0.551
Gender (men) 278 (64.8%) 41 (62.1%) 0.672
Dialysis duration (months) 32.58 + 36.49 37.09 £+ 29.07 0.339
Donor age (years) 45.37 £ 13.93 43.52 +£ 15.27 0.3
Systolic BP (mm Hg) 130.43 + 18.95 131.23 + 13.61 0.76
BMI (kg/m?) 26.08 + 5.45 25.81 £ 6.42 0.747
LDL cholesterol 90.19 + 25.21 91.02 + 21.61 0.807
HDL cholesterol 50.66 + 14.67 49.66 + 11.86 0.601
Albumin 4.26 +£0.37 4.32 +£0.34 0.215
Corrected calcium 9.62 £+ 0.56 9.83 £ 0.69 0.007
Glucose 116.49 £ 51.75 118.15 £ 54.59 0.817
eGFR (ml/min/1.73 m?) 58.563 + 18.70 66.34 + 13.42 0.003
Smoker status 61 (14.2%) 12 (18.2%) 0.398
History of IHD 93 (21.7%) 2 (18.2%) 0.518
Diabetes 159 (37.1%) (89 4%) 0.716
Living donor 256 (59.7%) 2 (48.5%) 0.082
First transplantation 380 (88.6%) (97 0%) 0.061
DGF 90 (17.1%) 6 (24.2%) 0.547
Hypertension 270 (63.2%) 49 (74.2%) 0.082
Prograf 392 (91.4%) 63 (95.5%) 0.395
Cyclosporine 23 (56.4%) 1(1.5%)
mTOR inhibitors 4 (3.3%) 2 (3.0%)
Anti-aggregates 356 (83.0%) 48 (72.7%) 0.045
PPI 307 (71.6%) 56 (84.8%) 0.023
Ace inhibitors 97 (22.7%) 6 (9.1%) 0.018
Statins 217 (50.6%) 34 (51.5%) 0.888
Beta blockers 199 (46.4%) 39 (59.1%) 0.063
Ca channel blockers 173 (40.5%) 25 (37.9%) 0.684

studies examining this association in patients with kidney
transplantation, we sought to examine this association. Our
results indicate that renal transplant patients within the lowest
quartile of exposure to sMg levels had a 1.5 lower risk for
the composite outcome of all-cause mortality and MACE
compared to patients with higher levels of exposure. In addition,
magnesium supplements did not improve the prognosis of
renal transplant patients and were also associated with negative
outcomes by multivariate analysis.

Mg is essential for vital cellular functions and is required
as a co-factor for many enzymatic reactions. Mg regulates
ion channels that participate in neuromuscular excitability
and cell permeability and immune response (1). In addition,
Mg has anti-atherosclerosis, anti-inflammatory, and antioxidant
properties. Recent studies demonstrated an association between
dysmagnesemia and poor outcomes in the general population
(3, 4), CKD patients (8, 13), dialysis patients (12), and heart
failure patients (19). In a population-based study that included
4,203 individuals, low Mg levels were associated with higher all-
cause mortality and cardiovascular mortality (20). Van laecke
et al. conducted a study with 1,650 CKD patients and a follow-up

time of 5.1 years. In the study, hypomagnesemia predicted
mortality and renal function decline in CKD patients. Patients
with low (<1.8 mg/dl) vs. high (>2.2 mg/dl) serum Mghad a 61%
increased mortality risk (adjusted HR 1.613, 95% CI 1.113-2.338,
p < 0.0001) (13).

A recent prospective multicenter study (CRIC study) that was
conducted by Lavinia Negrea et al. included 3,867 patients with
CKD. The study evaluated the association between sMg level and
cardiovascular events and all-cause mortality. This was the largest
study made in CKD patients with a long follow-up of 14.6 years.
The authors conclude that sMg level <1.9 and >2.1 mg/dl was
associated with increased risk for all-cause mortality. Low sMg
level was associated with incident atrial fibrillation but not with
composite CVD events. This study is added to the growing body
of evidence that propose an association between high sMg level
and cardiovascular outcomes (21).

Sakaguchi et al. in a study that included 142,555 HD patients
showed a J-shaped association between serum magnesium and
all-cause and cardiovascular mortality from the lowest to highest
sextile, with significantly higher mortality in sextiles 1-3 and 6
(22). In contrast, Angkananard et al. (19) conducted a systematic
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review and meta-analysis that included seven prospective studies
with a total of 5,172 chronic heart failure (CHF) patients. The
meta-analysis suggested that in CHF patients, hypermagnesemia
with Mg >/= 1.05 mmol/liter (2.55 mg/dl) was associated with
an increased risk of CV mortality and all-cause mortality. Due to
the nature of this study, the effect of underlying conditions like
CKD and advanced age was not ruled out. Hypomagnesemia was
not found to be associated with CV mortality.

Cheungpasitporn et al. (23) evaluated the association of
dysmagnesemia and different outcomes in 65,974 hospitalized
patients. Hypermagnesemia (>2.3 mg/dl) in comparison to
hypomagnesemia (Mg < 1.7 mg/dl) was a stronger predictor for
poor outcomes including hospital mortality.

Several studies suggested a link between post-renal
transplantation hypomagnesemia and new-onset diabetes
(15, 16). Huang et al. conducted a retrospective study with 948
renal transplant recipients and observed 182 new-onset diabetes
events. Multivariate analysis showed an increased risk between
hypomagnesemia [<0.74 mmol/liter (1.8 mg/dl)] and new-onset
diabetes (HR 1.24 per 0.1 mmol/liter decrease, 95% CI 1.05-1.46,
p = 0.01) (15). Osorio et al. (24), performed a retrospective
study with 589 renal transplant patients. Patients who received
CNI had lower levels of Mg, and particularly, patients in the
tacrolimus group had the lowest Mg level and the highest
incidence of NODAT, but there was no relationship between Mg
levels and occurrence of NODAT. Santos et al. (25) published
a retrospective cohort study with 205 kidney recipients. The
study did not find an association between hypomagnesemia
and NODAT at a follow-up period of 1 year. Our study was
not designed for evaluation of diabetes; however, no association
between TWA of sMg at 6 months and glucose levels at that time
point was observed.

Our study showed that hypomagnesemia post-transplantation
was associated with a lower risk for all-cause mortality
and MACE. Cheddani et al. (18) compared mortality
risk in kidney transplant recipients beyond 1 vyear after
successful transplantation vs. eGFR-matched CKD patients.
In multivariable analysis, kidney transplant recipients had a
2.7-fold greater risk of mortality. Cardiovascular death rates
in kidney transplant recipients (29.0%) approximated those of
CKD patients (22.5%), whereas death rates due to infections
were higher in kidney transplant recipients (19.4 vs. 10.0%). Our
results demonstrate a higher mortality rate due to infections
as mentioned above. It should be noted that renal transplant
recipients within the lower quadrant of sMg at 6 months had
better renal function compared to patients with higher levels of
Mg. Although multivariate analysis including eGFR at 6 months
did not change the association between low sMg and reduced
risk of MACE, the difference in renal function might still explain
the lower risk, as eGFR might poorly represent the full spectrum
of kidney function. In addition, other unmeasured confounders
might also play an important role in this association.

The difference between our results and other reports in
different populations might be that after kidney transplantation
sMg is mainly affected by immunosuppressive medications and
kidney function (26), while in the general population, it is usually
associated with a healthier diet. As a result, low sMg in the general

population indicates poor nutrition, while in patients after kidney
transplantation, it might indicate better kidney function and
adequate immunosuppression.

In addition, our results strongly suggest that Mg
supplementation was associated with higher all-cause mortality
and MACE. As patients with low sMg, the main indication for
Mg supplementation had a lower rate of adverse outcomes; these
results do not support the routine use of Mg supplementation
after kidney transplantation. It should be noted that very limited
prospective interventional trials with patient-centered outcomes
evaluating Mg supplementation are available. Such trials are
urgently needed in order to make evidence-based decisions
regarding the need for Mg supplementation.

This study has several important strengths. The use of
all available sMg levels and time varying exposure produces
a very precise evaluation of the exposure. In addition, the
outcome analysis was based on detailed reports, each read by
the researchers. Furthermore, the median follow-up time of more
than 5 years enables adequate evaluation. In addition, we used
several statistical methods to evaluate the risk of our primary
and secondary outcomes and to increase the internal validity of
our results.

Our study also has several limitations. Being a single center
treating mostly a Caucasian population, the generalizability
is limited. Also, despite extensive multivariate analysis, the
possibility of residual confounding is still significant. Possible
confounders might include kidney function and medications
given over time as our analysis included creatinine and
medications only at a fixed time point at 6 months post-
transplant. Furthermore, eGFR is only rough estimation of
true kidney function, and therefore, adjustment for kidney
function might not be complete. Another possible confounder
is nutrition status that might influence both sMg and CVD.
In addition, the sample size, which is adequate for evaluation
of the composite primary outcome, did not enable good
evaluation of subgroups and the separate components of
MACE. Also, the number of cardiovascular events in the study
was small. In addition, evaluation of Mg supplementation
was done only for one time point and dosing was not
available. Detection bias is another possible limitation as high
sMg was associated with reduced kidney function, which
makes coronary angiography and the detection of CAD
less likely.

CONCLUSIONS

This study found an association between low exposure to sMg
and better outcomes, which might reflect the confounding effect
of better kidney function and adequate immunosuppression.
Mg supplementation at 6 months post-transplantation was
associated with an increased risk of all-cause mortality and
MACE. This is the first study investigating the association
between Mg levels and outcomes such as all-cause mortality
and MACE in renal recipients. More studies, especially
randomized controlled trials, are needed to further evaluate this
important issue.
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Case Report: Capillary Leak
Syndrome With Kidney Transplant
Failure Following Autologous
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Mesenchymal stem cells (MSCs) have attracted great interest in the field of kidney
transplantation due to their immunomodulatory and reparative properties. In registered
clinical trials, MSCs have been used before, at the time of, or early after transplantation
and have been reported to be well-tolerated with no serious safety concerns. No results
are available on the use of MSCs in the late post-transplant period. Here, we present
a case report of a severe systemic complication mimicking capillary leak syndrome
with ultimate kidney transplant failure after autologous transplantation of MSCs used
as rescue treatment of late antibody-mediated kidney allograft rejection.

Keywords: mesenchymal stem cell, kidney graft, kidney transplant, kidney graft failure, autologous stem cell, stem
cell transplant, kidney graft rejection, capillary leak syndrome

INTRODUCTION

Mesenchymal stem cells (MSCs) have attracted much attention due to their immunomodulatory
properties that can help in alloimmune diseases. Several factors, including immunosuppressive
factors, growth factors, extracellular vesicles, and chemokines, contribute to the
immunosuppressive mechanisms of MSCs (1). Pilot studies in clinical research with MSCs
in kidney transplant recipients (KTRs) aimed to reduce immunosuppressive therapy, induce
immune tolerance, treat T-cell rejection, and prevent delayed graft function (2-11). To date, the
administration of MSCs in clinical transplantation has been shown to be safe and feasible without
serious safety concerns being reported.

Here, we present a case report of a serious adverse reaction in KTR after autologous
transplantation of MSCs from bone marrow, which was used as a rescue treatment for
resistant antibody-mediated rejection (AMR). The patient was included in the study protocol
(ClinicalTrials.gov, number NCTO03585855), which was subsequently discontinued due to
safety concerns.
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CASE PRESENTATION

A 26-year-old man with a history of acute lymphoblastic
leukemia (ALL) in childhood and end-stage kidney failure
due to IgA nephropathy received a deceased donor kidney
transplant at the age of 21, mismatched for 3 HLA antigens
(one mismatch in HLA-A, HLA-B, and HLA-DR). Two years
after kidney transplantation (KTx), an indication biopsy for
an increase in serum creatinine (sCr) levels showed a mixed
T-cell rejection (Banff 4/IB) and acute AMR with positive
donor-specific antibodies (DSA; anti-HLA DQB1 and DQALI)
while receiving triple maintenance immunosuppressive regimen
(tacrolimus/mycophenolate  mofetil/steroid). The rejection
was treated with high-dose steroids, antithymocyte globulin,
plasmapheresis, intravenous immunoglobulins (IVIg), and
rituximab. After 3 years of stable kidney function with sCr in the
range between 150 and 180 pmol/L, we observed a progressive
deterioration of kidney function with a sCr value of 240 pmol/L
and a 24-h proteinuria of 3.4 g/day before entering the study
protocol. The kidney biopsy revealed chronic active AMR
(Figures 1A,B).

Due to the history of childhood ALL, which was treated with
a combination chemotherapy (vincristine, doxorubicine,
methotrexate, cyclophosphamide, cytarabine), we first
performed a bone marrow aspiration, which showed non-
specific reactive changes. The treatment protocols were
approved by National Ethic Committee (approval no. 0120-
215/2018/4). The written informed consent was obtained from
the patient. After completion of the standard of care therapy
(including corticosteroids, membrane plasmapheresis, and
IVIg), the patient received MSCs therapy according to the
study protocol, consisting of 3 x 10° cells/kg, applied at 1-week
intervals. Details of the MSCs cultures and criteria for bench
release are described in the Supplementary documentation
(Supplementary Appendix 1 and Table 1).

After the first dose of MSCs the patient reported short
term nausea. One week later after the second dose of MSCs
nausea, blepharitis and diarrhea developed, with their remission
after 24h. This was associated with a slight deterioration
in kidney function, which we attributed to prerenal causes
(Figure 2A). When the patient was referred for the third dose
of MSCs (2 weeks after the first dose), the symptoms had
completely disappeared. The evening after the third dose of MSCs
was administered, the patient was admitted to the emergency
department due to abdominal cramps, vomiting, and diarrhea. A
further deterioration of the kidney function was observed (sCr
of 390 pmol/L), accompanied by newly developed ascites and
abdominal lymphadenopathy.

Although indicators of inflammation remained normal
throughout the course of treatment, the initial clinical
presentation was suspicious for infection. Therefore, the
manufacturing process of MSCs was reevaluated and
contamination by infectious agents during cultivation or
before release was ruled out. An expanded diagnostic
investigation (Supplementary Appendix and Table 2) ruled
out common and opportunistic infections, including Herpes

FIGURE 1 | Before application of MSCs (March 2019): chronic active C4d
negative antibody-mediated rejection with preserved tubules (A), focal
glomerulitis and peritubular capillaritis (B). According to Banff 2017 criteria,
transplant kidney biopsy was consistent with chronic active C4d negative
antibody mediated rejection: 12% glomerulitis with double contour formation
(91, cg3) in glomeruli, diffuse severe peritubular capillaritis (ptc3), chronic
active vascular rejection (v1, cv3) in interlobular arteries without signs of
thrombotic microangiopathy, diffuse more than 50% interstitial fibrosis and
tubular atrophy with mild mononuclear cell inflammation consisting of
lymphocytes, macrophages, and rare plasma cells (i-IFTA 3, ci3, ct3). There
was no associated tubulitis. Peritubular capillary basement membrane
multilamellation (ptcbm3) was seen by electron microscopy. There were no
deposits in tubular basement membrane. Immunofluorescence revealed IgA
deposits indicating IgA nephropathy recurrence. 60% of glomeruli were
globally sclerotic. 1 of 25 glomeruli showed pseudocrescent formation without
PAS positive droplets in podocytes. After application of MSCs (July 2019):
glomerular TMA with mesangiolysis (C), diffuse pseudocrescent formation in
glomeruli with marked podocytes injury (D), vascular TMA (E) and huge
tubular injury with resorptive droplets consisted with mottled lysosomes on EM
(F). Glomeruli showed advanced double contour formation and segmental
sclerosis without apparent glomerulitis, but mesangiolysis was seen in some
glomeruli. 20% of glomeruli showed pseudocrescent formation with PAS
positive droplets “in podocytes indicating huge podocytes injury”. Peritubular
capillaritis was mild and focal. Tubulitis was absent. Tubules show signs of
severe tubular injury (attenuation of tubular epithelium with coarse
vacuolization, loss of brush border, loss of nuclei) and were filled with large
PAS-positive droplets in line mottled lysosomes on electron microscopy.
Electron optic dense deposits in tubular basement membrane were detected
by EM. Amount of interstitial fibrosis, tubular atrophy, and interstitial
inflamsmation was similar as in previous biopsy. In fibrotic areas, there was mild
mononuclear cell inflammation consisting of lymphocytes 75%, macrophages
15%, and plasma cells 10%. No CD105+, CD73+ nor CD90+ cells were
found. In small arteries and arterioles, thrombotic microangiopathy with
obliteration of vascular lumens, fragmentation of erythrocytes, and fibrinoid
necrosis was present. Peritubular capillary basement membrane
multilamellation (ptcbm3) was similar as in previous biopsy.
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FIGURE 2 | (A) Kidney graft function and serum concentrations of lymphocyte populations before and after application of mesenchymal stem cells. Three consecutive
applications of mesenchymal stem cells are marked with arrows. eGFR, estimated glomerular filtration rate; mGFR, measured glomerular filtration rate (by Cr-EDTA);
conc, concentration; Treg, regulatory T cells. (B) Cytokine concentrations after mesenchymal stem cells application (in U/mL for soluble interleukin 2 receptor and in
pg/mL for other cytokines). Time frame of corticosteroid treatment is marked with arrows; Legend: TNF, tumor necrosis factor; IL, interleukin; s-IL-2-R, soluble
interleukin 2 receptor; IFN, interferon.

viruses 6, 7, and 8, CMV, HIV, and EBV viremia, bacteremia,  hypoalbuminemia, was considered. Therefore, antihistamines
gastrointestinal infections, and the possibility of intestinal  and methylprednisolone were administered at a dosage of 1.5 mg
bacterial overgrowth syndrome. Endoscopic biopsies of  per kg body weight. After administration of high-dose steroids,
the colon and duodenum showed mucosal edema without the symptoms disappeared, and the dose was reduced during
inflammatory cell infiltration or apoptotic bodies. Given the  the next 10 days. At this point, sCr stabilized in the range of
normal concentrations of complement components and absence 300 pmol/l.

of fetal bovine albumin in the cell medium (platelet lysate Two weeks later (i.e., 5 weeks after the last dose of MSCs),
was used instead), a serum disease-like syndrome did not there wasarecurrence of abdominal symptoms (nausea, diarrhea,
seem likely. A capillary leak variant syndrome, associated with  ascites), this time followed by resistant hypertension, a further
sudden capillary hyperpermeability, resulting edemas and  deterioration of kidney function (sCr of 380 wmol/l), an
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increase in proteinuria (7.3 g per day), and signs of hemolysis
and pancytopenia. Tacrolimus trough levels were very low
(<2ng/ml), despite an increase of the dosage and assured
adherence to therapy. The abdominal CT scan showed ascites,
thickening of the intestinal wall (especially the jejunum),
lymphadenopathy and an enlarged spleen. Transcriptomic
analysis by the molecular microscope diagnostic system (MMDx)
(12) of the subsequent kidney biopsy showed persistence of AMR,
although the molecular classifiers of inflammation and AMR
were lower compared to the biopsy before application of MSCs
(inflammation score of 1.06 vs. 3.19, and AMR score of 0.63 vs.
0.94, respectively; Figure 3). In addition, the MFI levels of DSA
decreased and we had no reason to assume a further deterioration
of AMR.

Cytokine assessment after MSCs treatment (at the time of
onset of symptoms) showed increased levels of IL-2R and IL-8,
while other cytokines, including TNF-a and IL-6, were within
near normal ranges and not consistent with a cytokine storm
(Figure 2B, for details see Supplementary Table 2). Comparative
analysis of T and B lymphocyte subsets before and after MSC
therapy showed a transient decrease in all lymphocyte subsets
with an increase in the ratio of activated T lymphocytes
that occurred concomitantly with worsening of symptoms and
the appearance of pancytopenia (Figure2A). Bone marrow
examination was consistent with trilineage dysplasia and a
secondary myelodysplastic syndrome attributable to potentiated
immunosuppressive therapy. It is more likely, however, that
the changes in the bone marrow were of reactive origin.
Morphologically, there was no evidence of parvovirus B19
infection of the bone marrow.

The kidney allograft failed 2 months after MSCs
transplantation and hemodialysis was initiated. After
administration of granulocyte colony stimulating factor
(G-CSF) and reintroduction of methylprednisolone at a
dose of 1 mg/kg, leukopenia improved minimally, and
gastrointestinal symptoms worsened after each application
of GCS-F. Therefore, the steroids and GCS-F were discontinued.
The patient’s general condition gradually deteriorated with
progressive malaise, vomiting/diarrhea, generalized edema,
and laboratory signs of hypoalbuminemia and agranulocytosis.
The clinic’s expert council made the empirical decision
to end a life-threatening situation by removing the failed
kidney transplant. After the transplant nephrectomy, the
cell counts recovered almost instantly (Figure2A). At
this time, parvovirus B19 viremia was also detected. After
treatment with high-dose IVIg, the parvovirus B19 infection
resolved. Retrospectively, parvovirus B19 was detected by
PCR in both the preimplantation kidney biopsy (6 vyears
before MSC therapy) and in the kidney graft after MSC
therapy. The patient is currently on chronic hemodialysis,
remains aviremic and no further MSCs associated adverse
events were observed during the 24-month follow-up
period. Patohistologic analysis of the explanted kidney was
consistent with advanced AMR, glomerular and vascular
thrombotic microangiopathy (TMA), and extensive tubular
injury (Figures 1C-F).

DISCUSSION

Here, we describe a case report of a serious adverse event
associated with autologous bone marrow MSCs in KTR as
part of a rescue therapy protocol for chronic AMR. To
briefly summarize: following the use of autologous MSCs, the
patient developed symptoms and signs of systemic disease,
including malaise, nausea, vomiting, blepharitis, diarrhea,
ascites, splenomegaly, resistant hypertension, hemolytic anemia,
nephrotic range proteinuria with rapid deterioration of kidney
function, and pancytopenia. Symptoms developed progressively,
responded only initially to steroid treatment, worsened after
GCS-F and resolved almost immediately after explantation of
the failing kidney. Pathohistological findings in biopsied organs
after MSCs therapy included: (i) mucosal edema of the colon
and duodenum; (ii) MDS-like changes in bone marrow; (iii) new
onset of TMA and severe tubular injury in the kidney allograft,
which overlaid the previously observed AMR. To the best of
our knowledge, these undesirable outcomes have not yet been
reported following transplantation of the MSC line.

So far, 10 clinical studies in KTRs using MSCs have been
completed. In six of these studies autologous or donor derived
MSCs were injected intravenously or intraarterially before or
during surgery or up to 6 months after KTx, in a maximum
of two doses up to 10 x 106/kg (2-6, 8). Vanikar et al
(7) co-infused donor adipose derived MSCs together with
hematopoietic stem cells in portal circulation prior to living
donor kidney transplantation. Two recent studies reported on
the use of human umbilical cord derived MSCs applied before
or during transplant surgery (9) and third-party MSCs up to
day 5 after transplantation (10). No serious adverse reactions
have been reported. However, the pilot study of the Remuzzi
group reported negative effects when autologous MSCs were
used in two KTRs (2). They reported a temporary decrease
in kidney function with the histological picture characterized
by a low number of infiltrating CD4" and CD8" T cells,
B cells and monocytes, but a high number of neutrophils
with increased deposition of complement component C3. A
considerable number of CD105% CD44% double positive cells
(markers co-expressed by MSCs) were also detected in the biopsy,
suggesting the recruitment of systemically infused MSCs within
the kidney allograft. After administration of steroids, kidney
function improved in both patients. In contrast, no adverse
effects were reported when MSCs were administered before KTx
(4). These clinical cases differ from ours, because the histological
findings in our patient’s transplanted kidney showed neither
infiltration of neutrophils nor infiltration of MSCs (CD105™
CD44 " were absent) or complement deposition. It is important
to note that none of the patients in the study by Perico et al. (2)
showed multi-organ dysfunction.

Given the systemic clinical presentation and patient history,
probable causes such as common infections, contamination of
MSC product, progression of AMR, recurrence of ALL and
adverse effects of immunosuppressive therapy were initially ruled
out. Unfortunately, we were not aware of active parvo B19
infection at the beginning because we performed blood PCR
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FIGURE 3 | Molecular microscope diagnostic report (MMDX) for kidney transplant biopsy before (A) and after (B) application of mesenchymal stem cells showing fully
developed antibody-mediated rejection with extensive microvascular inflammation, chronic glomerulopathy, and atrophy-fibrosis molecular features.
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only when the clinical picture of pancytopenia progressed. Later,
we confirmed parvo B19 in the preimplantation kidney biopsy,
suggesting possible donor transmission, so parvo B19 was present
in the transplanted kidney long before MSC therapy. Infections
with parvo B19 may be associated with significant morbidity
in immunocompromised patients (13). The most frequent
manifestations of parvo B19 infection in KTRs are cytopenias
with the dominance of anemia. Collapsing glomerulopathy and
TMA have been reported in 10% of cases with dysfunction or

failure of the kidney transplant (14). In addition, as reported
by Sundin et al. (15) MSCs are among the cells that express
the B19 receptor (P-antigen/globoside) and a co-receptor and
harbor the parvovirus B19, which can impair their clinical
utility. Subsequent analysis of the patient’s historical sera and
a pretransplant biopsy of the donated kidney revealed that the
virus was transmitted to the recipient via a donated organ, and
that the parvo B19 viremia was present shortly before MSCs
transplantation. Although MSCs did not induce viremia, the

Frontiers in Medicine | www.frontiersin.org

26

July 2021 | Volume 8 | Article 708744


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Veceri¢-Haler et al.

Capillary Leak Syndrome Following MSC

cumulative effect of additional immunosuppression inhibited the
B-cell response, which may have had an enhancing effect on the
replication of parvovirus B19.

The pleiotropic clinical picture with gastrointestinal
involvement, massive transudation of plasma into the third
space and pancytopenia strongly suggested early complications
that would otherwise be expected after hematopoietic stem cell
transplantation, in particular capillary leak syndrome (16). In
addition, the continuous clinical picture observed in this case
showed some similarities with other entities such as engraftment
syndrome (17, 18), hemophagocytic lymphohistiocytosis (19),
autologous GVHD (20), and POEMS syndrome. However, strict
criteria for making one of the mentioned diagnoses were not
met. Therefore, it is highly probable that endothelial damage
due to the action of various and difficult-to-define transplant-
related factors played an important role in its development.
The progressive endothelial damage led to a prothrombotic
and proinflammatory state in the patient, which eventually
resulted in capillary occlusion. Dysregulation at the level of the
complement system and/or the possible presence of antibodies,
either donor- or recipient-specific, or as yet unrecognized
inflammatory triggers could play a significant and crucial role in
terminal endothelial damage. In animal studies, Koch et al. (21),
who administered isogenic MSCs to rats at the time of allogeneic
KTx, reported similar adverse effects. All animals developed
severe kidney failure, 20% of which developed TMA, and 75%
had to be sacrificed within 30 days. These life-threatening events
were evident despite decreased T- and B-cell kidney allograft
infiltration, reduced interstitial inflammation and downregulated
inflammatory genes.

Many other studies in animal models of KTx emphasized
the importance of the timing of MSCs infusion and provided
evidence for improved outcomes when MSCs transplantation
was performed prior to KTx [for details see review by
Casiraghi et al. (22)], with higher renoprotective and anti-
inflammatory effects when used prior to the development of a
potent inflammatory microenvironment. However, subsequent
studies have shown that peri-transplant infusion of syngeneic
MSCs can lead to severe kidney failure associated with tissue
injury, increased expression of pro-inflammatory cytokines, B-
cell infiltration and C4d deposition in the allograft, regardless of
the immunosuppressive protocol used (23).

CONCLUSION

This case report describes the first clinical case of acute kidney
transplant failure with life-threatening systemic adverse effects
after autologous MSCs transplantation to reverse late AMR. The
scenario described suggests important safety concerns related to
the use of MSCs in the long-term period following solid organ
transplantation when the allograft is already injured by chronic
active rejection.

Considering the absence of similar adverse effects in the
two patients who followed the same study protocol (follow-up
periods of 24 and 20 months after MSCs application; unpublished
results), the individual susceptibility of the patient may also
have played a role in the development of adverse events.

Nevertheless, for safety reasons, we would strongly recommend
further preclinical research before proceeding with clinical trials
to accurately assess the benefits and risks of MSC therapy
in the context of solid organ transplantation. The current
report also highlights the importance of monitoring for possible
transmission of parvovirus B19 through MSCs products or
donor organs.
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Few data on husband-to-wife transplantations with mutual children (H2W) exist in the
current era. We investigated the outcome of H2W transplantations (n = 25) treated with
T cell-depleting induction compared to women with prior pregnancies also receiving their
first HLA-mismatched kidney transplant, but from a different donor source: (i) other living
donor (n = 52) and (ii) deceased donor (n = 120). Seventy-four percent of the women had
>2 pregnancies; median follow-up time was 5 years. Death-censored allograft survival
was significantly lower in the H2W group compared to the other two groups (o = 0.03).
Three of four graft losses in the H2W group were due to rejection. 5-year patient survival
in the H2W group was high and similar compared to the other living donor group (100
vs. 98%; p = 0.28). The incidence of (sub)clinical antibody-mediated rejection was
higher in the H2W group (36 vs. 20 vs. 18%) (p = 0.10). The frequency of infections
was similar among the three groups. No immunological parameter was predictive for
rejection or graft loss in H2W transplantations. In conclusion, H2W transplantation is
a valuable option, but associated with a higher risk for allograft loss due to rejection
despite T cell-depleting induction. Further research is required for better risk prediction
on an individual patient level.

Keywords: husband-to-wife transplantation, kidney transplantation, allograft rejection, infection, pregnancy-
induced sensitization

INTRODUCTION

Pregnancy is an important reason for HLA-directed sensitization. Using sensitive single antigen
bead assays on the Luminex platform, child-specific HLA-directed antibodies are detected
immediately after delivery in about 20-30% of women after one pregnancy and almost 50% after
three or more pregnancies (1). This suggests that repeated exposures to the same HLA molecules
increases the likelihood of a detectable humoral immune response (2, 3). Furthermore, it is well-
known that pregnancy-induced HLA antibodies can diminish over time, while alloreactive T- and
B cells still persist (4).
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Many women evaluated for kidney transplantation had prior
pregnancies more than 10-20 years ago (5, 6). As sera dating
back to the immediate time after delivery are very rarely
available, sensitization cannot be excluded, even if no HLA
antibodies are detectable in current sera. This is a major
diagnostic challenge in husband-to-wife transplantations with
mutual children (H2W), because there will be a 20-50% chance
of prior husband-specific sensitization depending on the number
of pregnancies. Indeed, several case reports/series demonstrated
that severe early rejection can occur in H2W transplantations
despite the absence of detectable HLA antibodies prior to
transplantation (7-10).

Although H2W transplantations carry an unpredictable risk
of rejection, some women do not have other options as
living donors. In addition, the benefit of a preemptive/timely
H2W transplantation compared to a yearlong dialysis period
and subsequent deceased donor transplantation has to be
considered. At our center, we regard H2W transplantations
as immunological risk and treat these women with T cell-
depleting induction. This therapy has been shown to reduce
the incidence and severity of rejection in patients with donor-
specific HLA antibodies (DSA) (11). So far, outcomes of H2W
transplantations receiving T cell-depleting induction have not
been described.

The aim of this study was to investigate pertinent outcomes
of H2W transplantations treated with T cell-depleting
induction in comparison to other options for women with
prior pregnancies receiving their first HLA-mismatched
kidney transplant (i.e., other living donor or deceased
donor transplantation).

PATIENTS AND METHODS

Patient Population

The ethics committee of Northwestern and Central Switzerland
approved this retrospective study (www.eknz.ch; project ID
2021-00584). The pregnancy history is documented in all women
evaluated for kidney transplantation. In case of spousal donors,
we carefully evaluated during the living donor evaluation process,
if the spouse was indeed the biological father of the children
(i.e., separate interviews of the couple by a physician and a
dedicated psychologist).

For this study, we assessed all kidney transplantations in
women performed at the University Hospital Basel from January
Ist, 2005 until January 31st, 2020 for eligibility (n = 368).
One-hundred and seventy-one of 368 transplantations (46%)
were excluded for the following reasons: no previous pregnancies
(n 85), previous transplantation(s) (n 56), induction
protocol violation (n = 19; detailed in the immunosuppression
section), HLA-identical living donor transplantation (n = 8),
child-to-mother transplantation (n 2), and unknown
pregnancy status (n = 1). The remaining 197 women all had
their first HLA-mismatched kidney transplantation and previous
pregnancies. According to the kidney donor source and the
detailed pregnancy history the transplantations were divided
into three groups: (i) H2W (n = 25), (ii) other living donor
(n = 52), (iii) deceased donor (n = 120).

Living and Deceased Donor Selection

Process

HLA antibody analysis was performed by single antigen beads
on the Luminex platform using a cutoff of 500 MFI, and DSA
were determined by a virtual cross-match approach as previously
reported (5, 12).

All willing and medically eligible living donors are usually
evaluated regarding histocompatibility. Priority is given to
donors without DSA constellation. Husbands having mutual
children with the recipient were accepted as donors, if no DSA
constellation was present. If DSA were present, transplantation
was pursued after discussion with the couple regarding other
options, and if considered as immunologically feasible (negative
T- and B-cell CDC-cross-matches, and usually no more
than three DSA at <2 loci and cumulative MFI<10000).
Other living donors with DSA were accepted using the
same criteria.

For deceased donor selection, priority is given to DSA
negative donors according to the algorithm of the national donor
allocation program (13). DSA were accepted in patients with high
cPRA, if regarded as immunologically feasible (negative T- and
B-cell CDC-crossmatches) (12).

Immunosuppression

H2W transplantations were considered as immunological risk
and received an induction therapy consisting of a polyclonal
anti T cell globulin (ATG; Gravalon 9 mg/kg bw prior to
reperfusion of the allograft and 3 mg/kg bw on day 1-4 or
Thymoglobulin 4 days 1.5 mg/kg bw). In case of circulating DSA,
intravenous immunoglobulins (IvIg) were additionally given (5
days 0.4 g/kg bw). Maintenance immunosuppression consisted
of tacrolimus (Tac), mycophenolate (MPA) and prednisone.
Target tacrolimus trough levels were 10-12ng/ml for the first
month, 8-10ng/ml for months two to three, 6-8ng/ml for
months four to six, and 4-8ng/ml thereafter. Steroids were
tapered to 0.1 mg/kg body weight by month three post-
transplant.

For all other transplantations, the induction therapy was
selected based on the presence/absence of DSA. Patients without
DSA received an induction therapy with basiliximab (20 mg on
day 0 and 4) and triple therapy with Tac-MPA-P or a steroid-
free regimen consisting of Tac-MPA and a mTOR-inhibitor. In
case of a rejection-free clinical course, immunosuppression was
modified and reduced within the first 6 months to establish a
dual Tac-MPA therapy on the long-term. Target trough levels
of tacrolimus were identical to the levels described above.
Patients with DSA received an induction therapy with ATG and
Ivlg and maintenance immunosuppression consisting of Tac-
MPA-P. Target trough levels of tacrolimus were identical to
the levels described above. Steroids were tapered to 0.1 mg/kg
body weight by month three post-transplant and maintained at
this level.

All ABO-blood group incompatible (ABOi) transplant
recipients received a single dose of rituximab 4 weeks prior to
transplantation and immunadsorption depending on the anti-
blood group titers.
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TABLE 1 | Baseline characteristics.

Parameter Husband-to-wife Other living donor Deceased donor p
(n =25) (n=52) (n =120)
Recipient age 56 (47-64) 49 (39-57) 59 (53-65) <0.0001
Renal disease
ADPKD 8 (32%) 16 (31%) 28 (23%) 0.48
Diabetic nephropathy 1(4%) 7 (13%) 13 (11%)
Glomerulonephritis 6 (24%) 15 (29%) 33 (28%)
Interstitial nephropathy - 3 (6%) 8 (7%)
Vascular nephropathy 2 (8%) 3 (6%) 13 (11%)
Other nephropathies 4 (16%) 6 (12%) 8 (6%)
Unknown nephropathy 4 (16%) 2 (3%) 17 (14%)
Renal replacement therapy
Preemptive transplantation 12 (48%) 22 (42%) 5 (4%) <0.0001
Dialysis vintage time [years] 0.8 (0.2-1.8) 0.7 (0.2-1.4) 2.6 (1.6-4.3) <0.0001
Donor age 60 (51-66) 52 (46-59) 53 (25-66) 0.15
Number of pregnancies
One 4 (16%) 23 (44%) 23 (19%) 0.004
Two 13 (62%) 19 (37%) 50 (42%)
>3 8 (32%) 10 (19%) 47 (39%)
Blood transfusions (yes/no/unknown) 29%/54%/17% 24%/69%/8% 40%/42%/18% 0.03
cPRA (A/B/DR/DQ) [%] 1(0-48) 20 (0-42) 23 (0-78) 0.03
ABO incompatible 2 (8%) 10 (19%) n.a. n.a.
DSA present 9 (36%) 8 (15%) 28 (23%) 0.13
DSA characteristics n=9 n=38 n=28
Number 2 (1-3) 2(1,2) 1(1,2) 0.48
Class (I/11/1+I) 3/3/3 1/3/4 10/13/5 0.40
Cumulative MFI 1,571 (889-7,023) 1,633 (1,014-4,269) 1,425 (597-4,646) 0.80
HLA mismatches (A/B/DR/DQ) 6 (5-7) 4 (3-6) 5 (4-6) 0.004
CMV risk constellation
High risk (D+/R-) 4 (16%) 7 (14%) 15 (13%) 0.71
Intermediate risk (R+) 14 (56%) 37 (71%) 80 (67%)
Low risk (D—/R-) 7 (28%) 8 (15%) 25 (21%)
Prophylaxis with valganciclovir 18 (72%) 21 (40%) 41 (34%) 0.002
Induction therapy
ATG =+ IVig 25 (100%) 8 (15%) 28 (23%) <0.0001
Basiliximab - 44 (85%) 92 (77%)
Maintenance immunosuppression
Tac-MPA-P 25 (100%) 40 (77%) 114 (95%) 0.0007
Tac-MPA-mTOR - 11 (21%) 4 (3%)
Other* - 1(2%) 2 (2%)

ADPKD, autosomal polycystic kidney disease; DSA, donor-specific HLA-antibodies; ATG, anti T-cell globulin; Ivlg, intravenous immunoglobulins; Tac, tacrolimus; MPA, mycophenolic
acid; mTOR, mTOR inhibitors; F, prednisone; n.a., not applicable.

*No Tac-based immunosuppression.

As mentioned above, 19 transplantations were excluded
from the study, because the used induction deviated from the
protocol. Most of these violations occurred in deceased donor
transplantations due to retrospective DSA status corrections after
extending the donor HLA typing (i.e., additional loci or high
resolution typing) (14). Only one patient in the H2W group was
excluded. This patient received an ABOI transplant without DSA
and the induction was restricted to rituximab without additional
ATG due to her frailty.

Medication as Infection Prophylaxis

All patients received prophylaxis with
trimethoprim/sulfamethoxazole ~ (160/800mg  three times
per week) against pneumocystis jirovecii infection for 6
months. The CMV prevention strategy at our center has
been described previously (15). Briefly, high-risk patients
(D+/R-) received prophylaxis with oral valganciclovir
(Valcyte, Roche) 450mg twice daily adjusted for renal
function. Intermediate-risk patients (R+) received prophylaxis
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TABLE 2 | Major outcomes.

Parameter Husband-to-wife Other living donor Deceased donor p
(n = 25) (n =52) (n =120)

Reason for graft failure n=4 n=2 n=>5

Rejection 3 1 2 n.a.

Recurrent GN 1 - _

|
—
|

Vascular/surgical

Other - - 3
Cause of death n=0 n=4 n=33
Cardiovascular - - 6 n.a.
Malignancy - 1 5
Infection - 1 ih
Other - 1 4
Unknown - 1 7
Estimated GFR
At 1 year 54 (39-68) 58 (47-70) 54 (38-70) 0.24
At 3 years 50 (37-62) 61 (46-75) 54 (32-72) 0.16
At 5 years 58 (38-70) 55 (43-75) 51 (33-83) 0.60
Urine protein/creatinine ratio [mg/mmol]
At 1 year 10 (8-19) 13 (8-18) 13 (8-24) 0.50
At 3 years 11 (6-22) 11 (8-15) 13 (9-23) 0.20
At 5 years 16 (8-20) 9 (5-23) 13 (9-23) 0.25
Post-transplant DSA screening n=18 n =34 n=73
No de novo DSA 10 (56%) 26 (76%) 44 (60%) 0.27
De novo DSA 1 (6%) 2 (6%) 10 (14%)
Persisting pre-transplant DSA 3 (16%) 1 (8%) 11 (15%)
Disappearing pre-transplant DSA 4 (22%) 5 (15%) 8 (11%)
Death-censored allograft survival Patient survival
100% e - 100%
—
80% 80% A
2 60% Z  60% -
g 2
£ a0%- p=0.03 £ 40%- p<0.0001
H2W vs other living donor; p=0.05 H2W vs other living donor; p=0.28
H2W vs deceased donor; p=0.02 H2W vs deceased donor; p=0.006
20% other living donor vs deceased donor; p=0.56 20% 7 other living donor vs deceased donor; p=0.0003
0% T T T T T T T T T 0% T T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Years post-transplant Years post-transplant
= 25 22 17 13 8 7 = 25 22 17 13 8 7
atrisk == 52 47 41 30 22 19 atrisk == 52 47 41 30 22 19
== 120 94 70 42 33 18 == 120 94 70 42 33 18

FIGURE 1 | Death-censored allograft and patient survival.

with valganciclovir, if they had an induction therapy with  deferred therapy. Low-risk patients (D-/R-) received no
ATG or were ABO-incompatible. All other intermediate- prophylaxis and had no regular screening. Prophylaxis
risk patients were managed by regular monitoring and  was given for a minimum of 3 months and prolonged, if
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100%
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100%
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FIGURE 2 | Incidence of rejection within the first year post-transplant. (A) Incidence of clinical rejection. (B) Incidence of (sub)clinical rejection. (C) Incidence of
(sub)clinical T cell-mediated rejection (TCMR). (D) Incidence of (sub)clinical antibody-mediated rejection (ABMR), including mixed rejection. The gray background areas
represent the two time frames, in which surveillance biopsies at 3 and 6 months were performed.

immunosuppression was still considered as high (e.g., recent
rejection therapy).

Assessment and Treatment of Allograft

Rejection

Patients were monitored by surveillance biopsies at 3 and 6
months post-transplant. Clinically indicated allograft biopsies
were performed when serum creatinine increased by >20% from
baseline. Findings were graded according to the Banff 2015
classification (16). Mixed rejection were grouped to antibody-
mediated rejection (ABMR). Clinical and subclinical rejection
episodes were treated according to the phenotype and severity.
Clinical T cell-mediated rejection (TCMR) were mainly treated
with i.v. steroid pulses (3-5*500 mg methylprednisolone) and a
steroid taper. Subclinical TCMR were mainly treated with p.o.
steroids (3*200mg prednisone) and a steroid taper. Patients
with clinical ABMR and mixed rejection episodes received
ATG and in some cases in addition Ivlg. Subclinical ABMR
or mixed rejection were treated with iv. or p.o. steroid

pulses and a steroid taper. Borderline changes, which are
by far the most frequent rejection phenotype in the current
era of immunosuppression, were regarded and treated as
TCMR (17).

Statistical Analysis

We used JMP software (SAS Institute Inc, Cary, NC)
for statistical analysis. Categorical data are presented as
counts and/or percentages and were analyzed by chi-square
test or Fishers exact test as appropriate. Continuous data
are shown as median and interquartile ranges [IQR] and
compared by Wilcoxon rank sum tests. For all tests, a
(two-tailed) p < 0.05 was considered to indicate statistical
significance. Time-to-event analyses were performed by the
Kaplan-Meier method and compared by the log-rank test.
Multivariate Cox regression analysis was used to investigate
independent predictors for rejection and graft failure in
H2W transplantations.
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TABLE 3 | Infections occurring within the first year post-transplant.

Parameter Husband-to-wife Other living donor Deceased donor p
(n =25) (n=52) (n =120)

Polyomavirus BK

No relevant viruria (i.e., no Decoy cells) 18 (72%) 34 (65%) 86 (72%) 0.29

Viruria, but no viremia 6 (24%) 13 (25%) 15 (183%)

Viremia 1(4%) 4 (8%) 17 (14%)

Definitive BK-nephropathy - 1(2%) 2 (2%)

CMV

No CMV viremia 21 (84%) 43 (83%) 73 (61%) 0.01

Asymptomatic CMV viremia 3 (12%) 9 (17%) 27 (22%)

CMV syndrome - - 12 (10%)

Tissue-invasive CMV disease 1(4%) - 8 (7%)

Other infections including lower UTI

None 8 (32%) 18 (35%) 31 (26%) 0.24

Only one 6 (24%) 19 (37%) 32 (27%)

>2 infections 11 (44%) 15 (29%) 57 (47%)

Other infections excluding lower UTI

None 13 (62%) 29 (56%) 66 (55%) 0.22

Only one 5 (20%) 18 (34%) 29 (24%)

>2 infections 7 (28%) 5(10%) 25 (21%)

UTI, urinary tract infection.

RESULTS

Baseline Characteristics

Baseline characteristics of the three groups are summarized in
Table 1. We observed significant differences regarding several
parameters. Recipients in the deceased donor and H2W groups
were older than in the other living donor group (59 vs. 56 vs. 49
years; p < 0.0001). In addition, women in the H2W and deceased
donor groups had more often >2 pregnancies compared to the
other living donor group. As expected, the latter group had
less HLA mismatches than the other groups due to related in-
family donors (i.e., parents, siblings). We observed no statistically
significant differences regarding the frequency of DSA as well as
their characteristics. CMV constellations were equally distributed
among the three groups, but prophylaxis with valganciclovir was
given more often in the H2W group due to universal use of ATG
induction. Maintenance immunosuppression with Tac and MPA
was used in 194/197 patients (98%).

Patient and Graft Survival

After a median follow-up time of 5.1 years (IQR 2.9-9.0), 11/197
allograft (5.6%) failed: four in the H2W group, two in the
other living donor group, and five in the deceased donor group.
Rejection accounted for 6/11 graft failures (55%), three of these
occurred in the H2ZW group. One of these three patients had
DSA (Cw4 and DR15 with cumulative MFI of 5759), the other
two patients had no DSA. Details on the reasons for graft loss
are summarized in Table 2. Death-censored allograft survival was
significantly lower in the H2W group compared to the other
two groups (p = 0.03). In detail, 1-year survival was still similar
among the three groups (100 vs. 98 vs. 99%), but lower in the

H2W group at five (85 vs. 96 vs. 97%) and 10 years (74 vs. 96 vs.
97%) (Figure 1).

Thirty-seven of 197 patients (19%) died. None in the H2W
group, 4 in the other living donor group and 33 in the deceased
donor group. Leading causes of death were infections (n = 12),
cardiovascular diseases (n = 6), and malignancies (n = 6)
(Table 2). Patient survival was significantly lower in the deceased
donor group compared to the other two groups (p < 0.0001)
(Figure 1). Notable, patient survival was similar in the H2W and
the other living donor group (p = 0.28).

The median estimated glomerular filtration rate (eGFR) and
proteinuria of functioning allograft were similar among the three
groups at one, three and 5 years post-transplant (Table 2).

Allograft Rejection

Opverall, the 197 patients had 81 clinical biopsies within the first
year as well as 259 surveillance biopsies at 3 and 6 months,
respectively. Only 37/197 patients (19%) had no allograft biopsy
at all within the first year post-transplant. The frequency of
clinical and surveillance biopsies was not different among the
three groups (p = 0.20 and p = 0.38). Clinical biopsies beyond the
first year post-transplant were obtained in 34/197 patients (17%),
with similar frequency among the three groups (p = 0.64).

The 1-year incidence of clinical rejection was statistically
not different among the three groups (p 0.19), but
numerically highest in the H2W group (28 vs. 22 vs. 15%).
We observed similar incidences of (sub)clinical rejection and
(sub)clinical TCMR (p = 0.29 and p = 0.40) among the three
groups. Interestingly, the incidence of (sub)clinical ABMR was
numerically around twice as high in the H2W group compared
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to the other groups (36 vs. 20 vs. 18%), but this did not reach
statistical significance (p = 0.10) (Figure 2).

Infections Within the First Year

Infections occurring within the first year post-transplant are
summarized in Table 3. We observed no differences regarding
frequency and severity of polyomavirus BK infection (BKV).
Cytomegalovirus (CMV) infections were more frequent and
more severe in the deceased donor group compared to the other
groups (p = 0.01). However, they were equally often observed in
the H2W and the other living donor group.

We recorded 345 infections other than BKV and CMV. The
percentage of patients having no, one or >2 infections was
not different among the three groups (p = 0.24). As expected,
lower urinary tract infections (UTI) were the most frequent
infection accounting for 54% of all cases, followed by upper
airway infections (13%), gastrointestinal infections (11%), skin
infections (9%), and upper UTI (i.e., pyelonephritis) with 7%.
Fungal infections were rare (15/345; 4.3%). When excluding
lower UTI, about 50% patients in the three groups experienced
no infection within the first year post-transplant (Table 3).

Evolution of Pre-transplant DSA and

Development of de novo DSA

Post-transplant screening for HLA antibodies was performed
in 125/197 patients (63%), including 35/45 women having pre-
transplant DSA (78%) and 90/152 women without pre-transplant
DSA (59%). The frequency of screening was similar among the
three groups (H2W 72%, other living donor 65%, deceased donor
61%; p = 0.54) and was performed at a median of 3.1 years post-
transplant. Of 35 patients with pre-transplant DSA, 3 developed
de novo DSA (9%), 15 had persisting DSA (43%), and in 17
cases DSA disappeared (48%). In those 90 women without pre-
transplant DSA, 10 developed de novo DSA (11%). The frequency
of de novo DSA, persisting or disappearing DSA was not different
among the three groups (p = 0.27) (Table 2).

Predictors of Rejection and Graft Failure in

H2W Transplantations

During the whole follow-up 16/25 H2W transplantations
developed (sub)clinical rejection, 10/25 clinical rejection, and
4/25 allograft failed. DSA status (yes/no), number of pregnancies
(1 vs. >2), and HLA-mismatches were not associated with
any of the above mentioned events in univariate analysis and
multivariate Cox-models (all p > 0.09).

Review of the Literature

We found 10 publications investigating H2W transplantations
with prior pregnancies: 5 cohort studies, 4 detailed case reports,
and one case series (Table 4).

Nine of ten reports were published between 1995 and 2008. In
these studies, a Tac- or cyclosporine-based immunosuppression
without induction therapy was used for most patients. All
patients were considered as having no pre-transplant DSA by
either cytotoxicity or flowcytometric crossmatches. The five
cohort studies or case series published between 1995 and 2008
reported 1-year graft survival from 60 to 90%, which was mostly

lower than in the comparison groups and lower than in our study
(100%) (10, 19-22). All case reports described acute antibody-
mediated or mixed rejection episodes within the first week post-
transplant, which could be successfully reversed (7-9, 23).

The only more recent publication in 2020 by Kim et al.
reported on 159 H2W transplantations using Tac-MPA-P
immunosuppression and basiliximab induction (18). They
observed a higher frequency of clinical rejection in the H2W
group, but similar patient and graft survival compared to
offspring-to-mother and other living unrelated donors.

DISCUSSION

The key observation is this study was that despite T cell-
depleting induction, H2W transplantations have a higher
risk for death-censored graft loss possibly mediated by
a higher frequency of ABMR compared to other HLA-
mismatched living or deceased donor transplantations in
women with prior pregnancies. However, patient survival
in H2W transplantation is excellent, and the universal
use of T cell-depleting induction was not associated
with a higher frequency or infections within the first
year post-transplant.

Previous cohort studies published between 1995 and 2008
reported 1-year graft survival rates between 78 and 90%
in H2W transplantations, which were mostly lower than in
the comparison groups (19-22). Although the frequency of
rejection was often not reported, we assume that most of
these 10-20% early graft losses might be related to rejection,
which were not prevented by the used immunosuppressive
protocol. We speculate that ATG induction together with Tac-
MPA-P maintenance immunosuppression contributed to the
better 1-year graft survival (i.e., 100%) in our study. Support
for this interpretation comes from a retrospective cohort
study, which demonstrates the efficacy of ATG induction in
allograft recipients with pre-existing donor-specific sensitization
(11). Clearly, only a prospective randomized study in H2W
transplantations comparing ATG vs. other induction (e.g.,
basiliximab) or no induction can provide more conclusive
evidence, but it is very unlikely that such a study will ever
be performed.

A recent study from South Korea reported excellent short
and long-term graft survival in 159 H2W transplantations
receiving basiliximab induction and Tac-MPA-P maintenance
immunosuppression (18). We cannot explain these favorable
results compared to reports from Europe and North America.
One possibility might be that South Korea has a less
heterogeneous population and hence less immunogenic
HLA mismatches. Furthermore, the number of pregnancies
was not reported in their study. A lower frequency of
prior pregnancies will reduce the overall risk of a husband-
specific sensitization, which can critically influence the
outcome (1).

Our study as well as most of the referenced publications
highlight that H2W transplantations are associated with a
wide range of outcomes, ranging from early, severe rejection
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TABLE 4 | Review of the literature.

References Study type H2W (n) Number of Husband as Pre- With Induction Maintenance Patient Graft Key observation
pregnancies biological transplant DSA immuno- survival survival
father DSA suppression
confirmed assessed
This Cohort study 25 1 preg: 16% Yes Yes (Luminex 36% ATG =+ IVig Tac-MPA-P 1 year: 100% 1 year: 100% Death-censored graft
manuscript 2 preg: 52% SA) Syears: 100% 5 years: 85% survival lower in H2W
>3 preg: 32% compared with other
living or deceased
donors
Kim et al. (18) Cohort study 159 At least one No Yes (method 32% ATG (4%) Tac-MPA-P 5 years: 98% 5 years: 96% No difference in patient
(no details not reported; Basiliximab (79%) and graft survival
given) likely (96%) compared with
solid-phase offspring-to-mother
assays) (n = 175) and other
living unrelated donors
(n = 56), but higher
rate of clinical rejection
Ghafari et al. Cohort study 9 2-5 (mean No Yes (AHG- 0% None CyA- 1 year: 97% 1 year: 78% More rejection and
(19) 2.6) CDC-XM) MPA/AZA-P 5 years:78% 5 years: 69% lower graft survival
compared to other
living unrelated donors
Pretagostini Cohort study 33 At least one No Yes 0% Not reported CyA-based Not reported 1 year: 80% Lower 1 year graft
et al. (20)* (no details (CDC-XM) 5 years: 73% survival compared to
given) W2H (90%) and other
unrelated living donor
(100%)
Gijertson et al. Cohort study 407 1 preg: 31% No Yes 0% Not reported Not reported Not reported 1 year: 90% No difference in graft
21) >2 preg: 69% (CDC-XM) 5 years: 78% survival according to
the number of
pregnancies in H2W
Terasaki et al. Cohort study 75 At least one No Not reported n.a. Not reported Not reported Not reported 1 year: 87% Graft survival @3 years
(22) (no details (likely 3 years: 76% worse compared to
given) CDC-XM) H2W without any
pregnancies (76% vs.
87%; p = 0.40)
Ortiz-Arroyo Case series 5 At least one No Yes (AHG- 0% Basiliximab Triple therapy Not reported 1 year: 60% Two out of five patients
etal. (10) (no details CDGC-XM) (40%) developed acute ABMR
given) and lost the graft
Matsuo et al. Case report 1 2 Yes Yes No Basiliximab Tac-MPA-P Good function at 6mt Acute ABMR starting
©) (FCXM/FlowPRA) POD 3, reversed by
plasmapheresis,

steroids and rituximab
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first week, reversed by

ATG and

immunoadsorption

H2W, husband-to-wife transplantation with previous pregnancies; W2H, wife-to-husband transplantation; CDC-XM, complement-dependent cytotoxicity crossmatch; FCXM, flowcytometric crossmatch, POD, post-operative day.

*These authors previously reported outcomes of H2W from the same population with fewer cases (24, 25).

**Retrospectively detected by FCXM.

and graft loss to uneventful courses. Unfortunately, currently
available parameters such as presence of DSA, number of
pregnancies, and number of HLA mismatches seem not to
be very predictive. Analyses on the molecular level of HLA
disparities (i.e., eplet load and eplet immunogenicity) might
provide better prediction, but such an evaluation would
require a significantly larger number of cases (26-30). Another
interesting approach could be the evaluation of memory B
cell responses (31). With recent advances to detect memory B
cells, it seems nowadays possible to obtain a more complete
picture of the pre-transplant alloimmunization status in these
women (32-35). Since the magnitude of memory B cell
responses following previous HLA immunization such as
pregnancies may differ, their detection might explain the higher
proportion of early (sub)clinical rejection episodes in H2W
transplants, as observed in our study and described before (7-
10, 23).

How should we council pairs in evaluation for a H2W
transplantation? If the husband is indeed the biological father of
the mutual child/children, we recommend to use an appropriate
immunosuppressive regimen including ATG induction and to
discuss with the pair the increased risk for rejection as well
as allograft failure. Alternative living donors having different
HLA haplotypes than the biological father should be prioritized,
especially in case of numerous pregnancies. If a broad and/or
high husband-specific sensitization can be detected by single
antigen bead assays and no alternative suitable living donor is
available, a deceased donor transplantation or inclusion in a
kidney-paired donation program avoiding all major DSA might
be the best option (36). Avoidance of even all mismatched
husband HLA antigens (despite lack of detectable husband-
specific sensitization by the most sensitive techniques) by
opting for deceased donor transplantation is probably the safest
approach to prevent early severe rejection (37). However, this
will often significantly reduce the pool of suitable donors.
From a statistical point of view, a woman with two full-term
pregnancies has a 40% risk to be sensitized against any HLA-
A/B/C/DRBI1 mismatches of the father (1). If a deceased donor
shares only one HLA mismatch with the father, the risk of
performing the transplantation in the presence of pre-existing
sensitization will be much lower in most cases, but it still
exists (37).

Despite a numerically higher incidence of ABMR in the
H2W group compared to the other two groups, the frequency
of detectable circulating DSA post-transplant was not different.
Notably, post-transplant screening for DSA was not performed
at the time of allograft biopsies, but mainly beyond the first year
post-transplant after a median of 3.1 years. It is possible that the
frequency of circulating DSA post-transplant is underestimated
due to absorbance of circulating DSA in the allograft.

Patient survival in the deceased donor group was
rather low, but death-censored allograft survival excellent
(Figure 1). Notably, the women in this group were
significantly older (median 59 years) and had longer
dialysis vintage time (median 2.6 years) compared to the
other groups. Therefore, they had very likely more relevant
comorbidities and a poorer health condition, which were
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responsible for the high mortality. Patient death is the
leading cause of allograft loss in elderly patients, which
will consequentially lead to a high death-censored allograft
survival (38).

This study has certain limitations. First, as in all previous
reports, H2W transplantations represent a real-life selection,
and it is difficult to define appropriate control groups. To
reduce biases, we decided to include all women with prior
pregnancies, who received the first HLA-mismatched kidney
transplant and grouped them according to the donor source. The
defined groups (H2W, other living donor, and deceased donor)
essentially delineate the three possible options for women with
prior pregnancies. Second, several analyses have clear statistical
limitations due to a low patient number in the H2W group
(n = 25) and/or low event rates. In particular, the absence
of significant predictors of rejection and allograft failure in
H2W transplantations has to be interpreted with caution. Third,
review of the literature revealed that important parameters
such as number of pregnancies, definition and presence of
DSA, and induction therapy are incompletely reported, making
comparison between studies difficult.

In conclusion, H2W transplantation with mutual children is
a valuable option, but is associated with a higher risk of allograft
loss due to rejection despite T cell-depleting induction. Further
research is required to better predict this risk on an individual
patient level.
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Background: Colonization of Cryptococcus rarely occurs in a graft. This study reports a
case of malacoplakia and cryptococcoma caused by E. coli and Cryptococcus albidus
in a transplanted kidney, with detailed pathology and metagenome sequencing analysis.

Case Presentation: \We presented a case of cryptococcoma and malacoplakia in
the genitourinary system including the transplant kidney, bladder, prostate, and seminal
vesicles caused by Cryptococcus albidus and Escherichia coli in a renal-transplant
recipient. Metagenome sequencing was conducted on a series of samples obtained from
the patient at three different time points, which we termed Phase | (at the diagnosis of
cryptococcoma), Phase Il (during perioperative period of graftectomy, 3 months after the
diagnosis), and Phase Il (2 months after graftectomy). Sequencing study in the Phase |
detected two and four sequences of C. albidus respectively in cerebrospinal fluid (CSF)
and feces, with resistant Escherichia coli 09-02E presented in urine and renal mass. A
3-month antibiotic treatment yielded a smaller bladder lesion but an enlarged allograft
lesion, leading to a nephrectomy. In the Phase Il, two sequences of C. albidus were
detected in CSF, while the E. coli 09-02E continued as before. In the Phase lll, the lesions
were generally reduced, with one C. albidus sequence in feces only.

Conclusions: The existence and clearance of Cryptococcus sequences in CSF without
central nervous system symptoms may be related to the distribution of infection foci
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Malacoplakia and Cryptococcus infection

in vivo, the microbial load, and the body’s immunity. Overall, this study highlights the
need for enhanced vigilance against uncommon types of Cryptococcus infections in
immunocompromised populations and increased concern about the potential correlation
between E. coli and Cryptococcus infections.

Keywords: cryptococcoma, malacoplakia, Cryptococcus albidus, Escherichia coli 09-02E, transplanted kidney,

metagenome sequencing

INTRODUCTION

As an opportunistic pathogenic fungus, Cryptococcus is the third
most common invasive fungi in solid organ transplantation
(SOT) (1). The prevalence of cryptococcosis in this population
is 0.2 to 5.8%, with a total mortality rate ranging from 20 to
50% (1, 2). Human immunodeficiency virus-infected patients
and SOT recipients are at the highest risk for Cryptococcus
infection (3), with Cryptococcus neoformans and Cryptococcus
gattii the most common causes of cryptococcosis. Once inhaled,
Cryptococcus can disseminate to the whole body or colonize in
host tissue through the bloodstream, resulting in diseases such
as cryptococcal meningoencephalitis, pulmonary cryptococcosis
and cryptococcal granuloma (2, 4, 5). However, Cryptococcus
albidus infection is rare, with skin the most commonly involved
organ and a mortality rate of around 28% (5/18) (6).

Only one case of localized cryptococcal lesion in transplant
kidney has been reported so far (7). Herein we reported the
first case of pathology- and metagenome sequencing-proven
cryptococcoma caused by C. albidus of a transplanted kidney
in a patient presenting with urinary tract infection (UTI) of
Escherichia coli and BK polyomavirus viruria. This study sheds
light on the correlation between drug-resistant E. coli and
Cryptococcus infection. The results suggest that alteration of the
immune microenvironment caused by a long-term infection,
such as E. coli infection, may be the key reason for the
colonization of Cryptococcus in uncommon sites of the body, like
an allograft.

CASE DESCRIPTION
Clinical History

A 50-year-old male with end-stage renal disease received
a left kidney transplant from a deceased male donor who
died in a motor vehicle accident in March 2013. After
renal transplantation, the patient received a maintenance
immunosuppressive regimen consisted of tacrolimus (3.5 mg,
bid), mycophenolate mofetil (360 mg, bid), and prednisone
(4mg, qd). At 11 months postoperatively, 1+ to 2+ proteinuria
was found on a routine urine examination. The proteinuria
was relieved after treatment with Tripterygium glycosides tablets
(10 mg, bid). At 15 months postoperatively, the patient developed
BKV viruria with a urinary viral load of 1.25 x 107 copies/mL
(normal range for reference, <5,000 copies/mL). The viral load
was undetectable after the dosage of tacrolimus was reduced
to 1.5mg BID and treating with immunoglobulin (infusion).
In April 2016, the patient had a chronic rejection reaction
and the 24-h urinary protein quantity increased to 1.13 g/24h.

To maintain the allograft function and suppress proteinuria,
the corresponding treatment regimen was methylprednisolone
(40 mg) combined with cyclophosphamide (0.2g) intravenous
drip for 3 days/month. After three courses of treatment, the
24-h urinary protein quantity decreased to 0.56 g/24h. The
patient has had recurrent symptoms of UTI such as frequent
and urgent urination without obvious inducement since June
2016. Regular outpatient review of urinary examination revealed
leukocytes fluctuating from 14 to 34. E. coli was detected
in the midstream urine culture and intravenous cefoperazone
sodium sulbactam (1.5g, 1/12h) was given for 1 week. In
September 2018, the patients came to the hospital because
of cough for 1 day. mNGS of the alveolar lavage fluid
indicated pneumosporidiosis and blood tested positive for
herpes simplex virus. The pulmonary infection resolved after
treated with compound sulfamethoxazole tablets (480 mg, bid).
Besides, serum creatinine decreased from 305 pmol/L to 245
pumol/L. However, BKV viruria relapsed with the urinary viral
load fluctuated from 2.84 x 10° copies/mL to 3.81 x 107
copies/mL. The immunosuppressive regimen was adjusted to
tacrolimus (1.5 mg, bid), mycophenolate sodium enteric-coated
tablets (180 mg, bid), and prednisone (4 mg, qd). In November
2018, the patient’s serum creatinine was 197 pumol/L, and color
Doppler examination of the transplanted kidney and renal vessels
showed no significant abnormalities. Regular color Doppler
ultrasound examinations of the allograft and transplanted kidney
vessels were performed every 6 months after transplantation,
all showing neither significant abnormalities nor transplanted
kidney masses until the current admission. The patient had not
undergone an allograft puncture biopsy within 3 years after renal
transplantation. His postoperative serum creatinine level was 190
pumol/L. And the postoperative glomerular filtrate rate (GFR) was
summarized in Figure 1. The patient was admitted to hospital in
May 2019 because of frequent and urgent urination. The clinical
course of the patient is summarized in three phases according to
the disease progression.

Phase |

In May 2019, the patient was admitted to hospital for recurrent
frequent and urgent urination. On admission, his serum
creatinine level was 229 pumol/L. Ultrasound and PET/CT
showed solid space-occupying lesions in the upper pole of the
transplanted kidney and bladder, prostate and seminal vesicles
(Figures 2A1-H1). Biopsy of the graft kidney and bladder
lesions revealed cryptococcal granulomas, with cystoscopy results
provided in Supplementary Figure 1. Extended-spectrum -
lactamase positive E. coli was cultured from both renal graft
tissue and midstream urine. To rule out systemic cryptococcosis,
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FIGURE 1 | Clinical history of the patient. CG-eGFR, estimated glomerular filtration rate by the Cockcroft-Gault; KT, kidney transplantation; IS, immunosuppressant;
Tac, tacrolimus; MMF, mycophenolate mofetil; PRED, prednisone; EC-MPS, mycophenolate sodium enteric-coated tablets; CsA, cyclosporine; BKPyV, BK
polyomavirus; UTI, urinary tract infection.

a lumbar puncture was performed to collect CSF and CSF
opening pressure measured. Cell counts and biochemical
parameters in CSE, and CSF opening pressure were normal.
Ink staining and Cryptococcus antigen detection of CSF were
both negative. No significant abnormalities were observed
in brain MRI and chest CT scans. Based on the imaging
and pathological findings, the patient was diagnosed with
cryptococcoma and malacoplakia of the genitourinary system
including transplanted kidney, bladder, prostate and seminal
vesicles (Figures 2A1-H1 and Figure 3), accompanied by an
UTI of E. coli. The patient was treated with meropenem (0.5g
twice a day), and fluconazole (50 mg twice a day) combined with
flucytosine (0.5 g twice a day). Meanwhile, immunosuppression
was reduced by conversion from tacrolimus (1.5mg twice
a day) to cyclosporine (100mg twice a day). Additionally,
cyclosporine was later adjusted to 75mg BID after use of the
antifungal drug, fluconazole, which can affect the concentration
of cyclosporine. The concentrations of immunosuppressants
from renal transplantation to transplant nephrectomy were
shown in Supplementary Figure 4. After 10 days’ treatment, his
renal function improved and the serum creatinine decreased
from 229 to 185 pumol/L. In July 2019, his chest X-ray
showed a soft tissue shadow in the left hilum, which was
diagnosed as pulmonary tuberculosis by bronchoscopy; and the
patient was thus treated with isoniazid (300 mg, once daily),
ethambutol (750 mg, once daily) and levofloxacin (250 mg,
once daily).

Phase Il

Follow-up ultrasound and FDG-PET/CT examination in August
2019 showed that although the area of bladder lesion was
significantly reduced from 4.7 x 4.1 x55cm to 3.8 x 2.3
x 3.6cm, the lesion in the transplanted kidney was enlarged
from 4.3 x 49 x 4.1cm to 6.0 x 4.0 x 4.7cm, with the
cryptococcoma and malacoplakia in the upper pole of the
transplanted kidney protruding into the adjacent Gerota’s fascia
(Figures 2A2-H2). Fluconazole was given at 100 mg BID against
cryptococcal infection while the anti-Escherichia coli as well as
the anti-tuberculosis regimen was maintained, as described in
Phase I. The net immunosuppression status of an individual is
influenced by the immunosuppression regimen and individual
susceptibility and can be assessed by immunosuppressive drug
concentrations, peripheral blood leukocyte counts, lymphocyte
counts, and viral infection conditions. The peripheral blood
leukocyte and lymphocyte counts of this case were lower
compared to the average level during uninfected period
(Supplementary Figure 5). The presence of pneumosporidiosis,
herpes simplex virusemia, and BKV uremia were all suggestive
of a low net immunosuppressive status. To stop the disease
progression, the patient received a transplant nephrectomy 1
week later.

Phase llI
After transplant nephrectomy, the patient’s immunosuppressants
were discontinued. He was on dialysis three times a week.
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Phase I

Phase IT |

Phase III §

Follow up

21.9, 21.4, and 6.4 and SUVave of 8.7, 8.9, and 4.3 respectively.

FIGURE 2 | FDG-FDG-PET/CT images. Full-body PET-maximum intensity projection (MIP) (D1-4, H1-4) show several space-occupying hypermetabolic lesions; they
also indicate the positions (magenta arrows) of the slice shown (A1-4, B1-4, C1-4, and E1-4, F1-4, G1-4, respectively); an axial CT image (A1-4 and E1-4,
respectively), axial PET image (B1-4 and F1-4, respectively), and axial FDG-PET/CT fusion image (C1-4 and G1-4, respectively) from a single plane show a mass of
hypermetabolic lesions in the transplanted kidney and bladder respectively; the largest of which (A1-2, B1-2, and C1-2, red arrows), ~4.3 x 4.9 x 4.1 cm and 6.0 x
4.0 x 4.7 cm in size, with maximal standardized uptake value (SUVmax) of 20.3 and 31.0 and average standardized uptake value (SUVave) of 8.8 and 17.4
respectively; the largest of which (E1-3, F1-3, and G1-3, red arrows), ~4.7 x 4.1 x 5.5cm, 3.8 x 2.3 x 3.6cm, and 2.8 x 1.4 x 2.5cm in size, with SUVmax of

The anti-tuberculosis treatment was changed to isoniazid
(300mg, once daily), ethambutol (870mg, once every 2
days) and levofloxacin (250mg, once every 2 days), while
the anti-Cryptococcus treatment was changed to fluconazole
(100mg, twice a day) and flucytosine (0.5g, three times
a day). After 2 months, a follow-up FDG-PET/CT showed
that the lesions in the urogenital system and lung were
significantly reduced compared with the last examination
(Figures 2A3-H3). Six months post-transplant nephrectomy, the
lesions in the genitourinary system were eventually eliminated
(Figures 2A4-H4).

Pathology

Gross inspection of the transplanted kidney showed that the
resected transplant volume was 11 x 9.0 x 5.0 cm with its capsule
closely adherent to the surrounding fat. A solid yellow mass of 6.0
x 4.0 x 4.7 cm was found in the upper pole renal parenchyma
without breaking through the renal capsule. Another 5.0 x 2.5 x
2.5 cm yellow mass was found in the hilar sinus fat (Figure 3F).
The pathological changes of the transplanted kidney lesions were
consistent with Cryptococcus infection (Figures 3A-E).

Metagenome Sequencing

Metagenome sequencing revealed that only two and four
sequences of C. albidus were respectively detected in the CSF and
feces specimens in Phase I. Two sequences of C. albidus were
detected in the CSF specimen in Phase II. After transplantation
nephrectomy, withdrawal of immunosuppressants and

anticryptococcal therapy for 2 months, one sequence of C.
albidus was detected in the feces specimen but no sequence in
CSF in Phase III. All sequences were typed as [Cryptococcus]
albidus var. albidus strain NRRL Y-1402 (Table 1). The type of
the E. coli detected in urine and granuloma of the allograft in
Phase I and Phase II was E. coli 09-02E (Table 1).

Culture in vitro

In order to understand the interactions between E. coli and
Cryptococcus, we cocultured the two microorganisms in vivo.
After an 8-h co-culture of E. coli 09-02E filtrate and Cryptococcus
neoformans JEC21 (ATCC@96910) in vitro, the Cryptococcus
counts in the control group (without E. coli filtrate) and the
experimental group (adding 80, 160, 320, 640, and 1,280 ul E.
coli filtrate, respectively) were respectively 2.46 & 0.52 x 10°/mL,
2.30 & 0.57 x 10°/mL, 2.83 + 0.72 x 10°/mL, 3.13 £ 0.76 x
10°/mL, 3.09 £ 0.61 x 10°/mL, and 2.60 + 0.63 x 10°/mL.
Comparison between the control group and the experimental
Group III (320 wl E. coli filtrate) and Group IV (640 ul E.
coli filtrate) showed a statistically significant difference (P <
0.05) (Supplementary Figure 2), indicating that E. coli at these
concentrations may stimulate cryptococcal growth.

DISCUSSION

This is the first sequencing study, to our knowledge, of
malacoplakia and cryptococcoma of E. coli and C. albidus
in the transplanted kidney. Cryptococcus usually attacks the
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immunocompromised population, resulting in mostly systemic
infection (8). Its colonization in the transplanted kidney is
extremely rare, with only one case reported before (7). In this
case, a 50-year-old male patient with a recurrent UTI of E.
coli for 3 years developed cryptococcoma in the transplanted
kidney on the 74th month after transplantation. The granuloma
disseminated to urogenital organs such as the bladder, prostate,
and seminal vesicle. Metagenome sequencing identified the
[Cryptococcus] albidus var. albidus strain NRRL Y-1402 as the
culprit. And the drug-resistant E. coli 09-02E, first detected in
feces from healthy Vietnamese people in 2018, and with unclear
pathogenic mechanism and unique urinary system properties
(9), arose after the long-term antibiotic use presumably due to
selective pressure. Microbiological analysis of kidney transplant
preservation fluids was performed prior to transplantation and
showed negative results. The patient’s recurrent UTI of E. coli
began 3 years postoperatively, so the E. coli infection was
considered non-donor-derived in this case.

Although co-infection of Cryptococcus and E. coli in the
same lesion are rarely detected or reported, we speculated
that there is an inevitable relationship between them: long-
term repeated antibiotics use leads to dysregulation of bacterial
flora drug-resistant strains (10), and promotes the emergence

of drug-resistant E. coli and Cryptococcus colonization. In this
case, E. coli might have invaded the transplanted kidney prior
to Cryptococcus.

Pathological examination revealed granuloma and focal
inflammatory cell infiltration and fibrosis in the interstitium.
Microbiological culture and metogenomic sequencing results of
the transplanted kidney tissues both showed a large number
of E. coli. The a-hemolysase released by E. coli can cause
renal injury and cicatrization, facilitate the formation of
abscesses or granulomas, and block urine excretion in the
collecting duct (11), which may be the biological causes
of Cryptococcus retention. Studies have shown that E. coli
infection alters the immune microenvironment of the infected
foci, such as the inflammatory response induced by the
activation of cytokines TNF-e, IL-1, IL-6, and IL-8 (11,
12). This immune microenvironment may be the fertile
soil for Cryptococcus infection and colonization in E. coli
infectious foci.

Interactions between fungi and bacteria are common (13).
Our in vitro co-culture result showed that metabolites of E.
coli at certain concentration may stimulate cryptococcal growth,
suggesting correlated growth between E. coli and Cryptococcus.
Urinary susceptible E. coli is an important co-factor of multiple

TABLE 1 | Metagenome sequencing results of Cryptococcus and Escherichia coli in patient’ specimens.

Phase Specimen Cryptococcus (Sequence number, coverage) Escherichia coli
(Sequence number, coverage)
Blood — —
CSF [Cryptococcus] albidus var. albidus strain NRRL Y-1402 —
(2, 100.00%)
Feces [Cryptococcus] albidus var. albidus strain NRRL Y-1402 Escherichia coli strain AR_0006
(4, 100.00%) (357,907, 100.00%)
Urine — Escherichia coli 09-02E

Allograft tissue —

Blood

Il CSF
(2, 100.00%)
Feces —

Urine —

Sputum —

Allograft tissue —
(uninvolved)

Allograft tissue
(previous lesion)

Allograft tissue —
(new-born lesion)

Il Blood —
CSF —

Feces
(1, 95.33%)
Sputum -

[Cryptococcus] albidus var. albidus strain NRRL Y-1402

(110,960, 100%)

Escherichia coli 09-02E
(14,751, 100%)

[Cryptococcus] albidus var. albidus strain NRRL Y-1402 —

Escherichia coli strain 2012C-4221n
(786, 100%)

Escherichia coli 09-02E

(32,995, 100%)

Escherichia coli 09-02E
(12,361, 100%)

Escherichia coli strain Ec-2Lar
(69,700, 100%)

*Undetected or not consistent with the filter criteria.
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FIGURE 3 | Pathology of the masses of the transplanted kidney, and gross
photograph of the allograft nephrectomy specimen. Periodic acid-Schiff
staining and Grocott methenamine silver staining of renal mass at 100 x (A,C)
and at 1,000 x (B,D) show granuloma caused by Cryptococcus (arrows).
Electron microscopy of renal mass (E) shows the Cryptococcus (arrow). (F)
Renal cryptococcoma (black arrow) and enlarged renal crptococcoma (white
arrow).

stress factors involved in the generation of melanin which
is a necessary pathogenic factor for Cryptococcus, assisting in
the removal of oxygen free radicals and averting the onset of
oxidative stress response (14). In UTI, the genes involved in
the Cu!™ efflox system of E. coli are highly up-regulated, and
the copper efflox of E. coli may be the source of the copper
intake of Cryptococcus (15), which may facilitate the infection and
colonization of Cryptococcus.

Cryptococcus infection within 30 days after transplantation
is generally considered donor-derived, and the median time
for non-donor-derived Cryptococcus infection is 16-21 months
after transplantation (2, 16, 17). Combined with the fact that
the patient had no history of pathogen exposure, we suspected
that the Cryptococcus spores were accidentally inhaled into
the lung rather than donor-derived Cryptococcus infection,
traversing pulmonary capillaries into peripheral blood circulation
for systemic dissemination. The E. coli infection brought about
changes in the transplanted kidney’s immune microenvironment
that promoted Cryptococcus which is used to manifest transient
or latent infection to spread through the blood, to colonize in the
transplanted kidney and gradually expand its range. After that,
Cryptococcus proceeded down the urinary tract to the bladder or
even prostate duct. At the same time, Cryptococcus can breach
the blood-brain barrier and enter the CSF. The possible routes

of infection were shown in Supplementary Figure 3. However,
since pathogenicity was related to Cryptococcus infection foci in
vivo, the fungal load in situ and the body’s immunity, sequences
of C. albidus could be detected in CSF even in an absence of
cryptococcal meningoencephalitis symptoms.

The inconsistent outcomes of the lesions in bladder and
transplanted kidney may resulted from that the granuloma
created barriers around the infection site to prevent drugs
entering the renal lesions. In contrast, the bladder lesion was
relatively superficial and had long-term exposure to running
urine that contained antifungal metabolites. The fluconazole
and flucytosine taken by this patient were metabolized by the
kidney and excreted from the urine, so the therapeutic effect
toward the bladder lesion was significantly superior to that of the
transplanted kidney.

Currently, the detection technology of Cryptococcus antigens
is based on C. neoformans and C. gattii. The sensitivity of C.
albidus detection rate is 75% lower than that of C. neoformans
and C. gattii, leading to the false-negative error in preliminary
clinical screening (18). This may have contributed to the
paradox between pathology-proven cryptococcoma and negative
Cryptococcus latex antigen test of CSF and the culture of the
blood, urine, CSE sputum, feces and renal graft tissues in our
study. Metagenome sequencing can act as an effective technical
complement to pathogen detection in transplant recipients.

CONCLUSIONS

In conclusion, this study reported the first sequencing study
of cryptococcoma and malacoplakia formed by C. albidus and
E. coli in a transplanted kidney. This case suggests a possible
synergistic relationship between Cryptococcus colonization and
drug-resistant E. coli infection in the transplanted kidney. At
the same time, we should be alert to the infection caused
by rare Cryptococcus in clinical practice. In addition to
traditional diagnostic methods such as culture and immunoassay,
metagenome sequencing can be utilized as an auxiliary
diagnostic tool.
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Feasibility of Droplet Digital PCR
Analysis of Plasma Cell-Free DNA
From Kidney Transplant Patients

Barbara Jeri¢ Kokelj'*, Maja Stalekar ', Sebastian Vencken?, David Dobnik’,
Polona Kogovsek ™*, MatjaZ Stanonik?, Miha Arnol** and Maja Ravnikar’

" Department of Biotechnology and Systems Biology, National Institute of Biology, Ljubliana, Slovenia, 2 GenePlanet,
Ljubliana, Slovenia, ® Department of Nephrology, University Medical Centre Ljubljana, Ljubljana, Slovenia, * Faculty of
Medicine, University of Ljubljana, Ljubljana, Slovenia

Increasing research demonstrates the potential of donor-derived cell-free DNA
(dd-cfDNA) as a biomarker for monitoring the health of various solid organ transplants.
Several methods have been proposed for cfDNA analysis, including real-time PCR, digital
PCR, and next generation sequencing-based approaches. We sought to revise the
droplet digital PCR (ddPCR)-based approach to quantify relative dd-cfDNA in plasma
from kidney transplant (KTx) patients using a novel pilot set of assays targeting single
nucleotide polymorphisms that have a very high potential to distinguish cfDNA from two
individuals. The assays are capable of accurate quantification of down to 0.1% minor
allele content when analyzing 165 ng of human DNA. We found no significant differences
in the yield of extracted cfDNA using the three different commercial kits tested. More
cfDNA was extracted from the plasma of KTx patients than from healthy volunteers,
especially early after transplantation. The median level of donor-derived minor alleles
in KTx samples was 0.35%. We found that ddPCR using the evaluated assays within
specific range is suitable for analysis of KTx patients’ plasma but recommend prior
genotyping of donor DNA and performing reliable preamplification of cfDNA.

Keywords: kidney transplantation, droplet digital PCR, plasma cell-free DNA, minor allele quantification, assay
evaluation, graft health monitoring

INTRODUCTION

Cell-free DNA (cfDNA) is gaining more and more attention and research toward its use as
a diagnostic and prognostic biomarker for various medical conditions—prenatal diagnostics,
oncology and solid organ transplantation [reviewed in (1-3)]. Fragmented DNA enters the
bloodstream and other body fluids and provides genomic and epigenomic information of the source
tissue through minimally invasive liquid biopsy.

While renal biopsy is still the gold standard for monitoring and confirming transplanted kidney
(KTx) health, other non-invasive screening tests are being sought that would replace it or reduce
its need. Unless the graft was donated by an identical twin, its genotype differs from that of the
patient. Taking advantage of the different genotypes, donor-derived cfDNA (dd-cfDNA) secreted
by the graft can be distinguished from the background of recipient-derived cfDNA secreted by other
tissues. Analysis of dd-cfDNA has been shown to have the potential to detect cases of rejection
episodes, with patients with rejection having higher plasma dd-cfDNA levels than patients with
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stable grafts without rejection (4-7). A schedule of longitudinal
dd-cfDNA analyses to monitor graft health was proposed,
along with additional indicated analyses when graft damage is
suspected and after changes in immunosuppression (8).

Donor-derived <fDNA can be quantified by several
methods, including real-time PCR (qPCR) (9, 10), digital
PCR (11-14) and next generation sequencing (4, 5, 7). Single
nucleotide polymorphisms (SNPs) have been most commonly
studied to distinguish recipient and donor DNA, but other
polymorphisms—human leukocyte antigen mismatch (13),
indels (9, 14) and copy number variations (15, 16)—have also
been investigated. In this report, we used droplet digital PCR
(ddPCR) as a method for quantifying dd-cfDNA in KTx based
on SNP differences between donor and patient derived DNA
with a critical proof-of-principle analysis of donated plasma
samples using a novel set of SNP assays and also address the
need for assay evaluation. In digital PCR, the reaction mixture
is divided into individual PCR reactions (droplets in the case of
ddPCR), which is expected to result in one or no template DNA
molecules per reaction, and the Poisson distribution is adopted
for absolute quantification of the template [reviewed in (17)].
Digital PCR has the advantage over qPCR of being more accurate
at low target concentrations and not using standard curves, and
over next generation sequencing of being less expensive, having
a shorter turnaround time, and being easier to interpret without
implementing bioinformatics algorithms.

MATERIALS AND METHODS
SNP Selection

One thousand Genomes Project VCF files for all chromosomes
were downloaded! (18). Data were filtered stepwise for biallelic
SNPs, European minor allele frequency > 0.40, global minor
allele frequency > 0.45 and global fixation index < 0.02.
Distances (CAOldist, CAOlscore) from SNPs to the nearest
cfDNA fragment peaks were calculated using the CA01.bb file
(18) and data were filtered for CAOldist < 19 and CAOlscore
> 200. Using USCS Table Browser, all SNPs overlapping
with repetitive elements were identified and removed. The
surrounding sequences of the remaining 1,051 SNPs were
screened for potentially useful primer pairs and probes using
Beacon Designer 8.4 and SNPs for which no amplicons were
found were removed. SNPs with overlap of potential amplicons
with off-target SNPs in potential primer or probe sequences were
identified using UCSC Table Browser and discarded. Screening
for off-target potential of predicted primers was performed using
Primer-BLAST. IDT OligoAnalyzer 3.1 was used to calculate AG
of primer dimers, hairpin Tm and secondary structures. Based on
these characteristics of the identified potential assays, SNPs were
ranked and 43 with the best potential were selected.

Abbreviations: cfDNA, cell-free deoxyribonucleic acid; CNA, QIAamp
Circulating Nucleic Acid Kit; CV, coefficient of variation; dd-cfDNA, donor-
derived cell-free deoxyribonucleic acid; ddPCR, droplet digital polymerase chain
reaction; FPS, false positive signal; gDNA, genomic DNA; KTx, kidney transplant;
ME, QIAamp MinElute ccfDNA Kit; MM, MagMAX Cell-Free DNA Isolation Kit;
qPCR, real-time polymerase chain reaction; SNP, single nucleotide polymorphism.
Uftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/release/20130502/

gBlocks

One hundred sixty-one blood pressure dsDNA synthetic gBlock
Gene Fragments (Integrated DNA Technologies) mimicking
natural short DNA fragments were designed for each allele of
the selected SNPs. Each gBlock had the same sequence as the
corresponding genomic region and contained the SNP assay
amplicon approximately in the middle with at least 29 bp of
flanking sequence on each side. Prior to use, gBlocks were diluted
in 2 mg/ml Sheared Salmon sperm DNA (Invitrogen).

Collection and Processing of Blood

Samples

Clinical samples were collected and processed in accordance with
the approval of Slovenian National Medical Ethics Committee
(No. 0120-479/2016-2, KME 42/09/16). Approximately 10 ml of
blood was collected in Cell-Free DNA BCT tubes (Streck) and
stored at room temperature until further processing (maximum
72 h after blood draw). Plasma was separated from blood by two
consecutive centrifugation steps (10 min at 1,600 g and 10 min at
16,000 g) at room temperature. The supernatant was immediately
transferred to a fresh tube to reduce contamination of the
plasma with cells and stored at —80°C until cfDNA extraction.
The bufty coat layer was harvested and stored at —20°C until
gDNA extraction.

DNA Extraction

Genomic DNA (gDNA) was isolated from a maximum of 200 pl
of bufty coat using QIAamp DNA Mini Kit (Qiagen) according
to the manufacturer’s instructions. gDNA was eluted in 200 pl of
the supplied AVE elution buffer. The isolated gDNA was stored
at —20°C until further use.

In our kit comparison study, cfDNA was extracted from three
1 ml aliquots of the same plasma sample from apparently healthy
donors (N = 10) according to the manufacturer’s instructions
using each kit: QIAamp Circulating Nucleic Acid Kit together
with QIAvac 24 Plus Vacuum System (CNA; Qiagen), QIAamp
MinElute ccfDNA Kit (ME; Qiagen) and MagMAX Cell-Free
DNA Isolation Kit (MM; Thermo Fisher Scientific). Extractions
with different kits were performed on three separate days,
with one kit per day comprising all test samples. To ensure
repeatability between laboratories, extractions were repeated in
a different laboratory with a smaller subset of samples.

For isolation of ¢fDNA from 4ml of plasma from KTx
patients, the CNA kit was used according to the manufacturer’s
instructions. cfDNA was eluted in 45 1 of AVE buffer, aliquoted
and stored at —20°C until further analysis.

The concentration of extracted DNA was determined
fluorometrically using Qubit dsSDNA HS Assay Kit and Qubit 3
Fluorometer (Thermo Fisher Scientific).

Capillary electrophoresis was performed using HT DNA High
Sensitivity LabChip Kit and Caliper LabChip GX instrument
and analyzed using LabChip GX Software Version 5.2.2009.0 (all
from Perkin Elmer).

qPCR

The qPCR reactions were performed in a 384-well format
on the ViiA 7 or QuantStudio 7 Flex Real-Time PCR
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System using software-implemented experimental settings for
genotyping. Ten microlitre qPCR reactions consisted of TagMan
Genotyping Master Mix (Themo Fisher Scientific), TagMan
Custom SNP Genotyping Assay (Themo Fisher Scientific;
Supplementary Table 1), 5 ng of gDNA and nuclease-free water
to final volume. The thermal profile included pre-read phase
(60°C, 30s), hold phase for denaturation (95°C, 10 min), 40
cycles of PCR phase (95°C, 155s; 60°C, 1 min), followed by post-
read phase (60°C, 305s); the ramp rate was 1.6°C/s. Genotypes
were called automatically based on the analysis algorithm
embedded in the software using real-time dRn data and a quality
score of 95.0.

ddPCR

The QX200 AutoDG ddPCR System (Bio Rad) was used for
droplet generation and readout. Reactions in the final volume of
20 pl consisted of ddPCR Supermix for Probes (No dUTP, Bio-
Rad), TagMan Custom SNP Genotyping Assay (Themo Fisher
Scientific, Supplementary Table 1), DNA template and nuclease-
free water to the final volume. In the case of cfDNA analysis, 9 ul
of cfDNA was used per reaction. Droplets were generated using
the Automated Droplet Generator (Bio-Rad). The following
cycling conditions were used on the C1000 or T100 Thermal
Cycler (Bio-Rad): Initial denaturation at 95°C for 10 min was
followed by 40 cycles of 94°C for 30, 60°C for 60s and 1 cycle
of enzyme deactivation at 98°C for 10 min. The ramp rate was
1.5°C/s. After cycling, plate was transferred to QX200 Droplet
Reader (Bio-Rad).

Positive droplets were distinguished from negative droplets by
applying a threshold for fluorescence amplitude in QuantaSoft
software (Bio-Rad), version 1.7.4. The threshold value was set
manually. The same threshold was used for each channel/assay
throughout the reaction plate and similar thresholds were
enforced for the same channel/assay in different reaction
plates. Reactions with <10,000 detected droplets and saturated
reactions with more than 100,000 target copies were rejected
and excluded from the analysis. Data were exported and allele
fractions along with coefficient of variation (CV) were calculated
using Microsoft Excel software. A droplet volume of 0.739 nl
was considered for the calculation of absolute measured copy
number (19).

PCR Preamplification of cfDNA

Targeted multiplex PCR preamplification was prepared using
Q5 Hot Start High-Fidelity Master Mix (New England Biolabs),
500 nm final concentration of each of the primers (Integrated
DNA Technologies) used in assays targeting rs1707473,
rs7687645, rs1420530 and rs6070149 (Supplementary Table 1),
DNA template and nuclease-free water. The following reaction
conditions were used in the C1000 or T100 Thermal cycler
(Bio-Rad): an initial denaturation at 98°C for 30 s was followed
by 8 cycles of 98°C for 10s, 60°C for 30s and 72°C for 20s,
and a final extension at 72°C for 2min. The PCR products
were then stored at —20°C until ddPCR analysis. Prior to
ddPCR analysis, PCR products were diluted 10-fold with
nuclease-free water.

Statistical Analysis

All tests were performed in RStudio, version 1.4.1106, using
the packages ggpubr (version 0.4.0) and rstatix (version 0.7.0).
The normality of the data was interrogated using the Shapiro-
Wilk test. To compare the extraction yields of the three kits, the
average yields across the three replicates of each sample were
calculated and any influence of the kit on the extraction yield was
investigated using the one-way repeated measures ANOVA test.
Yields of KTx samples were compared to yields of samples from
healthy donors using the Mann Whitney U test. For multiple
comparisons, the Benjamini-Hochberg adjustment of P-values
was used.

RESULTS

SNP Selection and Performance of SNP

Detection Assays

Our approach to selecting biallelic SNP candidates that could
more readily distinguish the DNA of one individual from
another included a wide range of criteria. Considering high
minor allele frequency, low global fixation index, proximity
to cfDNA fragment peaks, no overlap with repetitive elements
and comprehensive in silico amplicon analysis, 43 promising
biallelic SNPs are suggested in Table 1. None of the SNPs have
known clinical significance and they are all positioned in non-
coding regions, either outside any gene regions or in introns or
untranslated regions.

Of these, 7 SNP loci were randomly selected for assay design
and evaluation of their performance. First, assays were tested
for their performance characteristics in a genotyping qPCR.
Allelic discrimination plots were examined as a checkpoint for
reaction errors. Six of the assays tested showed good cluster
separation with dense clusters at the expected positions in the
allelic discrimination plots. No inhibition of qPCR reactions with
extracted gDNA samples was detected. Cluster separation of the
assay targeting rs7431017 was not as clear, but still sufficient.

Next, the assays were tested with ddPCR. Again, cluster
separation was checked and the assay targeting rs7431017 was
omitted due to cluster overlap. A representative scatterplot
showing good separation of positive and negative droplets is
shown in Supplementary Figure 1A. Interestingly, we noticed
remarkable rain when analyzing gBlocks with all of our SNP
assays, while there was significantly less rain present when
analyzing gDNA or cfDNA.

To evaluate the performance of the ddPCR assay targeting
rs1707473 in a scenario mimicking presence of donor-derived
DNA in a background of recipients DNA, 0.1-50% ratios of
alleles G and T (0.1-33% minor allele fractions) were simulated
with mixtures of synthetic gBlocks of the two alleles. The assay
provides a linear signal over the whole wide tested range with
R? of 0.999 for the allele T in a background of the allele G
and 0.998 for the allele G in a background of the allele T
(Supplementary Figure 1B).

Using gBlocks, CV values were also determined at 1%
simulated dd-cfDNA with three different low copy number
mixtures: 5/500, 10/1,000 and 20/2,000 copies of allele 1/allele
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TABLE 1 | Proposed biallelic SNPs for distinguishing the cfDNA of two individuals.

SNP ID Alleles Chr: position European Global MAF Position in relation to genes
(GRCh38.p12) MAF

rs1935037 AT 1:223323387 T =0.4602 T =0.4942 SUSD4 intron

rs10168994 TC 2:193486802 C =0.4026 C=0.4754 /

rs745581 CT 2:2729334 T =0.4881 T=0.4984 /

rs6546954 C G 2:75182348 C =0.4702 G = 0.4585 TACR1 and LOC105374811
intron

rs1707473* TG 3:146133737 T = 0.4950 G = 0.4930 PLOD2 intron

rs6775401 A G 3:183462906 G = 0.4682 G =0.4718 /

rs7431017* A C 3:76502252 A=0.4811 C =0.4559 ROBO?2 intron

rs9289628* CT 3:98548445 T = 0.4901 C =0.4896 /

rs7687645* T.C 4:70350352 T=0.4523 C =0.4970 /

rs615954 G, C 5:123144242 C=0.4761 C =0.4884 PRDMG intron

rs10078699 C,T 5:155125342 T=0.4940 T =0.4507 /

rs1563749 AG 5:171754251 G = 0.4205 G =0.4764 /

rs2561182 G,C 5:69437818 C =0.4911 C=0.4784 MARVELD2 intron

rs7746234 C,T 6:138498373 C = 0.4066 T =10.4930 NHSL1 intron

rs2517471 G,C 6:31084321 G =0.4254 C =0.4952 /

rs9656097 TC 7:104526571 C =0.4076 C =0.4708 LHFPL3 intron

rs751966 G,A 7:135879129 A =0.4871 A =0.4679 /

rs2691527* CT 7:78173386 C =0.4881 T =0.4647 MAGI2 intron

rs6557883 T.C 8:26127967 C =0.4811 C =0.4992 LOC105379335 non-coding
transcript

rs4733016 C,T 8:26991085 T=0.4722 T =0.4806 /

rs2974298 CT 8:42518957 T = 0.5000 T =0.4850 SLC20A2 intron

rs7011817 G,C 8:60212109 G=0.4771 C = 0.4667 CAS8 intron

rs2246293 C G 9:104928557 G =0.4871 G = 0.4892 LOC105376196 intron; ABCA1
upstream transcript

rs10901532 TC 10:126136495 C =0.4414 C = 0.4591 ADAM12 intron

rs7117897 TC 11:129853970 C =0.4632 C = 0.4561 TMEM45B intron

rs1166235 G,A 12:126874295 A =0.4563 A =0.4888 LINC02372 intron;
LOC105370061 upstream
transcript

rs10843022 C G 12:27904982 G =0.4414 G = 0.4503 /

rs7972248 CT 12:3515931 C =0.4980 T=0.4579 PRMTS8 intron

rs4770602 C, G 13:24136006 G = 0.4901 G =0.4617 SPATA13 intron

rs7321093 T,C 13:28573704 C =0.4831 C =0.4872 LOC105370135 upstream
transcript

rs2799341 T.C 13:53072591 C =0.4036 C = 0.4501 /

rs3784165 G,C 14:31088123 C=0.4135 C =0.4696 AP4S1 intron

rs8014321 T.C 14:91501322 C=0.4751 C =0.4916 PPP4R3A intron

rs10148348 T,C 14:92866186 T=0.4732 C =0.4950 /

rs1420530* CT 16:52524817 T =0.4821 T =0.4892 TOXS intron

rs1392494 G,A 16:59678252 A =0.4781 A =0.4894 /

rs1384366 G,A 17:78733702 A =0.45583 A = 0.4665 CYTH1 intron

rs4789798 C G 17:82573767 G =0.4254 G = 0.4603 FOXK2 intron

rs12605230 G,C 18:38219647 C =0.4871 G = 0.4996 /

rs6075029 CT 20:16200100 T =0.4980 T=0.4573 /

rs6050798 CT 20:2641352 T =0.4891 T =0.4681 TMC2 3’ UTR; LOC105372505
intron

rs6070149* CT 20:57554682 T=0.4791 C=0.4732 /

rs243593 G,A 21:17783905 A =0.4831 A = 0.4802 C210rf91-OT1 intron

SNPs marked with asterisk (*) were selected for assay design and evaluation of minor allele quantification performance. The European and global minor allele frequencies (MAF) of the
SNPs were derived from the 1,000 Genomes Project (18).
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2 per reaction. Each allele mixture was prepared and analyzed
in 6 ddPCR reactions. CV was calculated for each of the alleles
in the mixture and the results for assay targeting rs1707473
are summarized in Supplementary Table 2. As expected, the
minor allele contributes the most to the overall CV value of the
assay in duplex format, as the CV values are much lower for
the major allele, which is present in higher copies per reaction
(Supplementary Table 2). The limit of quantification of this
assay, where CV falls below the set 20%, was found to be between
10 and 20 copies of the target per reaction. The limit of detection
for the same assay was found at 5 copies per reaction (data
not shown).

To assess possible bias due to synthetic gBlocks, the assay
performance characteristics were also confirmed in a ddPCR
reaction with cfDNA isolated from heterozygous healthy blood
donors in the range of ~3-60 copies per 20 pl reaction. In this
case, the limit of quantification was determined to be in the range
of 15-32 copies per reaction (data not shown).

Quantification of very low abundance alleles by SNP analysis
(analogous to detection and quantification of the mutant in
a high background of a wild-type allele) requires additional
assessment of assay performance. A high background of the
major allele vs. progressively lower abundance of the minor allele
presents a potential hazard: a false positive signal (FPS) in the
minor allele detection channel. The FPS should be measured and
the detection cut-off for the minor allele defined with respect to
the FPS. Therefore, we continued the characterization of the rest
of the assays using artificial mixtures of gDNA and gBlocks with
a constant background of ~ 50,000 copies of major alleles (~ 165
ng of human DNA) and a variable proportion of 0-0.5% copies
of minor alleles. Analysis of such samples allowed us to be on the
theoretically safe side for accurate quantification of 0.1% minor
allele copies (50 copies per reaction) or even less. The samples to
which no minor allele copies were added were used to estimate
the FPS for each allele of all characterized assays.

The FPS is assay-dependent, reaching up to 0.14% in the case
of assay targeting rs7687645, allele C (Table 2). To quantify the
presence of minor alleles in the tested sample, we propose to
subtract the FPS. In this way, the minor allele was successfully
detected in all cases down to 0.1% minor allele copies without
overlapping with the FPS. The data suggest reliable quantification
of minor allele frequency down to 0.1-0.5%, depending on the
assay/allele (CV < 20%).

Comparison of cfDNA Extraction From

Plasma

We compared the yields of cfDNA isolation from plasma using
three widely used commercial kits. Blood was collected from
10 apparently healthy donors, plasma was divided into 1ml
aliquots, and cfDNA was isolated from 3 aliquots using each kit.
The results are shown in Figures 1A,B. The cfDNA yield was
comparable as no significant differences were found between kits
(one-way repeated measures ANOVA; p = 0.152), but appeared
to be best with the CNA kit with a mean of 5.7 ng/ml plasma
and a median of 6.1 ng/ml, compared to ME with a mean and
median of 4.3 ng/ml plasma and MM with a mean of 4.6 and

TABLE 2 | Characteristics of SNP ddPCR assays defined by measuring copies of
alleles in mixtures of gDNA/gBIlocks with a background of 50,000 copies of major
alleles per ddPCR reaction.

Assay target Target allele FPS [%] LOD [%] LOQ [%]
rs1707473 G 0.00 <0.09 <0.09
T 0.02 <0.13 0.13-0.23
rs2691527 C 0.03 0.05-0.08 0.03-0.08
T 0.04 0.05-0.08 0.27-0.42
rs7687645 C 0.14 0.08-0.1 0.21-0.47
T 0.03 0.08-0.1 0.16-0.38
rs1420530 C 0.03 0.05-0.08 0.08-0.26
T 0.03 0.05-0.08 0.05-0.09
rs9289628 o] 0.09 0-0.05 0.13-0.22
T 0.07 0.05-0.08 0.13-0.24
rs6070149 ] 0.03 0.05-0.1 0.08-0.16
T 0.03 0.025-0.05 0.24-0.5

For each assay/allele, the false positive signal (FPS) of the background without target
allele was measured. The limit of detection (LOD) was defined in a range of the minor
allele proportion where the target signal significantly exceeds the false positive signal.
The limit of quantification (LOQ) was defined in a range of minor allele proportion where
the coefficient of variation of the ddPCR measurements did not exceed 20%. To narrow
down or precisely define the ranges of LOD and LOQ), further measurements should be
performed in the respective ranges of minor allele proportions.

a median of 3.7 ng/ml plasma. Intersample variability appeared
to be highest with the MM kit. The fold difference between the
highest and lowest yields obtained was 5.3 with MM, 3.4 with
CNA and 2.8 with ME. Intrasample variability (reproducibility
between aliquots) was comparable for all three kits (mean
coefficient of variance: CNA 18%, ME 13%, and MM 15%). It is
possible that more reproducible results could be obtained with
an automated protocol available for all three kits but not tested in
our laboratory.

Fragment size analysis also revealed no significant differences
between the Kkits tested (Figure1lC). Due to the lack of
detectable high molecular weight fragments, no further
assay-based quantitative analysis was performed to assess
genomic contamination.

Given the lack of significant differences in DNA yields
measured by Qubit fluorometer between the kits tested and in
agreement with the comparable results obtained by capillary
electrophoresis, accurate yields were determined by absolute
copy number quantification by ddPCR only for the cfDNA
extracted by the CNA kit, which was selected for further use
in our work. Very good correlation was found between yields
measured by Qubit and DNA copy number measured by ddPCR
using different SNP detection assays (data not shown). No
significant inhibition of ddPCR reactions was observed when
analyzing cfDNA samples isolated by column-based cfDNA
extraction using the CNA kit.

cfDNA From Plasma of Kidney Transplant

Patients
Next, cfDNA was extracted with the CNA kit from 15 4ml
plasma samples donated by 8 KTx patients. Four patients
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FIGURE 1 | Comparison of cfDNA isolation from plasma using three different commercially available kits. cfDNA was isolated from 1 ml of plasma using each kit in
three replicates. (A) The average yield for each plasma sample. Error bars show the standard deviation of three replicates. (B) Distribution of yield of cfDNA isolation
with three kits. Colored shapes show the individual yields of all samples/replicates and boxplots show the average yields across replicates. No significant differences
were observed between the yields obtained with the three kits tested. (C) Comparison of fragment sizes. The left panel shows the capillary electrophoresis gel for one
of the three replicates of the same sample extracted with three different commercial kits. On the right, the electropherogram of the same gel shows that the fragment
size profile is very comparable between the kits, with a major peak around 170 bp representing mainly the mononucleosomal cfDNA fraction and a minor peak around
340 bp (probably dinucleosomal cfDNA). CNA, QlAamp Circulating Nucleic Acid Kit; ME, QlAamp MinElute ccfDNA Kit; MM, MagMAX Cell-Free DNA Isolation Kit.

donated blood on day 6 after transplantation, and 4 patients
donated 3 or 2 samples at different time points more than
14 days and within 13 months after transplantation, with at
least 10 days between consecutive donations. Extraction yields
ranged from 15.3 to 124.2 ng with a median of 38.4 ng and
a mean of 46.3 ng, corresponding to ~ 4,600-37,600 haploid
genome equivalents with a median of 11,600 and a mean of
14,000 haploid genome equivalents. On average, we extracted

more cfDNA from plasma of KTx patients than from plasma
of apparently healthy donors in the above test experiment
(p = 0.007). The increase in cfDNA yield was particularly
pronounced shortly after KTx (p = 0.006), whereas the mean
extraction yield from samples collected more than 14 days after
KTx was not statistically significantly different from the mean
extraction yield from samples from healthy subjects (p = 0.51;
Figure 2A).
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FIGURE 2 | Yield of plasma cfDNA from kidney transplant (KTx) patients and its donor-derived minor allele content. (A) The KTx cfDNA yield was higher than that of
healthy volunteers. Colored shapes show the yields of each sample and boxplots summarize their distribution. P-values of pairwise comparisons using Mann Whitney
U-test and Benjamini-Hochberg adjustment are shown. (B) Minor allele content in plasma cfDNA of KTx patients. The detected minor alleles are from the donor, but
the zygosity status of the donor DNA is not known, so the exact proportion of donor-derived DNA would be 2-fold in the case of heterozygous donor DNA. For two
samples (subject ID 9131761, 6 days after KTx and subject ID 164113, 43 days after KTx), the minor allele proportion was determined using two SNP assays, hence
two values for the minor allele proportion of each sample. Error bars represent Poisson confidence intervals. In three cases where the confidence intervals are wider
(subject ID 9131761, 6 days after KTx and subject ID 451608, 19 days after KTx), minor allele proportions were determined in non-preamplified cfDNA samples. In the

other cases, ddPCR analysis was performed after targeted multiplex PCR preamplification of cfDNA.

Minor Allele Proportions in KTx Samples

At least the genotype of the patient and preferably that of the
donor should be known to allow quantification of the dd-cfDNA.
To identify the patient’s genotype, the gDNA extracted from bufty
coat from KTx patients was genotyped by qPCR at all six SNP
sites. At least one homozygous SNP was detected for each patient.
No donor tissue was available for genotyping. The corresponding
plasma cfDNA was analyzed by ddPCR with assays targeting
SNPs for which the patient’s DNA was homozygous to search
for and quantify the presence of foreign donor-derived alleles.
Donor-derived alleles could only be quantified in three samples
with relatively high minor allele proportions—1.43% and higher.
Most other samples were subsequently PCR-preamplified and
reanalyzed by ddPCR. The quantifiable minor allele proportions
in these samples ranged from 0.08 to 0.76% (Figure 2B).

DISCUSSION

We have selected and proposed a new biallelic SNP set that has a
very good potential to distinguish the DNA of two individuals.
To our knowledge, this is the first reported SNP set matched
to cfDNA fragment peaks, indicating increased protection of
DNA from digestion (20) and enabling the design of PCR
SNP detection assays in regions of reduced fragmentation. As

a proof of principle, we evaluated the performance of six SNP
detection assays that are now ready for use. In a background
of 50,000 major allele DNA copies, they are able to quantify
at least 0.5% and some even 0.1% minor allele copies. The
most commonly used set of SNP assays for this purpose is
reportedly capable of detecting minor allele content down to
2% with a CV of <15% (11), but has nevertheless been used to
quantify 0.1%.

For use in clinical practice, an assay should be able to
accurately detect dd-cfDNA fractions above the established
threshold that marks possible rejection and half the threshold
to allow analysis of informative heterozygous donor SNPs.
Thus, considering the most commonly proposed threshold
of 1% for KTx (4, 5, 7), an assay should reliably quantify
down to 0.5% minor allele content. However, some studies
suggest an even lower threshold (6, 21-23). It has been
suggested that plasma dd-cfDNA fraction could be measured
by ddPCR analysis of SNPs without prior knowledge of donor
genotype (11), but low cfDNA levels and low dd-cfDNA
fractions in KTx and also heart transplant patients argue
against this.

Quantification of low-copy DNA is limited not only by assay
performance characteristics but also, and probably more so,
by stochastic effects associated with low copy numbers and
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subsampling, which contribute significantly to measurement
uncertainty at low limits of detection (24-27). Assuming 30
minor allele copies ( 100 pg of human DNA) as a theoretical
lower limit for reliable quantification, a minor allele content
of 0.1% requires ~100 ng of cfDNA, which is not trivial to
obtain from plasma of KTx patients. Considering the yield
of cfDNA that we extracted from 4ml of plasma from KTx
patients, the theoretical limit of quantification for corresponding
samples is in the range of 0.08-0.65%. Thus, based on our
observation, sample size (i.e., volume of blood collected and
cfDNA content in blood) is the most important limiting factor in
cfDNA analysis.

The cfDNA extraction yield from plasma of our group
of KTx patients was similar to that previously reported for
KTx patients (21) but lower than that reported for liver
transplanted patients (28). We observed a higher cfDNA
extraction yield from plasma of KTx patients compared to
plasma cfDNA from apparently healthy individuals, which
is in agreement with Schiitz et al. who also reported a
higher total ¢fDNA in a group of KTx patients compared
to a healthy control group or a group with other medical
conditions (29).

Half of the KTx plasma c¢fDNA samples included in our
study had a minor allele content of <0.35%, which is consistent
with the reported median baseline values of 0.21-0.46% in KTx
[reviewed in (8)]. The calculated inherent theoretical limit of
minor allele quantification was higher than this in 4 of 15 (27%)
cfDNA samples, implying that in some cfDNA samples the
actual minor allele content is lower than its theoretically derived
quantifiable limit. In such samples, reliable determination of
the donor genotype would be hampered because it depends on
accurate quantification of the minor allele content. Although
the results of such samples would likely be adequately classified
as sub-threshold (non-rejection), subsequent samples from the
same patient would need to be repeatedly analyzed with many
SNP assays until the donor’s cfDNA content is high enough to
allow reliable determination of his genotype. On the other hand,
prior knowledge of the genotype would allow analysis with fewer
assays and reduce overall costs. Additional one-time genotyping
would also not significantly increase the turnaround time of the
analysis. Therefore, in the case of KTx and possibly other solid
organ transplants with low expected levels of donor DNA, such as
heart transplants, other sources of donor DNA should preferably
be genotyped in advance. Urine could be a suitable and readily
available source of transplanted kidney DNA as suggested by
Oellerich et al. (6).

Our results suggest that plasma cfDNA from KTx patients
should first be preamplified in order to quantify minor allele
content, which agrees well with a study in which donor-derived
DNA was almost undetectable in non-preamplified plasma
cfDNA from KTx patients (12). If only detection of a minor
allele fraction above the 1% threshold was required to identify
rejection cases, the yield of cfDNA extraction was high enough
to allow analysis of ~10 ng in a ddPCR reaction, and the
donor genotype was known, preamplification could theoretically
be omitted. Otherwise, an evaluated reliable preamplification

should be performed that should not cause a significant shift in
allele ratios.

All in all, our study confirms ddPCR as a feasible method for
dd-cfDNA analysis in plasma from KTx patients, although we
recommend prior genotyping of the donor and preamplification
of cfDNA. In contrast to more complex and sophisticated next
generation sequencing-based assays, it could be performed in
any laboratory equipped with a ddPCR machine at a lower cost
and results should be available within 2 days, with at most
one additional day for one-time genotyping along with the first
sample from each patient.
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Kidney injury associated with cold storage/transplantation is a primary factor for delayed
graft function and poor outcome of renal transplants. p53 contributes to both ischemic
and nephrotoxic kidney injury, but its involvement in kidney cold storage/transplantation
is unclear. Here, we report that p53 in kidney proximal tubules plays a critical role
in cold storage/transplantation kidney injury and inhibition of p53 can effectively
improve the histology and function of transplanted kidneys. In a mouse kidney cold
storage/transplantation model, we detected p53 accumulation in proximal tubules in a
cold storage time-dependent manner, which correlated with tubular injury and cell death.
Pifithrin-a, a pharmacologic p53 inhibitor, could reduce acute tubular injury, apoptosis
and inflammation at 24 h after cold storage/transplantation. Similar effects were shown by
the ablation of p53 from proximal tubule cells. Notably, pifithrin-a also ameliorated kidney
injury and improved the function of transplanted kidneys in 6 days when it became the
sole life-supporting kidney in recipient mice. in vitro, cold storage followed by rewarming
induced cell death in cultured proximal tubule cells, which was accompanied by p53
activation and suppressed by pifithrin-a and dominant-negative p53. Together, these
results support a pathogenic role of p53 in cold storage/transplantation kidney injury and
demonstrate the therapeutic potential of p53 inhibitors.

Keywords: cold storage, kidney injury, kidney transplantation, p53, proximal tubule

INTRODUCTION

Kidney transplantation is a preferred treatment for end stage renal disease (ESRD) for its advantage
in better life quality and lower medical cost. However, the demand of optimal living donor kidneys
has far exceeded the availability. As a result, deceased donors remain to be a major source for
kidney transplants (1). From deceased donors to recipients, the kidneys are inevitably subjected
to a series of ischemia and hypothermia; reperfusion and rewarming injury (2). Particularly,
the preservation and transportation of these deceased donor kidneys are often associated with
cold ischemia, which has been shown clearly to be an independent risk factor for delayed graft
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function (DGF) and chronic nephropathy (3, 4). Strategies and
approaches to alleviate cold storage/transplantation injury would
improve the quality of the donor kidneys and set stage for
greater acceptance of the grafts. In cold storage/transplantation,
significant injury and cell death occurs in renal tubules,
especially the proximal tubules, contributing to compromised
graft function and survival (5). Basic research (6, 7) and
clinical trial (8) revealed that inhibition of proximal tubular
cell death with caspase inhibitors during cold storage improves
graft function and histology. Moreover, we (9) and others
(10-13) identified intrinsic mitochondrial pathway of apoptosis
in cold storage/transplantation kidney injury. Despite these
findings, the cellular and molecular mechanism of cold
storage/transplantation kidney injury remains elusive and there
is an urgent need for effective renoprotective approaches.

p53, a well-known tumor suppressor, is a stress response
gene (14). In kidneys, p53 contributes to the pathogenesis
of both acute and chronic kidney diseases (15, 16). In 2003,
the Dagher lab demonstrated the protective effect of pifithrin-
o in renal ischemia-reperfusion, suggesting the first evidence
for a role of p53 in acute kidney injury (17). In 2004, we
suggested the role of p53 in cisplatin-induced kidney injury
(18). Later studies by us and the Padanilam lab demonstrated
that knockout of p53 from proximal tubules alleviates ischemic
kidney injury in mice, providing unequivocal evidence for the
pathogenic role of p53 in AKI (19, 20). In view of these
studies, the current study was designed to (1) delineate p53
activation in kidney cold storage/transplantation, (2) elucidate
the role of p53 in cold storage/transplantation kidney injury,
(3) identify the specific role of proximal tubule p53, and (4)
test the therapeutic potential of p53 inhibitors in kidney
cold storage/transplantation.

MATERIALS AND METHODS

Animals

Animals used in this study were housed in the animal facility of
Charlie Norwood Veterans Affairs Medical Center (CNVAMC).
Animal experiments were conducted with the approval of and in
accordance with the guidelines established by the Institutional
Animal Care and Use Committee of CNVAMC. Male mice on
C57BL/6 background of 8-14 weeks of age were used. The
kidney proximal tubule-specific p53 knockout mouse model was
generated by crossing p53-floxed mice with PEPCK-Cre mice as
described previously (19).

Abbreviations: AKI, acute kidney injury; BUN, blood urea nitrogen; CKD,
chronic kidney disease; CNVAMC, Charlie Norwood Veterans Affairs Medical
Center; Cyc B, cyclophilinB; DCD, donor of circulatory death; DGE, delayed
graft failure; DMSO, dimethyl sulphoxide; ESRD, end stage renal disease;
H&E, hematoxylin and eosin; IRI, Ischemia reperfusion injury; KIM-1, kidney
injury molecular-1; KO, knock out; Nx, nephrectomy; PF, pifithrin alpha; PI,
propidium iodide; p-p53 (s15), phosphor-p53 (Ser15); PUMA, p53 upregulated
modulator of apoptosis; RPTCs, rat kidney proximal tubule cells; TUNEL, terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling; UW solution,
university of Wisconsin solution; WT, wild type.

Kidney Cold Storage/Transplantation

The kidneys from donor mice were transplanted into syngeneic
recipients following previously described procedures with minor
modifications (9, 21). The donor mice were anesthetized with
pentobarbital (50 mg/kg intraperitoneally). The left kidney of
the donor was excised and flushed with cold heparinized (Sigma
H3393) University of Wisconsin (UW) solution (Belzer UW;
Bridge to Life Ltd.) and stored in cold UW solution in ice-
water bath for the indicated time. For recipient transplantation,
the left kidney of the recipient was removed. The donor
aortic cuff and renal vein were anastomosed to the recipient
abdominal aorta and inferior vena cava, respectively, with 10-
0 Ethicon sutures. Graft anastomosis time was standardized at
30 min. The ureteral implantation was accomplished by fixing
to the exterior wall of the bladder. The end of the ureter
was cut and the bladder wall was closed using a 10-0 Ethicon
suture. During the recipient surgery, the animals were kept
hydrated with normal sterilized saline instilled intraperitoneally.
During surgery, the mice were kept on warm heating pads
to maintain body temperature. After transplantation, recipient
mice were euthanized at 24 h to collect transplanted kidneys for
analysis of acute injury. To monitor the life-supporting function
of transplanted kidneys, the native contralateral kidney was
removed at day 5 post-transplantation to let the mice survive
for another day to examine the function and histology of the
transplanted kidney at day 6.

To determine the effect of pifithrin-o (Selleck, $2929) on
acute kidney cold storage/transplantation injury, it was given
three times: (1). Injected to donor mice overnight before donor
kidney procurement; (2). Kept in UW solution at 50 wM during
cold preservation according to cell experiment; (3). added to
abdominal cavity immediately after transplantation (day 0) to
recipient mice. To test its effect in the life supporting model, in
addition to those three dosages, pifithrin-a was given two more
dosages on day 2 and day 4 after transplantation. All the injection
dosages were intraperitoneally administered at 2.2 mg/kg. The
same volume of DMSO (the vehicle solution) was given as the
control of every dosage. Purity of the pifithrin-o was shown to be
98.14% by the manufacturer (Selleck. TX) in HPLC assay.

Renal function was measured as serum creatinine and blood
urine nitrogen (BUN) levels using commercial kits as previously
described (22).

Cold Storage/Rewarming of Rat Kidney

Proximal Tubular Cells

Rat kidney proximal tubule cells (RPTCs) were originally from
U. Hopfer at Case Western Reserve University (Cleveland, OH)
and cultured as described previously (18). For cold storage,
cells were incubated in UW solution at 4°C for indicated time.
For rewarming, UW solution was replaced with normal culture
medium at 37°C for indicated time. Cell death was evaluated
by phase-contrast and fluorescence microscopy after stained
with Hoechst 33342. Cells showing cellular shrinkage, blebbing,
and nuclear condensation and fragmentation were counted as
apoptotic cells. The percentage of cell apoptosis was estimated in
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four fields with ~200 cells per field to estimate the percentage
of apoptosis.

Stable Transfection of RPTCs With

Dominant Negative p53

RPTCs stably transfected with dominant-negative p53 were
generated in our previous work (18). Briefly, the dominant-
negative mutant sequence of p53 with a point mutation
(V143A) (a generous gift from Dr. Chi-Hui Tang, University
of Texas M.D Anderson Cancer Center and Health Science
Center, Houston, TX) was subcloned into pcDNA3.1 that
contained a HA tag and hygromycin resistance cassette using
HindlIIl and Xbal. After transfection using Lipofectamin 2000
(Invitrogen), the cells were maintained in culture medium
containing hygromycin for selection and expanding. Positive
clones verified by immunoblotting of HA were subjected
to a second round of cloning to ensure the selection of
pure colonies.

Determination of Caspase Activity

Caspase activity was measured by the enzymatic assay using the
fluorogenic peptide substrate DEVD.AFC as described previously
(23). The 1% Triton X-100 extracted cell lysate was added to
the enzymatic reaction containing DEVD.AFC. The fluorescence
at excitation 360 nm/emission 530 nm was monitored by a
GENios plate-reader (Tecan US Inc., Research Triangle Park, NC,
USA). A standard curve was constructed using free AFC in each
measurement. Caspase activity was expressed as the nanomolar
amount of liberated AFC by each mg protein of cell lysate.

Immunoblot Analysis

Immunoblotting was performed by standard method as
previously described (24). The primary antibodies used in
this study included p53 (#2524), p-p53 (s15) (#9284, #9286),
PARP (#9532), cleaved caspase-3 (#9664), Bak (#12105), PUMA
(#4976), HA tag (#5017), cyclophilin B (#43603) and GAPDH
(#5174) from Cell signaling, and p21 (ahz0422) from Invitrogen.
Each experiment was repeated for at least four times, and
representative images are present.

Hematoxylin and Eosin Staining and
Terminal Deoxynucleotidyl
Transferase-Mediated
Digoxigenin-Deoxyuridine Nick-End
Labeling (TUNEL) Assay

For histology, kidney tissues were fixed for paraffin embedding
and H&E staining. Tubular damage was scored by the percentage
of renal tubules with cell lysis, loss of brush border, and cast
formation (0, no damage; 1, <25%; 2, 25-50%; 3, 50-75%; 4,
>75%) (25). For TUNEL staining, kidney tissue sections were
stained with In Situ Cell Death Detection Kit, TMR red (Roche
Applied Science) and examined with fluorescent microscopy.
The slides were examined with fluorescent microscopy, and the
TUNEL-positive cells were counted from 10 randomly picked
images for each specimen in the outer medulla and kidney
cortex region.

Immunofluorescence of Tissue and RPTCs
Kidney samples were fixed, paraffined, rehydrated for
immunofluorescence staining with procedure as previously
described (24). The primary antibodies included anti-p53
(#2524) and anti-p-p53 (s15) (#9286) from Cell Signaling.
Fluorescein-labeled Lotus Tetragonolobus Lectin (LTL, FL-1321;
Vector Labs) or DAPI (Vector) was used to mark proximal
tubules or nucleus, respectively. For quantification, positive
cells were counted from ten randomly picked images for each
specimen in the outer medulla and kidney cortex region.
Proximal tubules were also stained with fluorescein-labeled
LTL alone. For quantitative analysis, around 10 fields (X100
magnification) were randomly selected from each section and
the percentage of normal LTL- positive tubule was measured
with Image].

RPTCs immunofluorescence was performed as described
previously (26) using p53 antibody (#2524). Slides were mounted
with anti-fade containing DAPI.

Immunohistochemistry

Immunohistochemistry staining for KIM-1 was performed
as previously described (9). Tissue was exposed to goat
KIM-1 antibody (Novus, AF1750) and ImmPRESS-AP
(Alkaline Phosphatase) horse anti-goat IgG. The color
was developed using vector red substate kit, Alkaline
phosphatase (AP) (SK-5100). For quantification, around 10
fields (X100 magnification) were randomly selected from each
section and the percentage of KIM-1 positive tubules was
measured with Image].

Immunohistochemistry staining for macrophage and
neutrophil used an amplification protocol as formerly
described (24). After primary antibody incubation with rat
anti-macrophage (ab56297, Abcam) and rat anti-neutrophil
(ab2557, Abcam), kidney tissue sections were blocked with
avidin and biotin (vector laboratory kit, SP-2001) followed
by biotinylated goat anti-rat secondary antibody (Millipore,
AP183B). Following signal amplification with Tyramide Signal
Amplification Biotin System (Perkin Elmer, NEL700A001KT),
the sections were incubated with a VECTAS-TAIN® ABC kit
(Vector Laboratories, PK-6100) and color was developed with
a DAB kit (Vector Laboratories). For quantitative analysis, 10
to 20 fields (X200 magnification) were randomly selected from
each section and the percentage of positive stained area was
quantitated using Image].

Statistical Analyses

The Student’s t test was used to show the significant
difference between two groups, and ANOVA was used for
multigroup comparison. The Dunn’s multiple comparisons
and the Fisher least significant difference test were used
for one-way ANOVA and two-way ANOVA, respectively.
Linear regression analysis was performed using Prism.
P values < 0.05 were considered significant. Data were
expressed as mean £ SD. GraphPad Prism 8 was used for
all calculations.
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followed by transplantation into syngeneic recipient mice for 24 h or sham operation as control. (A) Representative images of H&E staining and TUNEL staining. Scale
bars = 0.2 mm. (B) Pathological score of tissue damage. (C) Quantification of TUNEL positive cells in kidney cortical and outer medulla tissues. (D) Representative
images of p53 and p-p53 (s15) immunofluorescence. Scale bars = 0.1 mm. Arrow: positive staining. (E,F) Quantification of p53 and p-p53 (s15) positive cells in
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RESULTS

p53 Is Activated in kidney Transplantation
After Cold Storage

To study kidney cold storage/transplantation, we used a mouse
syngeneic kidney transplantation model, in which the left
kidney was isolated from the donor B6 mouse for cold
storage and then transplanted to the recipient B6 mouse.
In histology (Figure 1A), kidney transplantation with short
durations of cold storage of 0.5 and 2h only showed injury in
a few tubules. Six h of cold storage caused moderate (scored
~2) while 85h led to severe tubular damage (scored ~3)
(Figure 1B), which was characterized by tubular brush border
shedding, cast formation, cellular necrosis and detachment
from basement membranes. Corroborating with the histological
observations, tubular cell death detected by TUNEL assay
(Figure 1A) slightly increased with short cold storage followed
by transplantation. However, TUNEL positive cells increased
significantly after 6h, and peaked at 8.5h, of cold storage
with transplantation (Figure 1C). In this model, we initially
examined p53 by immunofluorescence. As shown in Figure 1D,
kidney cold-storage/transplantation increased p53-positive cells.
Consistently, kidney cold-storage/transplantation led to p53
phosphorylation at serine-15 [p-p53 (s15)], indicative of p53
activation. In quantification, 0.5 and 2h of cold storage with
transplantation moderately increased the number of p53-positive
cells, while 6 and 8.5 h induced remarkable increases (Figure 1E).
Along with total p53, the phosphorylated p53 (p-p53) increased
albeit at a lower level in quantification (Figures 1D,F). By
co-staining with LTL (marker for kidney proximal tubules)
and DAPI, we detected p53 and p-p53 (s15) mainly in

the nucleus of proximal tubule cells although occasionally
observed p53 and p-p53 (s15) staining in distal tubules and
interstitium (Supplementary Figure 1). Inmunoblot analysis of
kidney tissues was roughly consistent with the cold-storage time
dependent increases of p53, p-p53 (s15) and its downstream gene
like PUMA (Figure 1G).

p53 Activation Correlates With
Cold-Storage Time and Tubular Injury in
Transplanted Kidneys

We then conducted Pearson correlation and linear regression
analysis to determine the relationships between p53 and tubular
injury during kidney cold storage/transplantation. For the sake
of analysis, we firstly determined the histological score of p53
and p-p53 (s15) staining on the basis of the average number of
p53/p-p53 (s15)-positive cells per image in x200 magnification
according to our recent work (24): 1, no positive tubules; 2, 1 to
3;3,4t06;4,71t09; 5,10 to 12; 6, 13 to 15; 7, 16 to 18; and
8,19 to 21 positive tubules, respectively. As shown in Figure 2A,
cold storage time correlated well with tubular injury (R2 = 0.9841
P < 0.001) and p53 activation (R2 = 0.8494 p < 0.001). Notably,
tubular injury showed a good correlation with p53 activation with
an R2 value of 0.9032. To reveal the association between p53
and cell death, the correlation between p53 staining and TUNEL
staining was analyzed (Figure 2B). Cold storage time (R2 =
0.9489 P < 0.001) as well as p53 activation (R2 = 0.9423 P<0.05)
showed significant positive correlations with TUNEL positive
staining. Furthermore, p-p53 (s15) correlated well with cold
storage time (R2 = 0.7030, P < 0.001 Figure 2C) and TUNEL
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staining (R2 = 0.8523, P < 0.05, Figure 2D), but it did not show  tubular cells (RPTCs) were cold (4°C) stored in UW solution
a significant correlation with renal tubular injury (Figure 2C). followed by incubation in full culture medium at 37°C for
rewarming. Immunoblot analysis showed that p53, p-p53
(s15) and downstream targets gene (e. g., Bak and p21) were
upregulated during rewarming after 24 h of cold storage, while

Pifithrin-o Inhibits p53 and Protects Renal

Tubular Cells During Cold cold storage only without rewarming did not induce significant
Storage/Rewarming changes in these proteins (Supplementary Figure 2).
For in vitro experiments, we took advantage of cold To determine the role of p53 in cold storage/rewarming-

storage/rewarming model to mimic the ATP-depletion and  associated cell injury, we tested the effects of pifithrin-a, a
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FIGURE 3 | Pifithrin-a inhibits p53 and protects renal tubular cells during cold storage/rewarming. RPTCs were incubated in UW solution in 4°C for 24 h followed by
rewarming in full medium in 37°C for 2 h in the presence of 0, 25, 50, or 100 uM pifithrin-a (PF). (A) Representative images of cellular and nuclear morphology. Cell
nucleus was stained with Hochest 33342. Scale bar: 0.4 mm (B) Percentage of cell death quantified by counting the cells with typical apoptotic morphology. (C)
Caspase activity measured with DEVD.AFC as the enzymatic substrate. (D) Immunoblots analysis and quantification of cleaved-caspase3, p53, p-p53 (s15) and Bak
with GAPDH as a loading control. (E) Immunofluorescence of p53. DAPI was used to mark nucleus. Scale bar, 0.05 mm. Data are expressed as mean + SD (n> 5). *P
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rewarming did not induce obvious apoptosis in RPTCs (data
not shown). Two h rewarming after 24h of cold storage
induced 68% apoptosis that was characterized by nuclear shrink,
fragmentation and cell detach (Figure 3A). Propidium iodide
(PI) staining did not show significant necrosis during cold
storage/rewarming (data not shown). Pifithrin-a suppressed
apoptosis during cold storage/rewarming dose-dependently.
While 25 uM of pifithrin-a reduced apoptosis from 68 to 50%,
50 and 100 uM of pifithrin-a suppressed it to 27 and 10%
respectively (Figures 3A,B). The morphological analysis was
verified by measurement of caspase activity (Figure 3C) and
by immunoblotting of active/cleaved caspase 3 (Figure 3D).
The inhibitory effect of pifithrin-a on p53 was confirmed by
immunoblot analysis of p53, p-p53 (s15) and its target gene Bak
(Figure 3D) and immunofluorescence of p53 (Figure 3E).

Dominant Negative p53 Protects Renal
Tubular Cells During Cold

Storage/Rewarming

To further verify the role of p53 in cold-storage rewarming injury,
we tested RPTC cells that were stably transfected with dominant
negative p53 (DN-P53) generated in our previous work (18). DN-
P53 has a point mutation (V143A) that diminishes the DNA
binding and gene transcriptional activity of p53. We compared
regular/wild type (wt) RPTCs with two DN-p53 cell clones (C4,

C10). The expression of HA-tagged DN-p53 in C4 and C10
cells (but not in wt cells) were confirmed by immunoblotting
(Figure 4B). After cold-storage rewarming, C4 and C10 cells had
20 and 37% apoptosis, which were significantly lower than that
of wt RPTCs (Figures 4A,C). C4 and C10 cells also had lower
caspase activity (Figure 4D) and less cleaved PARP and caspase
3 (Figure 4B). Taken together, these results indicate that p53
plays an important role in cell injury and death in this cold
storage/rewarming model.

Pifithrin-o Protects Kidneys During Cold

Storage/Transplantation

We then determined the effect of pifithrin-a on kidney
injury during cold storage/transplantation. To this end,
the donor mice were pre-treated with pifithrin-a (drug
administration detailed in materials and methods) to
collect the left kidney for 8.5h cold storage followed by
transplantation for 24h. The right kidney of donor mice
without cold storage/transplantation was used as sham control.
Pifithrin-o did not show effect on histology (data not shown)
and protein expression in sham control. In histology analysis,
cold storage/transplantation led to significant renal tubular
damage (DMSO), which was reduced by pifithrin-a (PF).
By semi-quantification, the tubular injury score was 3 in
DMSO-treated group and 1.9 in pifithrin-a-treated mice
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FIGURE 5 | Pifithrin-a protects kidneys during cold storage/transplantation. 2.2 mg/kg pifithrin-a or the vehicle solution DMSO was injected intraperitoneally to donor
mice. After overnight treatment, donor kidneys were collected for 8.5 h of cold storage in UW solution in the presence of 50 uM pifithrin-a or DMSO. After kidney
transplantation surgery, 2.2 mg/kg pifithrin-a or DMSO was added to the abdomen cavity of recipient mice. The transplanted kidneys were collected at 24 h after
transplantation. The contralateral kidneys of donor mice were used as sham control. (A) Representative images of H&E staining of renal histology (Scale bar, 0.2 mm)
and TUNEL assay (Scale bar, 0.1 mm). (B) Tubular damage score. (C) Quantification of TUNEL positive cells in outer medulla and cortical tissues. (D) Representative
image of p53 and p-p53 (s15) immunofluorescence. Scale bars, 0.1 mm. Arrow: positive staining. (E,F) Quantification of p53 and p-p53 (s15) positive cells in outer
medulla and cortical tissues. Quantitative data are expressed as mean + SD (n > 4). *P < 0.05 vs. sham control, #P < 0.05 vs. DMSO Cold 8.5 h/24 h. (G)
Immunoblots analysis and quantification of p53, p-p53 (s15), p21 and PUMA with GAPDH as loading control.
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(Figures 5A,B). Consistently, less tubular cell death was detected
in pifithrin-o treated transplants, showing 171 TUNEL positive
cells per mm? tissue in DMSO group and 87 in pifithrin-o
group (Figures 5A,C).

The inhibition of p53 by pifithrin-a was verified by
immunofluorescence and immunoblot analysis. As shown
in Figures 5D-F, kidney transplantation after 8.5h of cold
storage induced p53 accumulation and phosphorylation
in many kidney cells, which was markedly reduced by
pifithrin-o. Immunoblotting of p53, p-p53 (s15), p21 and
PUMA further supported p53 inhibition by pifithrin-a in cold
storage/transplantation (Figure 5G).

Ablation of p53 From Proximal Tubules in
Donor Kidneys Reduces Cold

Storage/Transplantation Injury

To further establish the role of p53 in cold-storage
transplantation injury, we took advantage of the conditional
p53 knockout mouse model where p53 is specifically ablated
from kidney proximal tubule cells. We isolated the kidneys
from the p53 conditional knockout (KO) mice or their wild type
littermates (WT) for 8.5 h of cold storage, and then transplanted
into WT recipient mice for 24h. As shown in Figures 6A,B,
cold storage/transplantation induced significant tubular damage
in the transplanted WT kidney mainly in outer stripe of outer
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FIGURE 6 | Ablation of p53 from proximal tubules in donor kidneys reduces cold-storage transplantation injury. Donor kidneys were collected from p53 proximal
tubules knockout mice (KO) and their wild-type littermates (WT), stored in cold UW solution for 8.5 h, and transplanted into WT recipient mice. The transplanted
kidneys were collected 24 h after transplantation for analysis. The contralateral kidney of donor was used as sham control. (A) Representative images of H&E staining.
Scale bar, 0.2 mm. (B) Pathologic score of tubular damage. (C) Representative images of TUNEL assay. Scale bar, 0.1 mm. (D) Quantification of TUNEL positive cells
in outer medulla and cortical tissues. (E) Representative image of p53 immunofluorescence staining. Scale bars, 0.1 mm. Arrow: positive staining. (F) Quantification of
p53 positive cells in outer medulla and cortical tissues. (G) Representative image of p-p53 (s15) immunofluorescence staining. Scale bars, 0.1 mm. Arrow: positive
staining. (H) Quantification of p-p53 (s15) positive cells in outer medulla and cortical tissues. Quantitative data are expressed as mean £+ SD (n > 4). *P < 0.05 vs.
sham control, #P < 0.05 vs. WT Cold 8.5 h/24 h. (1) Immunoblots analysis and quantification of p53, p-p53 (s15), PUMA and p21 with GAPDH as loading control.

medulla and partially in cortex with an injury score of ~2.5.  had about 166 TUNEL-positive cells/mm? tissue where 103 in
In contrast, p53 KO graft showed a better preservation of KO kidney transplants (Figures 6C,D). Immunofluorescences
the tubules at both sites, with overall injury score of ~1.5. and immunoblots of kidney cortex lysate showed massive p53
Consistently, kidney cell death detected by TUNEL assay was  accumulation and phosphorylation in WT transplants along with
ameliorated in KO transplants. In quantification, WT grafts  target gene expression (Figures 6E-I), which was attenuated
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FIGURE 7 | p53 inhibition ameliorates inflammation in kidney cold storage/transplantation. (A-C) Pifithrin-a or the vehicle solution DMSO were given to donor B6
mice overnight, during 8.5 h of cold storage, and immediately after transplantation as detailed in Figure 5. The transplanted kidneys were collected at 24 h after
transplantation for analysis. (A) Immunohistochemistry of neutrophils and macrophages. Scale bar, 0.1 mm. Arrow: positive staining of macrophages. (B)
Quantification of positive neutrophils per cross-sectional area. (C) Quantification of positive macrophages per cross-sectional area. (D-F) Kidneys were collected from
p53 KO and their WT littermates, stored in cold UW solution for 8.5 h, and transplanted into WT recipient mice. The transplanted kidneys were collected 24 h after
transplantation for analysis. (D) Immunohistochemistry of neutrophils and macrophages. Scale bar, 0.1 mm. Arrow: positive staining of macrophages. (E)
Quantification of positive neutrophils per cross-sectional area. (F) Quantification of positive macrophages per cross-sectional area. Data are expressed as mean + SD
(n > 4). *P < 0.05 vs. sham control, #P < 0.05 vs. DMSO Cold 8.5 h/24 h or WT Cold 8.5 h/24h.

in KO grafts to demonstrate decent knock out efficiency in  tissues, which was significantly suppressed by pifithrin-o
proximal tubules. (Figures 7B,C). Consistently, p53 ablation also suppressed the
infiltration of neutrophils and macrophages during kidney cold
p53 Inhibition Ameliorates Inflammation in storage/transplantation (Figures 7D-F). These results indicate
Kidney Cold Storage/Transplantation that p53 may contribute to the inflammatory response in cold
In  additon to tubular  damage, kidney cold Storage/transplantation by inducing tubular injury.
storage/transplantation is often associated with inflammation . . . .
whic}% contrigutes to both acute and chronic graft dysfunction Pifithrin-o Protects Against Kidney Injury
(30). We analyzed inflammatory cell infiltration in transplanted and Dysfunction in Life-Supporting Grafts
kidneys after cold storage. As shown in Figure7A, cold To examine the therapeutic potential of p53 inhibition for
storage/transplantation induced the infiltration of numerous transplanted kidneys, we established a life-supporting model,
neutrophils and a few macrophages in kidney interstitial in which the recipient original kidney was removed on day 5

Frontiers in Medicine | www.frontiersin.org 65 October 2021 | Volume 8 | Article 746346


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Xiang et al.

p53 in Kidney Cold Storage/Transplantation

A ! Donors: C57BL/6 DMSO/PF ~ C 57
_ . Cold storage DMSO/PF =
> S 2007
Recipient: C57BL/6 Isograft £
transplantation; Left Nx = 1004
5
1T J 1T 1 1 ] @
od 2d 4d 5d 6d
1 i 1| Analysis

B

|DMSO/PF injection Right Nx

pS3 ‘ W-so
p-ps3 (15) [ R <o

0_
DMSO PF
Sham

o

PF
Coldg.5n/ed

mDMSO Sham=DMSO Cold8.5h/6d
27 mPF Sham

*

54

(o))

és *

(0]

£

=) #
g

o

S

£

20

27D DMSOPF
o D S 60

CIPF Cold8.5h/6d

*

2
‘o
=
[0} #
°1
GAPDH ' TP Vb Sl S s 37 S
kD °
DMSO PF DMSODMSO PF PF a 09_
Sham Cold8.5h/6d . .
p53 p-p53 (s15)
E ‘ F G KIM-1 H LTL

Cold8.5h/6d

05 o .80
= e X * o
g4 1 £ = 80 60
n - (2]
2-3 = S 60 # <
S # 8 -g 540
£2 g = 40 gZO
T 4 | < 20 v
S z s e
S0 = = g 0 =75 5 o«
O N @ < @
= %‘@‘Q & & 9“?’0@% & & O‘@ Q & 0@9 Q
Cold8.5h/6d Cold8.5h/6d Cold8.5h/6d Cold8.5h/6d

FIGURE 8 | Pifithrin-a protects against kidney injury and dysfunction in life-supporting grafts. 2.2 mg/kg pifithrin-a or the vehicle solution DMSO was injected
intraperitoneally to donor mice. After overnight treatment, donor kidneys were collected for 8.5 h of cold storage in UW solution with 50 uM pifithrin-a or DMSQO. After
kidney transplantation, 2.2 mg/kg pifithrin-a. or DMSO was given three times to the recipient mice: immediately after surgery, on day 2 and day 4. On day 5
post-transplantation, the native kidney of the recipient mice was removed so that the transplanted kidney became the life-supporting kidney. Samples were collected
on day 6 for analysis. The contralateral kidneys of donor mice were used as sham control. (A) Diagram depicting the experimental procedure. (B) Immunoblots
analysis and quantification of p53 and p-p53 (s15) with GAPDH as loading control. (C) BUN measurement. (D) Serum creatinine measurement. (E) Representative
images of H&E staining and tubular injury score. Scale bar, 0.2 mm. (F) Representative images of TUNEL assay and quantification of TUNEL positive cells. Scale bar,
0.1mm. (G) Representative images of KIM-1 immunohistochemistry and percentage of KIM-1 positive tubules. Scale bar, 0.2 mm (H) Representative images of LTL
staining and percentage of LTL positive staining tubules. Scale bar, 0.2 mm. Quantitative data are expressed as mean 4+ SD (n > 4). *P < 0.05 vs. sham control, #P <
0.05 vs. DMSO Cold 8.5 h/6 days.

after transplantation so that the transplanted kidney became
the life-supporting kidney as described in our recent work (9).
DMSO or pifithrin-a was given before donor harvest, included

in UW solution during cold storage and every other day after
surgery as illustrated in Figure 8A (drug administration detailed
in materials and methods). p53 inhibition by pifithrin-a in this
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experiment was verified by immunoblotting of p53 and p-p53
(s15) (Figure 8B). On day 6 after cold storage/transplantation,
BUN and serum creatinine respectively increased to 248 mg/dl
and 2.6 mg/dl in the mice receiving DMSO. Pifithrin-a
significantly reduced BUN and serum creatinine to 144 mg/dl
and 1.4 mg/dl (Figures 8C,D). In histological analysis, almost all
tubules were injured with an injury score of 3.6 in DMSO group,
whereas nearly half of renal tubules were preserved in mice
receiving pifithrin-o with a tubular injury score of 2 (Figure 8E).
Consistently, TUNEL assay showed that pifithrin-a reduced
tubular cell death from 85 in DMSO group to 40 per mm? tissue
(Figure 8F). We further examined KIM-1 and LTL, which are
known markers for kidney tubular injury and normal proximal
tubules respectively (31). As shown in Figures 8G,H, pifithrin-a
reduced the number of KIM-1 positive tubules while increasing
the percentage of normal LTL staining tubules. Together, these
results demonstrate the beneficial effects of pifithrin-a on cold
storage/transplantation in life-supporting grafts.

DISCUSSION

Cold storage is commonly used for transplantation of
kidneys from deceased donors based on its superiority in
lowering metabolism and preserving viability (32). However,
prolonged cold storage inevitably causes kidney injury and
graft dysfunction, which are associated with lower donor
utilization rate and poor outcome of renal transplants (33, 34).
There is an urgent need to develop new and effective strategies
to improve organ preservation, including the addition of
renoprotective agents to the preservation solution and machine
perfusion (35, 36). To identify such strategies, it is critical to
elucidate the molecular and cellular events triggered in cold
storage/transplantation that leads to injury and dysfunction
of renal grafts. In this study, we found that p53 was activated
during kidney cold storage/transplantation in mice and this
activation correlated well with kidney tubular injury. p53 was
also activated during cold storage/rewarming in RPTC cells.
Functionally, pharmacological and genetic inhibition of p53
afforded protective effects in these models. Especially, the
ablation of p53 from kidney proximal tubules reduced cold
storage/transplantation kidney injury in mice, pinpointing
proximal tubules cells as the main cell type of p53 action. The
pharmacological inhibitor of p53, pifithrin-a, not only attenuated
acute kidney injury during cold storage/transplantation but also
improved the graft function later on when it became the life
supporting kidney, suggesting the therapeutic potential of
p53 inhibitors.

p53 has been implicated in the pathogenesis of both acute
and chronic kidney diseases (15). Particularly relevant to this
study is the observation that p53 participates in tubular cell
injury and death during renal ischemia-reperfusion injury
(IRI) or ischemic AKI (19). In cold storage/transplantation,
the donor kidney experiences warm ischemia during organ
procurement and vascular anastomosis; and cold ischemia during
organ preservation, followed by reperfusion after transplantation

to the recipient (37, 38). Therefore, renal IRI is a primary
cause of acute and chronic nephropathies in kidney cold
storage/transplantation. In this regard, our current study has
further proved the pathogenic role of p53 by using models
of kidney transplantation, one of the most relevant clinical
conditions of renal IRI. Consistent with this study, Imamura
et al. reported that systemic administration of siRNA for p53
ameliorates structural and functional damage in rat models of
rat kidney transplantation (39). In renal IRI models, p53 in
kidney proximal tubules (and not in other kidney tubules) plays
a critical role in tubular cell death and renal functional loss
(19, 20). Consistently, in the current study, we provided specific
evidence that proximal tubule p53 play critical role in cold
storage/transplantation injury in mice, which is convincing for
its great similarity to human genome.

In our study, p53 was mainly activated in renal tubular
cells during kidney cold storage/transplantation (Figures 1,
6). However, the mechanism of p53 activation under this
condition remains unclear. A well-documented mechanism of
p53 activation is DNA damage response, which includes a
signaling cascade leading to the activation of upstream protein
kinases to phosphorylate p53 (40, 41). Currently, it is unknown
whether and to what extents DNA is damaged in kidney cold
storage/transplantation, and whether the signaling pathway of
DNA damage response is activated. Nonetheless, oxidative stress
is associated with kidney cold storage/transplantation and, the
beneficial effects of antioxidants, such as mitoQ (10, 28, 42), have
been demonstrated for transplanted kidneys. Oxidative stress
may lead to DNA oxidization, a known form of DNA damage,
for the formation of oxidized nucleosides such as 8-oxo-2’-
deoxyguanosine (8-oxo-dG). Therefore, oxidative stress is a likely
cause of DNA damage response for p53 activation in kidney
cold storage/transplantation.

The regulation of p53 is multifaceted and tissue/cell
type specific (43). By using proximal tubule-specific p53
knockout model, we demonstrated the crucial role of p53 in
proximal tubules during kidney transplantation with cold storage
(Figure 6). Downstream of p53, both transcription-dependent
and independent mechanisms may lead to nephrotoxicity (16, 18)
and ischemic AKI (11, 19). In the current study, we examined
down-stream genes of p53, such as p21 and PUMA. These
genes were induced during kidney cold storage/transplantation,
and the induction was attenuated by pifithrin-a and also by
the ablation of p53 from proximal tubules (Figures5, 6). In
addition, tubular cell death during cold storage/rewarming
was suppressed by dominant negative p53 that has a loss
of transcriptional function mutation (18, 44). These results
suggest that p53 mediates cold storage/transplantation kidney
injury mainly by inducing pro-death genes through its
transcriptional mechanism.

Inflammation is another pathological feature of, and
pathogenic factor in, renal IRI and subsequent renal interstitial
fibrosis (45). In the present study, we showed that cold
storage/transplantation induced massive neutrophil infiltration
but only a few scattered macrophages in 24 h (Figure 7). It is
acknowledged that inflammatory cells especially neutrophils
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and associated cytokines play a pathogenic role in acute
injury of kidney ischemia-reperfusion (46) However, the effect
of pifithrin-a in inflammation and fibrosis is controversial
from previous studies. It was reported that pifithrin-a
exacerbated inflammation damage in rat (47) and mice
(48) since inflammatory cell apoptosis may be suppressed.
But knockout of p53 from kidney proximal tubules inhibited
inflammation as the consequence of reduced tubular injury
(19, 20). pharmacological and genetic blockade of p53
mitigated the infiltration of neutrophils and macrophages
concomitantly with decreased tubular injury, indicating
that reduced tubular damage led to the suppression of
inflammation during kidney cold storage/transplantation.
As for fibrosis, it was reported that pifithrin-a promoted
renal fibrosis in rat model of ischemic AKI (47) although the
mechanism is unclear. In contrast, it was also demonstrated
that pifithrin-o attenuated fibrosis through facilitating G-M
cell cycle progression after unilateral renal IRI in mice (49)
and bilateral IRI in rats (50). Whether pifithrin-a can reduce
renal fibrosis after kidney cold storage/transplantation warrants
further investigation.

In conclusion, we have demonstrated an important role
of p53 in kidney injury and dysfunction following cold
storage/transplantation. In this regard, p53 in kidney proximal
tubules is particularly important. Pharmacological inhibitors of
p53, such as pifithrin-a, may have beneficial effects for improving
the quality of donor kidneys from deceased donors and ultimately
the outcome of renal transplants.
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Background: Kidney transplant recipients appear to be at higher risk for critical
COVID-19. Our analysis aimed to identify the possible risk factors for a severe course
of the COVID-19 disease and to determine the influence of selected human leukocyte
antigens (HLASs) on the course of the disease.

Methods: This is a retrospective, multicenter analysis that included patients that were
confirmed to be severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) positive
after kidney transplantation (KT). The group of patients was divided into two subgroups
according to the course of the infection, as follows: non-hospitalized and hospitalized.

Results: A total of 186 patients (men, 69.4%) with confirmed SARS-CoV-2 positivity
were included in the group. The following independent risk factors for the outcome of
hospitalization were identified: the age at the time of infection [odds ratio (OR) = 1.19, P
< 0.0001], a body mass index (BMI) >29.9 kg/m? (OR = 7.21, P < 0.0001), <7.5-mg
prednisone dose/day (OR = 2.29, P = 0.0008), and HLA-DQ2 with a protective nature
(OR = 0.05, P = 0.0034).

Conclusions: Higher doses of corticosteroids (>7.5 mg/kg) in standard
immunosuppressive regimes and HLA-DQ2 appear to be protective factors in
our analysis.

Keywords: kidney transplantation, COVID-19, HLA class | and class Il typing, steroid dose, immunosuppression

INTRODUCTION

The novel coronavirus, severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), was first
identified toward the end of 2019 in Wuhan, in the Hubei province of China, and spread rapidly
throughout the world. The clinical symptoms of the disease vary from a completely asymptomatic
course through fever, cough, the development of bronchopneumonia, up to multiorgan failure (1).

Kidney transplant recipients appear to have a particularly high risk for critical COVID-19
illness due to chronic immunosuppression and coexisting conditions (2). In comparison with the
general population, patients who underwent kidney transplantation (KT) from diabetes mellitus,
arterial hypertension, or cardiovascular diseases suffer more often. Immunosuppressive treatment

Frontiers in Medicine | www.frontiersin.org

n November 2021 | Volume 8 | Article 730156


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.730156
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.730156&domain=pdf&date_stamp=2021-11-01
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:idedinska@yahoo.co.uk
mailto:ivana.dedinska@uniba.sk
https://orcid.org/0000-0002-8246-4268
https://doi.org/10.3389/fmed.2021.730156
https://www.frontiersin.org/articles/10.3389/fmed.2021.730156/full

Dedinska et al.

Steroid Dose and COVID-19

is also a precondition for the worse course of the disease, most
frequently with the combination of calcineurin inhibitors (CNI),
mycophenolate mofetil (MMF), and corticosteroids (2-4).

Several analyses compared the course of COVID-19 infection
in patients after KT to the non-transplanted population for their
similarities, with large inter-individual differences. According to
data from the European Renal Association COVID-19 Database
register (ERACODA), the 28-day probability of death in 1,073
patients (28% after KT and 72% in a chronic dialysis program)
was 21.3% in the patients who had kidney transplants and 25%
in those undergoing dialysis (5). The available data from China
show the high mortality of patients with end-stage kidney disease
(33%) (6), and the data from Spain and Italy have shown the
30% mortality rate of dialyzed patients (7, 8). Known publications
from New York reported a 16-30% mortality rate in the group of
patients after KT (2, 9, 10).

The risk factors for hospitalization or death in this population
remain to be similar to the general population (11). Death is more
common among elderly patients and those with pre-existing
pulmonary disease (11, 12).

The treatment of COVID-19 infection in patients who
had kidney transplants does not significantly differ from
the treatment of the non-transplanted population; however,
the question remains whether and when it is necessary to
discontinue immunosuppression. There are several protocols for
the immunosuppressive management of transplanted patients
with COVID-19, which reflect either the clinical progress of
the disease, laboratory findings, or a combination of both (13-
16). The data concerning the usage of hydroxychloroquine,
remdesivir, or tocilizumab in this specific group of patients
are more controversial than promising (17-19). The recently
published data of using bamlanivimab for patients after solid
organ transplantation are promising for the treatment of patients
with mild-to-moderate COVID-19 who are at high risk of
progression to hospitalization (20).

The human leukocyte antigen (HLA) is a critical component
of the viral antigen presentation pathway in humans, and the
HLA gene locus plays a fundamental role in human adaptive
immunity. The genetic variability across the HLA alleles is known
to be associated with outcomes in many different diseases and
could be a key determinant in the susceptibility and severity
of COVID-19. The HLA type influences the T cell-mediated
response to viral infections and is therefore implicated in the
morbidity and mortality of a SARS-CoV-2 infection (21, 22).
Several smaller studies have indicated a possible association of
the HLAs of group 1 (Al and A2) with a more severe course of
infection (23-25).

Our analysis aimed to identify the risk factors for a severe
course (hospitalization) of COVID-19 disease in a group of
patients after KT and the risk factors for COVID-19 fatalities,

Abbreviations: BMI, body mass index; CDC, Centers for Disease Control
and Prevention; ERACODA, The European Renal Association COVID-19
Database; HLA, human leukocyte antigen; ICU, intensive care unit; KT, kidney
transplantation; MMEF, mycophenolate mofetil; MPA, mycophenolic acid; PCR,
polymerase chain reaction; TAC, tacrolimus; SARS-CoV-2, severe acute respiratory
syndrome coronavirus-2.
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FIGURE 1 | Flowchart of the study.

with a focus on the parameters before the infection (not on the
parameters worsening infection during its course). Another aim
was to determine the influence of the selected HLAs on the course
of the disease.

MATERIALS AND METHODS

This was a retrospective, multicenter cohort analysis that
included patients with kidney transplants who had positive
test results for SARS-CoV-2 monitored in the Slovak Republic
(transplantation centers Martin, Ko8ice, and Bratislava) from
March 2020 to December 2020. The positivity was confirmed by a
real-time polymerase chain reaction (RT-PCR) test. We recorded
the age at the time of test positivity, the time (months) from
KT, a diabetes mellitus and arterial hypertension case history,
and the body mass index (BMI) of all the patients. We evaluated
the type and doses/levels of immunosuppression [tacrolimus,
MME mycophenolic acid (MPA), and corticosteroids], HLA (A,
B, DR, and DQ), and finally, the development of post-COVID
syndromes. Post-COVID syndrome has been defined as the
persistence of certain clinical difficulties at least 4 weeks after the
infection has passed (i.e., fatigue, shortness of breath, insomnia,
memory problems, “brain fog.” heart palpitation, depression,
and/or anxiety). The fatal outcome was defined as death in direct
association with COVID-19, with respiratory failure confirmed
by autopsy. In the patients who died, we recorded the time—the
duration of illness (confirmed by positive test results) up to the
time of death.

Inclusion criteria: Age >18 years, positive test results for
SARS-CoV-2 by PCR

Exclusion criteria: Age <18 vyears, failed to follow-up,
antirejection treatment in the last 6 months.

The flowchart of the study is shown in Figure 1.
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Immunosuppression

The maintenance immunosuppression consisted of tacrolimus
and MPA (1,080-mg daily dose until the second week after
transplantation, followed by a 720-mg daily dose, or adjusted
individually according to the immunology risk of the patient).
Furthermore, 500 mg of methylprednisolone was administered
intravenously (IV) on day 0 and day 1, followed by the
administration of 20 mg of prednisone until the 2nd week after
transplantation, 15mg of prednisone until the 4th week after
transplantation, 10 mg of prednisone until the 12th week after
transplantation, and 7.5 mg of prednisone until the 12th month
after transplantation, with 5mg of prednisone administered
daily thereafter. The tacrolimus target levels were according
to the protocols used in the Slovak Republic; 10-15ng/ml 1-
3 months after transplantation, followed by 5-10ng/ml 3-6
months after transplantation, and 3-6ng/ml for patients >6
months after transplantation.

The group of patients was divided into two subgroups
according to the course of infection [based on the Centers
For Disease Control (CDC) and Prevention Therapeutic
Management of Adults With COVID-19 Last Updated: February
11, 2021], as follows:

e Subgroup 1: Patients not requiring hospitalization
(asymptomatic, oligosymptomatic, or medium-severe
course). Asymptomatic  patients  with  maintained

immunosuppression in the treatment regimen. Patients
with a medium-severe course of COVID-19 had reduced
immunosuppression [discontinuation of MPA or MME
reduction of (CNI) by 50%].

e Subgroup 2: Severe course. Hospitalized patients with
completely  discontinued  immunosuppression
administered 6 mg of dexamethasone IV for 24h for a
minimum of 10 days added to the treatment.

were

HLA Typing

The HLA typing of all patients was performed with PCR-based
procedures using a sequence-specific primer (SSP). After the
performance of the PCR, the amplified DNA fragments were size-
separated using agarose gel electrophoresis and then visualized,
documented, and interpreted.

Statistical Analysis
We used a certified statistical program, MedCalc version 13.1.2
(VAT registration no. BE 0809 344 640, Member of International
Association of Statistical Computing, Ostend, Belgium), to
perform statistical analyses. The continuous data were compared
using Student’s ¢-test, and a Wilcoxon rank-sum test was used for
the analysis of the time after KT as it is non-parametric data. An
x2-test and Fisher’s exact test were used for categorical variables.
Univariable and multivariable logistic regressions were used
to assess the monitored parameters to predict the risk of
hospitalization and death. The statistically significant parameters
assessed in the univariable analysis were entered into the
multivariable model adjusted for the time after KT, sex,
tacrolimus level, and MMF. The cut-off level for Prednison dose

used in the logistic regression models was based on the average
dose of Prednison in our group of patients.

A Kaplan-Meier survival analysis was used for the
comparison of the survival rates of the hospitalized and
non-hospitalized patients. We considered P < 0.05 to be
statistically significant.

Ethical Approval

All procedures involving human participants have been approved
according to the ethical standards of the institutional research
committee, including the 1964 Helsinki Declaration and its later
amendments of comparable ethical standards. The informed
consent of the included participants was checked and approved
by the ethical committees of the University hospital and the
Jessenius Faculty of Medicine, and all signed informed consents
are to be archived for at least 20 years after the research
was completed.

The clinical and research activities being reported are
consistent with the Principles of the Declaration of Istanbul as
outlined in the Declaration of Istanbul on Organ Trafficking and
Transplant Tourism.

RESULTS

A total of 186 patients (men, 69.4%) with confirmed SARS-CoV-2
positivity were included in the group.

The group of patients was further divided according to the
course of the disease into two subgroups. The criteria for the non-
hospitalized patients were met by 147 patients. There were 39
patients who required hospitalization (subgroup 2), as displayed
in Table 1.

At the time of the infection, all the monitored patients
received prednisone as a part of their treatment; the patients in
subgroup 2 received, on average, a lower dose of prednisone/day,
and it was logically associated with the fact that they represented
the group with the longer average duration of time after
transplantation. The dosing of MPA and MMF was comparable
in the monitored subgroups, as well as the average level of
tacrolimus. As compared with subgroup 1, the patients in
subgroup 2 had a higher age and a higher proportion of patients
with diabetes mellitus. Three patients died in subgroup 1 and six
patients died in subgroup 2. The post-COVID-19 difficulties of
the group are shown in Table 2. Post COVID-19 syndrome was
recorded more often in the hospitalized patients, with the most
common symptom being fatigue.

We used a univariable analysis to determine the risk factors
for the outcomes of hospitalization and death, as exhibited in
Table 3.

We identified the following risk factors for hospitalization in
the monitored group: age at the time of infection, a BMI >29.9
kg/m?, diabetes mellitus, and a <7.5-mg dose of prednisone/day.
On the other hand, HLA-B8 and -DQ2 appeared to be protective
factors. The age at the time of infection and a <7.5-mg dose
of prednisone/day were confirmed as risk factors for death.
We identified the HLA-A2 and -DQ5 of the HLA antigens as
risk antigens.
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TABLE 1 | Basic group characteristics according to course of infection.

Characteristic Non-hospitalized Hospitalized P-value
n =147 n =39
Gender—men (%) 67.3 76.9 0.2491
Age at the time of infection (in 51.7 +£10.1 62 +11.2 <0.0001
years)
Time after KT (months) (mean + 78.7 £ 541 1049+ 63.6 0.0104
standard deviation) (median, 70) (median, 94)
BMI (kg/m?) (mean =+ standard 28.8+6 29.4 +7.3 0.5971
deviation)
Diabetes mellitus (%) 42.9 61.5 0.0390
Avrterial hypertension (%) 91.8 100 0.0651
Tacrolimus in treatment (%) 91.8 92.3 0.9192
Average TAC level (ng/ml) 41 +1 41 +1 1.0000
MPA/MMF in treatment (%) 85.7 84.6 0.8628
Average MPA dose/day (mg) 668 + 360 720 + 311 0.4111
Average dose of 76+29 59+1.9 0.0007
corticosteroids/day (mg)
Post COVID (%) 16.3 46.2 0.0001
HLA-A1 (%) 18.4 8 0.1183
HLA-A2 (%) 32 36 0.6372
HLA-A3 (%) 17 24 0.3179
HLA-B8 (%) 14.3 0 0.0001
HLA-B35 (%) 12.9 17.4 0.4706
HLA-B12 (%) 12.9 4.3 0.1295
HLA-DR1 (%) 9.5 13.3 0.4888
HLA-DRS3 (%) 9.5 10 0.9251
HLA-DR11 (%) 10.9 10 0.8720
HLA-DR52 (%) 17 13.3 0.5784
HLA-DQ2 (%) 19 5.9 0.0493
HLA-DQ3 (%) 32 35.3 0.6969
HLA-DQ5 (%) 22.4 23.5 0.8843
HLA-DQ6 (%) 19 29.4 0.1587
Fatalities (%) 2(n=29) 15.4 (n = 6) 0.0005

KT, kidney transplantation; BMI, body mass index; TAC, tacrolimus; MPA, mycophenolic
acid; MMF, mycophenolate mofetil; HLA, human leukocyte antigen.
The bold values mean statistical significant values.

TABLE 2 | Post-COVID difficulties.

n=42

Fatigue, n = 21 (%) 50

Shortness of breath, n = 5 (%) 11.9
Insomnia, n = 3 (%) 71

Memory problems, n = 2 (%) 4.8
Brain fog, n = 2 (%) 4.8
Heart palpitation, n = 7 (%) 16.7
Depression and/or anxiety, n = 2 (%) 4.8

The application of a multivariable analysis (logistic regression)
adjusted for the time after KT, sex, tacrolimus level, and MMF
dose confirmed the following as independent risk factors for
hospitalization: age at the time of infection, a BMI > 29.9
kg/m?, a <7.5-mg prednisone dose/day, and HLA-DQ2 with a

protective nature (Table 4). The only independent risk factor
for the fatal outcome was the age at the time of infection
(Supplementary Table 1).

In the end, we compared the patients with a daily dose
of steroids of <7.5 and >7.5mg (Table5). We confirmed
that patients with a lower dose of steroids were significantly
hospitalized more often. Seven patients died in this group in
comparison with two patients in the group with a higher dose
of steroids.

We confirmed the significantly worse survival in the group of
hospitalized patients, as shown in Figure 2.

DISCUSSION

Our analysis aimed to identify the risk factors for hospitalization
due to COVID-19 infection in patients after KT.

Our analysis confirmed that, similar to the general population,
the risk group for a severe course of COVID-19 infection
and for death is the age of the patient exceeding 59 years.
Our data correspond with the conclusions of the ERACODA
register, in which 28-day mortality was primarily associated with
advanced age in kidney transplant patients (5). An analysis by
French authors comparing the course of COVID-19 infection in
patients after KT with a non-transplanted group also confirmed
a significantly worse course of infection in the group of
transplanted patients over 60 years of age. However, compared
with the general population, the transplanted patients with a
severe course of infection were younger (26).

It is not surprising that a higher BMI (>29.9 kg/m?) was found
to be a risk factor for hospitalization in patients with COVID-
19. Obesity and diabetes mellitus were repeatedly confirmed as
independent risk factors for a symptomatic course of COVID-19
in the group of patients after KT (27, 28).

The protective factor of the higher prednisone doses in
the normal immunosuppression regime regarding the course
of COVID-19 in the population of patients who underwent
KT has not yet been described. Dexamethasone, the effect
of which was confirmed in the RECOVERY study (29), is
normally added to the treatment of all patients hospitalized
with COVID-19. Glucocorticoids have been widely used in
syndromes closely related to COVID-19 (30-34). However, the
data that would support the assumption of the “preventative”
effect of corticosteroids on the course of COVID-19 in patients
after KT are missing. Patients after KT have generally been
administered relatively low doses of prednisone in permanent
immunosuppression regimes (from 20mg in the early post-
transplantation period to 2.5-5 mg/day in the late post-
transplantation period).

In our group of patients, the dose of prednisone with
<7.5 mg/day was a risk factor for hospitalization. The patients
in subgroup 2 (those that required hospitalization) were
administered with the lower average dose of prednisone (5.9
mg/day). The dosing of corticosteroids is gradually lower based
on the time after transplantation; therefore, the patients with the
lowest dose of corticosteroids were the patients with the longest
duration of time after transplantation.
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TABLE 3 | Univariable analysis (log regression).

Characteristic Outcome of hospitalization P-value Outcome of death P-value
OR (95% CI) OR (95% CI)

Gender—men 1.61(0.71-3.67) 0.2517 0.40 (0.07-2.20) 0.2961

Age at the time of infection (in years) 1.11 (1.06-1.16) < 0.0001 1.36 (1.12-1.64) 0.0013
Time after KT <12 months 1.27 (0.32-4.96) 0.7233 0.64 (0.03-13.06) 0.7778
BMI >29.9 kg/m? 5.62 (2.60-12.12) < 0.0001 3.36 (0.76-14.82) 0.1089
Diabetes mellitus 2.13 (1.03-4.39) 0.0400 2.37 (0.54-10.38) 0.2523
Arterial hypertension 7.28 (0.42-125.84) 0.1718 1.54 (0.07-30.99) 0.7778
Tacrolimus in treatment 1.06 (0.28-3.98) 0.9235 1.27 (0.29-5.62) 0.7457
Average TAC-value >6ng/ml 0.68 (0.22-2.12) 0.5139 1.35(0.13-13.09) 0.7957
MPA in treatment 0.91 (0.34-2.45) 0.8625 3.57 (0.19-66.74) 0.3937
Average MPA dose >720 mg/day 1.07 (0.39-2.90) 0.8923 0.27 (0.01-5.22) 0.3937
Average prednisone dose <7.5 mg/day 4.66 (2.16-9.94) 0.0001 6.87 (1.23-38.31) 0.0278
HLA-A1 0.39 (0.08-1.83) 0.2334 0.44 (0.02-8.39) 0.5888
HLA-A2 1.20 (0.47-3.06) 0.6944 5.36 (3.02-9.52) 0.0066
HLA-A3 1.563 (0.52-4.49) 0.4324 2.2(0.19-25.47) 0.5280
HLA-B8 0.03 (0.002-0.59) 0.0207 0.53 (0.02-10.10) 0.6791

HLA-B35 1.36 (0.39-4.71) 0.6194 1.22 (0.13-11.24) 0.8566
HLA-B12 0.61 (0.12-2.98) 0.5500 0.49 (0.02-9.28) 0.6390
HLA-DR1 1.46 (0.43-4.89) 0.5385 3.19 (0.58-17.33) 0.1791

HLA-DR3 1.05 (0.27-4.00) 0.9366 1.36 (0.15-11.93) 0.7771

HLA-DR11 0.51 (0.24-3.40) 0.8917 0.44 (0.02-7.99) 0.5805
HLA-DR52 0.76 (0.24-2.43) 0.6554 0.28 (0.01-5.09) 0.3934
HLA-DQ2 0.05 (0.002-0.95) 0.0462 0.57 (0.02-11.21) 0.7155
HLA-DQ3 1.24 (0.41-3.70) 0.6915 0.25 (0.03-2.14) 0.2098
HLA-DQ5 1.04 (0.30-3.56) 0.9425 7.5(4.21-13.52) 0.0033
HLA-DQ6 1.74 (0.54-5.60) 0.3533 0.50 (0.05-2.48) 0.5322

OR, odds ratio; Cl, confidence interval; KT, kidney transplantation; BMI, body mass index; TAC, tacrolimus; MPA, mycophenolic acid; HLA, human leukocyte antigen.

The bold values mean statistical significant values.

TABLE 4 | Multivariable analysis (log regression), outcome of hospitalization
(adjusted for time after KT, sex, tacrolimus level, and MMF).

Characteristic Outcome of P-value
hospitalization
OR (95% CI)
Age at the time of infection (in years) 1.19(1.11-1.29) <0.0001
BMI >29.9 kg/m? 7.21 (1.33-8.94) <0.0001
Diabetes mellitus 1.59 (0.50-5.05) 0.4305
Average prednisone dose <7.5 mg/day 2.29 (1.02-3.88) 0.0008
HLA-B8 2.08 (1.94-3.40) 0.9982
HLA-DQ2 0.05 (0.007-0.37) 0.0034

OR, odds ratio; ClI, confidence interval; BMI, body mass index; HLA, human
leukocyte antigen.
The bold values mean statistical significant values.

A great number of disease-protective and disease-susceptible
HLA alleles have been well characterized in several viral
infections (35). However, little data describe certain HLAs in
relation to SARS-CoV-2. A group of Spanish authors assessed
HLA class I in relation to the course of COVID-19 in the general
population. In a group of 45 patients, they observed the higher
values of SARS-CoV-2-binding peptides in the case of HLA-A2,

but without any obvious correlation in the clinical picture (36).
Another small-scale analysis performed on 62 patients described
an association between HLA-A11 and higher mortality (37). In
our group of patients in the univariable analysis, we recorded
the occurrence of HLA-A2 as a risk factor for death; however,
the multivariable analysis did not confirm this finding. On the
contrary, a British analysis of 80 patients identified HLA-A2 as a
possible protective factor for SARS-CoV-2 infection (38).

In our patient group, the presence of HLA-DQ2 appears to
be a protective factor in the case of the need for hospitalization.
The complex role of HLA-DQ2 on immune system reactivity
is a matter of discussion. Certain studies support its potential
in the promotion of interferon (IFN) production. However,
other studies showed its negative impact on virus clearance
(39). In a study conducted by Benlyamani et al. in critically
ill patients, the results indicated the downregulation of HLA-
DR molecules in the circulating monocytes (40). In the case of
HLA-DQ, data regarding the incidence are available, but not
regarding the development of the disease. Some data indicate
that HLA-DQ1 can be associated with a higher incidence of
COVID-19 (41). It is also important to note that, in a group
of almost 2,000 patients from Italy and Spain, the correlation
of HLA alleles with the incidence of COVID-19 was not
proven (42).
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TABLE 5 | Basic group characteristics according to steroid dose/day.

Characteristic Subgroup 1 Subgroup 2  P-value
n=111 n=75
Gender—men (%) 70.3 68 0.7392
Age at the time of infection (in years) 51.8+9.4 541+15.6 02116
Time after KT (months) (mean + 118.1 +£67.8 64.3+39.7 <0.0001
standard deviation)
BMI (kg/m?) (mean + standard 28.8+49 281+£7.6 0.4459
deviation)
Diabetes mellitus (%) 43.2 52 0.2393
Avrterial hypertension (%) 91.9 96 0.2653
Tacrolimus in treatment (%) 100 80 <0.0001
Average TAC level (ng/ml) 40+ 11 41 +1 0.5291
MPA/MMF in treatment (%) 94.6 73.3 <0.0001
Average MPA dose/day (mg) 576 + 262 864 + 420  <0.0001
Post COVID (%) 24.3 20 0.4925
Hospitalization (%) 36 10.7 0.0001
Fatalities (%) 6.3 2.7 0.2634

KT, kidney transplantation; BMI, body mass index; TAC, tacrolimus; MPA, mycophenolic
acid; MMF, mycophenolate mofetil. Subgroup 1: steroid dose <7.5 mg/day. Subgroup 2:
steroid dose >7.5 mg/day.

The bold values mean statistical significant values.
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FIGURE 2 | Kaplan-Meier survival analysis (hospitalized vs. non-hospitalized
patients).

According to the CDC, the most common post-COVID
symptoms in the general population are fatigue, shortness
of breath, or cognitive problems. The risk factors for post-
COVID syndromes that have been identified include the need
for hospitalization or being in the intensive care unit (ICU)
(43-45). There were 42 patients with post-COVID-19 syndrome

identified in our group of patients, and almost 50% of the patients
from those who needed hospitalization developed post-COVID
syndrome. The most common symptom was fatigue. At present,
there is a lack of data about post-COVID syndromes in patients
after KT and it needs further investigation.

The limitation of our analysis is the absence of data regarding
the treatment and blood tests of patients during hospitalization
because the patients were not hospitalized in one COVID
center; therefore, the data about treatment would not be
homogeneous. On the other hand, this analysis deals with the
risk factors for hospitalization for COVID-19 before the onset
of the infection. It is also the only analysis that identified
certain protective/risk HLA antigens in patients after KT
with COVID-19.

CONCLUSION

Patients after KT are high-risk patients for a severe course
of COVID-19 infection. The obese and older patients (>59
years) can be considered as the group with the highest
risks. The higher doses of corticosteroids in standard
immunosuppressive regimes (>7.5 mg/kg) and HLA-DQ2
appear to be protective factors. However, these results
should be supported with further data on larger samples
of patients.
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Patients With Preformed DSA
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Background: It is still incompletely understood why some patients with preformed
donor-specific anti-HLA antibodies (DSA) have reduced kidney allograft survival
secondary to antibody-mediated rejection (ABMR), whereas many DSA-positive patients
have favorable long-term outcomes. Elevated levels of soluble CD30 (sCD30) have
emerged as a promising biomarker indicating deleterious T-cell help in conjunction with
DSA in immunologically high-risk patients. We hypothesized that this would also be true
in intermediate-risk patients.

Methods: \We retrospectively analyzed pre-transplant sera from 287 CDC-crossmatch
negative patients treated with basiliximab induction and tacrolimus-based maintenance
therapy for the presence of DSA and sCD30. The incidence of ABMR according to the
Banff 2019 classification and death-censored allograft survival were determined.

Results: During a median follow-up of 7.4 years, allograft survival was significantly lower
in DSA-positive as compared to DSA-negative patients (o < 0.001). In DSA-positive
patients, most pronounced in those with strong DSA (MFI > 5,000), increased levels of
sCD30 were associated with accelerated graft loss compared to patients with low sCD30
(8-year allograft survival 75 vs. 95%). Long-term survival, however, was comparable
in DSA-positive patients irrespective of sCD30 status. Likewise, the incidence of early
ABMR and lesion score characteristics were comparable between sCD30-positive and
sCD30-negative patients with DSA. Finally, increased sCD30 levels were not predictive
for early persistence of DSA.

Conclusion: Preformed DSA are associated with an increased risk for ABMR
and long-term graft loss independent of sCD30 levels in intermediate-risk kidney
transplant patients.

Keywords: kidney transplantation, donor-specific anti HLA antibodies, sCD30, risk stratification, ABMR,
antibody-mediated rejection
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sCD30 in DSA-Positive Kidney Transplantation

INTRODUCTION

Antibody-mediated rejection (ABMR) caused by donor specific
anti-HLA IgG antibodies (DSA) is responsible for the majority
of graft losses after kidney transplantation and still remains
one of the major challenges in transplant nephrology (1).
Introduction of the single antigen bead (SAB) assays using
Luminex technology has improved both sensitivity and specificity
of detecting preformed DSA considerably but has left clinicians
with the conundrum that many DSA-positive patients have
favorable long-term outcomes.

Attempts have therefore been undertaken to improve the
predictive value of the SAB assay. Analysis of immunoglobulin
isotypes (2), subclasses (3, 4) or the capacity of the anti-HLA
antibodies to bind and activate complement (5-7) have yielded
mixed results.

CD30 is a 120 kD glycoprotein and part of the tumor
necrosis factor (TNF) superfamily. Besides its constitutional
expression on a variety of lymphoid neoplasms, most notably
Hodgkin’s lymphoma cells, it is expressed on activated T and
B cells (8, 9). CD30 signaling via its receptor CD30 ligand
(CD153) has been shown to play an important role in the
generation of both memory CD8+ T cells and in regulating
CD4+ T cell-mediated graft vs. host disease in animal studies
(10). Cleavage of membrane-bound CD30 by metalloproteases
generates the 85 kD protein soluble CD30 (sCD30). Although
the exact biological function of sCD30 remains to be elucidated
(11), elevated serum concentrations of sCD30 have been found
to correlate with disease activity in patients with systemic lupus
erythematosus, granulomatosis with polyangiitis and rheumatoid
arthritis [reviewed in (8)]. In 2002, Pelzl et al. first reported
increased pre-transplant sCD30 levels to be associated with
reduced kidney allograft survival (12). Several following studies
confirmed an association of elevated pre- and posttransplant
levels sCD30 with rejection episodes or impaired allograft
survival (13, 14), whereas other studies could not reproduce
these findings (15, 16). Recently, Siisal et al. combined the
T cell activation marker soluble CD30 (sCD30) and the SAB
assay for risk stratification in two retrospective cohorts of
sensitized kidney transplant patients. Remarkably, patients only
exhibited an increased risk for graft loss in the presence
of both elevated levels of sCD30 and DSA, whereas DSA-
positive patients had comparable outcomes to DSA-negative
patients in the absence of high sCD30 levels (11, 17, 18).
These findings resulted in the hypothesis that DSA can only
exert their detrimental effects in patients with a pre-activated
cellular immunity as indicated by elevated pre-transplant levels
of sCD30.

Abbreviations: AM, acceptable mismatch; ABMR, antibody-mediated
rejection; CDC, complement-dependent cytotoxicity; CM, crossmatch; DGI,
Deutsche Gesellschaft fiir Immungenetik; DSA, donor-specific antibodies;
ET, Eurotransplant; ETKAS, Eurotransplant kidney allocation system; ESP,
Eurotransplant senior program; FCM, flow cytometry crossmatch; GFR,
glomerular filtration rate; HLA, human leukocyte antigen; IVIG, intravenous
immunoglobulin; MFI, mean fluorescence intensity; PRA, panel-reactive
antibodies; SAB, single antigen bead; sCD30, soluble CD30; TNE, tumor necrosis
factor; UAM, unacceptable antigen mismatches; VPRA, virtual PRA.

Of note, the first cohort consisted of 80 highly-sensitized
patients all with complement-dependent cytotoxicity panel-
reactive antibodies (CDC-PRA) above 85%, 20% of whom
were CDC-crossmatch (CDC-CM) positive prior to an intensive
desensitization regimen including plasmapheresis and rituximab
(17). The second cohort consisted of 385 at least moderately
sensitized patients as indicated by either CDC-PRA positivity
or ELISA-reactive anti-HLA antibodies. Induction treatment was
variable with 11% receiving T-cell depletion and 53% receiving
no induction regimen at all. Data on ABMR were not reported
(11, 18).

Given the high immunological risk of the hitherto reported
cohorts and their variable induction regimens, we asked
whether a combination of preformed DSA and elevated
sCD30 levels would also be predictive of early ABMR and
accelerated graft loss in a homogenous group of intermediate-
risk kidney transplant patients all treated with the same non-
depleting induction regimen and tacrolimus-based maintenance
immunosuppression. These patients had been transplanted prior
to the clinical use of the SAB assay and pre-transplant risk
stratification was solely based on a negative CDC-CM.

PATIENTS AND METHODS
Study Population

From all patients that received a living or deceased kidney
transplant at our institution between January 2005 and December
2015 (n = 686), we retrospectively selected all those treated
with an anti-IL2-receptor-based induction therapy (basiliximab,
Simulect®, Roche, Basel, Switzerland) followed by a maintenance
regimen consisting of a calcineurin-inhibitor, mycophenolate-
mofetil and prednisolone (n = 287, Supplementary Table 1).
Patients that simultaneously received multiple organs or had
received an organ other than a kidney previously were excluded,
as were ABO-incompatible living donor kidney transplantations.
Kidney-only recipients treated without any induction therapy,
depleting-antibody induction, i.e., anti-thymocyte globulins
(ATG), or an mTOR-inhibitor-based maintenance regimen, were
excluded as well as patients for whom no serum sample was
available prior to transplantation (# = 8). During the study
period, all recipients of a living donor transplant received
basiliximab induction. For deceased donor transplantations,
induction therapy was determined on an individual basis with no
predefined criteria. All patients were transplanted with a negative
CDC-CM using current sera. Donor and recipient characteristics
as well as clinical data were obtained by careful chart review or
were extracted from the Eurotransplant Network Information
System (K_X_008). All retrospective analyses were performed
with approval of the local Institutional Review Board.

Detection and Definition of DSA and Donor
HLA Typing

Sera taken at the time of kidney transplantation were
retrospectively screened for the presence of anti-HLA class
I and class II IgG antibodies. Sera from patients with preformed
DSA were additionally screened for the presence of DSA at day
14 post-transplantation. All sera were stored at —80°C and heat
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inactivated at 52°C for 20 min prior to analysis. Screening was
done using a commercial solid-phase microsphere-based assay
(LSM12, One Lambda Inc., Los Angeles, CA, USA). Sera were
analyzed on a LABScan 100 Luminex® (Luminex Corp., Austin,
TX, USA) flow analyzer, applying a threshold ratio for positive
results of 2.5. In positive sera, HLA specificity was determined
by a single antigen assay for HLA class I and / or HLA class II
antigens (LABScreen® Single Antigen, Class I or II, respectively,
both One Lambda Inc.). The tests were performed according
to the manufacturers’ instructions, applying a baseline-adjusted
MFI cut-off for positive reactions of 1,000. Donor-specificity
of anti-HLA antibodies was defined based on the available
donor HLA typing data. Donor HLA-typing was performed
according to standard Eurotransplant protocols. Typing for
HLA-A, B and DR was done for all donors. HLA Cw and DQ
typing data were available for 95 (32.2%) and 275 (93.2%)
donors, respectively. DP typing was not routinely performed
and therefore, anti-DP HLA-antibodies were not evaluated for
donor-specificity. If donor-specificity of anti-HLA antibodies
could not be determined due to lack of high resolution typing
of a donor, they were classified as non-DSA. This occurred in
five recipients for HLA class I and in 14 patients for HLA class
II antibodies, respectively. However, lack of high resolution
typing in the corresponding donors resulted in no potential
misclassification with respect to pre-transplant DSA status
(yes/no). In case Luminex analysis revealed the presence of
antibodies for all different splits of an HLA antigen, the bead
with the highest MFI was used for MFI categorization. To
categorize patients into DSA positive or negative, both a lower
MFI threshold of 1,000 and 5,000 were applied as previously
published (11, 19). In patients with more than one DSA, the one
with the highest MFI (MFI™®) was used for categorization.

Measurement of SCD30

Pre-transplant sera were tested for sCD30 using the ELISA kit
of eBioscience (San Diego, USA). Based on previous results, a
value of 80 ng/ml was used as the most suitable cut-off for sCD30
testing (18).

Diagnosis and Treatment of Rejection

All rejection episodes were biopsy-proven. Biopsies were
obtained either as protocol biopsies on days 14 and 90
post-transplantation or when clinically indicated. At the time
of biopsy, specimens were evaluated according to the most
recent Banff classification. For the current study, biopsies from
DSA-positive patients were re-evaluated by an experienced
nephropathologist (MB-H). Immunohistochemical staining for
C4d was complemented when no C4d staining was performed at
the time of biopsy and all biopsies were re-classified according
to the BANFF 2019 classification (20). Subclinical borderline
rejections were not treated. Both clinical and subclinical TCMR
were treated with steroid pulses. In case of vascular or
steroid-resistant TCMR, anti-thymocyte globulins were given.
Any combination of steroids with plasmapherese, intravenous
immunoglobulins and/or rituximab was considered adequate
therapy for ABMR.

Statistical Analysis

Statistical analysis was performed using IBM SPSS version
26.0 (SPSS Inc., Chicago, IL, USA). Survival analyses were
performed by the Kaplan-Meier method and differences between
groups compared using the log-rank test. Differences in baseline
characteristics were analyzed by using the chi-square test (Fisher’s
exact when appropriate), Mann-Whitney U- or the Kruskall
Wallis test. A p < 0.05 was considered statistically significant.

RESULTS

Baseline Characteristics

64/287 patients (22.3%) had preformed DSA. DSA-positive
patients were more likely to be female, more often underwent
retransplantation and were more likely to receive a deceased-
donor transplant compared to DSA-negative patients. The
proportion of patients with elevated sCD30 levels was
comparable between DSA-positive (39.1%) and DSA-negative
(38.1%) patients (Supplementary Table 1). We next categorized
patients according to pre-transplant DSA- and sCD30-
status (DSA—/sCD30—, DSA—/sCD30+, DSA+/sCD30—,
DSA+/sCD30+, Table1). In DSA-positive patients, median
MFI of the DSA with the highest MFI (MFI™®) was comparable
between sCD30-positive (5,528, range 1,129-20,379) and
sCD30-negative (5,168, 1,051-21,994) patients. Also, sCD30
concentrations were comparable in the two sCD30-positive
groups. Median follow-up was 7.4 years (range 0-15.7) with no
significant differences between the groups (Table 1).

Allograft Survival

Death-censored allograft survival was significantly lower in
DSA-positive as compared to DSA-negative patients (10-year
allograft survival 62.0 = 7.3% vs. 85.9 £ 3.0%, p < 0.001;
Supplementary Figure 1). When sCD30 was included into risk
stratification, both sCD30-positive and sCD30-negative patients
with preformed DSA had a significantly higher incidence of
graft failure during follow-up as compared to DSA-negative
patients (Figure 1). Of note, there was a trend toward accelerated
graft failure in sCD30-positive as compared to sCD30-negative
patients with preformed DSA (3-year allograft survival 83.3 £ 7.6
vs. 94.7 £ 3.6%, p = 0.177). Stratification of DSA-positivity by
an MFI cutoff of 5,000 (DSAM8M) revealed that sCD30-positive
DSAPigh patients had the worst 3-year allograft survival (75.0
+ 12.5%), whereas sCD30-negative DSA"8? patients had a 3-
year allograft survival comparable to patients without DSA (95.0
+ 4.9 vs. 96.7 £ 1.4 and 96.7 £ 1.9%, respectively, Figure 2).
Irrespective of the MFI cutoft applied (1,000 vs. 5,000), however,
graft loss was only delayed in DSA-positive sCD30-negative
patients, resulting in a significantly reduced allograft survival
compared to the DSA-negative patient groups during follow up
(10-year allograft survival 64.0 & 8.9 vs. 82.7 &= 5.5 and 87.7 £
3.6%, respectively, Figure 1).

Incidence of Early ABMR

We hypothesized that the higher incidence of accelerated graft
loss seen in sCD30-positive DSA-positive patients was due to
a higher incidence of early rejection episodes, most notably
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TABLE 1 | Baseline characteristics (n = 287).

DSA-/sCD30— DSA+/sCD30— DSA-/sCD30+ DSA+/sCD30+ p-value
(n =138) (n = 39) (n = 85) (n = 25)
Donor
Age, median (range) 57 (3-79) 56 (22-81) 56 (17-82) 52 (17-70) 0.580"
Female sex, n (%) 78 (56.5) 17 (43.6) 43 (50.6) 10 (40.0) 0.2938%
Deceased donors, n (%) 78 (56.5) 29 (74.4) 42 (49.4) 19 (76.0) 0.016%
Recipient
Age, median (range) 54 (19-74) 55,5 (31-73) 50 (17-78) 54 (18-73) 0.082%
Female sex, n (%) 34 (24.6) 17 (43.6) 33(38.8) 11 (44.0) 0.029%
>1 KTX, n (%) 10 (7.2) 18 (46.2) 8(9.4) 14 (56.0) <0.0018
CDC-PRA
<5, 5-84, >85 (%)
Current 92.8/7.2/0 41/59/0 95.2/4.8/0 54.2/41.6/4.2 <0.0018
Highest 86.2/12.3/1.4 30.8/66.6/2.6 88.1/11.9/0 54.2/37.5/8.3 <0.0018
Number of HLA mismatches 0.177%
(A, B, DR), n (%)
0 17 (12.3) 2(5.1) 12 (14.1) 0(0)
1-2 35 (25.4) 8 (20.5) 22 (25.9) 10 (40.0)
3-4 61 (44.2) 18 (46.2) 34 (40) 14 (56.0)
56 25 (18.1) 11 (28.2) 17 (20) 1(4.0)
MF|max 5,168 - 5,528
median (range) (1,051-21,994) (1,129-20,379)
sCD30 (U/ml), median (range) 99 100
(80-314) (81-403)
Follow-up (years) median (range) 7.6 8 (0-13.2) 6.8 6.85 0.298*
(0-15.7) (0-15.4) (0.1-13.1)

KTX, kidney transplantation; CDC-PRA, complement-dependent cytotoxicity panel reactive antibodies; MFI™®, mean fluorescence intensity value of the DSA with the highest MFI.
P-values were obtained by *Kruskal-Wallis or 8Chi-square testing. There were no statistically significant differences between the DSA+/sCD30— and the DSA+/sCD30+-group.

ABMR. At the time of biopsy, however, a higher incidence of
both T cell-mediated rejection (TCMR) and ABMR was noted
in sCD30-negative as compared to sCD30-positive patients with
preformed DSA within the first year (Table 2). As our study
cohort comprised patients biopsied between 2005 and 2015
with a much higher awareness of ABMR reflected in the more
recent Banff classifications, all kidney biopsies from DSA-positive
patients were reevaluated and graded according to the Banff
2019 classification (20). This resulted in a much higher and
comparable incidence of early ABMR in both groups (41.0 vs.
41.7%, Table 2). There was no statistically significant difference
in the incidence of C4d-positive ABMR (37.5 vs. 20%, p =
0.41) or moderate microvascular injury (g+ptc > 2) between
the groups (75 vs. 100%, p = 1.00). Finally, we observed a trend
toward more mixed rejections (50 vs. 20%, p = 0.218) and ABMR
with v-lesions in sCD30-negative as compared to sCD30-positive
patients (43.8 vs. 20%, p = 0.229).

Early Loss of DSA and Outcome

We next asked whether elevated sCD30 levels as a surrogate
marker of a preactivated immune system would be associated
with a higher incidence of early DSA persistence. DSA-
positive patients who lost their DSA as early as 14 days post-
transplantation had very good outcomes, whereas persistence
of DSA was associated with a significantly higher risk for
impaired graft survival (10-year allograft survival 81.7 vs. 53.1%,

p = 0.049, Figure 3). Of note, patients with persistent DSA had
significantly higher MFI™®* prior to transplantation compared
to those patients in whom DSA were undetectable at day 14
(median 9,060 vs. 1,998, p < 0.001). However, the proportion
of patients with persistent DSA 14 days post-transplantation
was comparable between sCD30-positive (60%) and sCD30-
negative (74.4%) patients (Table 3). Likewise, graft survival was
not statistically different between these groups (Figure 4).

DISCUSSION

In this cohort of CDC-crossmatch negative patients with
preformed DSA treated with a non-depleting induction regimen,
both the incidence of early ABMR and long-term allograft
survival were comparable in DSA-positive patients irrespective
of the sCD30 status. Moreover, sCD30 status had no impact on
the early dynamics of DSA post-transplantation.

In a previous study, Schaefer et al. described the incidence of
ABMR and graft loss in a cohort of 80 highly sensitized patients
with CDC-PRA > 85% that underwent desensitization prior to
kidney transplantation (17). Detection of both DSA and high
sCD30 levels prior to transplantation (n = 18) was associated
with an increased risk for graft loss within 3 years following
ABMR compared to the 43 DSA-positive but sCD30-negative
patients (22 vs. 5%) (17). In our study, 2/16 (12.5%) sCD30-
negative DSA-positive patients lost their graft within 3 years
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FIGURE 2 | Death-censored allograft survival stratified by DSA"9" and sCD30
status. DSAMS" were defined as DSA with an MFI > 5,000. DSAW/neg
indicates either no DSA or DSA with MFI between 500 and 5,000. **p <
0.001, *p < 0.01, and n.s. = non-significant.

TABLE 2 | First year biopsy findings and treatment in DSA-positive patients.

DSA+/sCD30— DSA+/sCD30+
(n =39) (n = 24)*
Indication biopsy, n (% of all biopsies) 21 (63.8) 15 (62.5)
Type of rejection at the time of biopsy
No rejection, n (%) 19 (48.7) 19 (80.0)
Borderline, n (%) 3(7.7) 0(0.0)
TCMR, n (%) 8 (20.5) 3(12.0)
ABMR, n (%) 9 (23.1) 2(8.0)
Received ABMR therapy, n (%) 7(77.8) 1(50.0)
Reclassification according to Banff 2019
No rejection, n (%) 14 (35.9) 11 (45.8)
Borderline, n (%) 6 (15.4) 14.2)
TCMR, n (%) 3(7.7) 2(8.9)
ABMR, n (%) 16 (41.0) 10 (41.7)
C4d-positive ABMR, n (%) 6 (37.5) 2 (20.0)
Combined rejection, n (%) 8(50.0) 2 (20.0)
ABMR with v > 1, n (%) 7 (43.8) 2 (20.0)
Time until ABMR (days) 8 (1-208) 7 (3-27)
median (range)
Indication biopsy, n (% of 13(81.3) 8(80.0)
biopsies with ABMR)
Received ABMR therapy, n (%) 7 (43.8) 3(30.0)
Received ABMR therapy but 5/10 (50.0) 3/7 (42.9)

lost graft, n/all graft losses
following early ABMR (%)

*1/25 patients did not receive a biopsy. There were no statistically significant differences
between the groups.

following ABMR as compared to 2/4 (50%) double-positive
patients. Long-term follow-up of our study cohort, however,
revealed a comparable incidence of graft loss following ABMR
in both patient groups [7/10 (70%) in sCD30+DSA+ vs. 10/16
(62.5%) in sCD30-DSA+]. In our study, neither desensitization
nor depleting induction treatment was performed. Consistent
with other studies that re-evaluated histopathology specimens
retrospectively (21), a considerable number of ABMR episodes
had been missed at the time of biopsy (Table2). Therefore,
it is possible that in the absence of T cell help, reflected by
low levels of sCD30, highly sensitized DSA-positive patients
are particularly sensitive to both desensitization and/or
rejection treatment.

In a second study on 385 sensitized (CDC-PRA- or anti-
HLA ELISA-positive) patients that were transplanted between
1996 and 2011 without prior desensitization, Siisal et al. also
found that pre-transplant DSA only carry an increased risk for
graft loss within 5 years post-transplantation in the presence of
high sCD30 levels. Data on the incidence of ABMR, however,
were not reported (11, 18). 10-year follow-up revealed lower
graft survival rates in all groups compared to our study even
in the absence of both DSA and increased sCD30 levels (C.
Siisal, data not shown), suggesting that the overall immunological
risk was higher compared to our study population. Of note, all
patients in the aforementioned studies received deceased-donor
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TABLE 3 | DSA-status 14 days post-transplantation.

100
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g
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2
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transplants. When we excluded living donor transplantations, we E 30
still did not observe significant differences in ABMR or outcome £
in DSA-positive patients with vs. without elevated sCD30 levels a i B
(Supplementary Figure 2). Likewise, when we analyzed overall 109 — DSAp SCD30 negative [=x ™
. N —~ DSA persistence, sCD30 positive Jns.
graft loss not censored for death as reported in the study by Siisal o e e e
et al. the differences between the groups remained unchanged 0 1 2 3 4 5 6 7 8 9 10
(Supplementary Figure 3). Therefore, besides an increased Time post-transplantation (years)
immunological risk, differences in immunosuppression and post- DSA loss 20 11901917 ] 15 | 14|14 1131121 8 | s
transplant management between the two cohorts might explain :
P o8 & P Dnporsistonce, |29 |4 |24 |24 | 2 |21 |7 |1af13] 9 (s
some of the differences observed. Of note, our cohort and the sCD30 negative
one studied by Siisal et al. were not tested for the occurrence ot e | e s e | 2 (e |ve | |8 | ]2 |
of de novo DSA or sCD30 levels post-transplantation. It would
b.e lntertj:stlng to find out whether 1n(?reased leve!s .Of sCD30 FIGURE 4 | Death-censored allograft survival in DSA-positive patients in
either prior to or early after transplantation are predictive for the whom no DSA were detectable 14 days post-transplant irrespective of sCD30
development of de novo DSA as an additional risk factor for a status (loss) or who were either sCD30-positive (sCD30-+) or sCD30-negative
reduced allograft survival (22). (sCD30") prior to transplantation and had persistence of DSA 14 days
Our study confirms our previous results that disappearance of post-KTX. *’p = 0.008 and n.s. = non-significant.

DSA as early as 14 days post-transplant is associated with very
good outcomes (23). Most studies on DSA persistence reported
data between 3 months (24) and 1 year (25, 26) post-transplant.
Therefore, our data are very important, as early adaptation of
immunosuppression and close monitoring of patients with DSA
persistence might improve outcome.

Our study has several limitations. Besides the small number
of patients and the inherent limitations of a single-center design,
donor HLA typing was incomplete (as it has been for long in
the Eurotransplant kidney allocation system) and could not be
completed as donor DNA was not available to us. However, as

outlined in the methods section, binary assignment of donor-
specificity was not affected by the incomplete HLA typing.
In addition, there were no predefined criteria for the use of
basiliximab induction during the study period and CDC-PRA-
positivity might have been a selection criterion in some cases.
However, as the key advantage of the SAB assay is the ability
to detect the specific sensitization against non-self HLA as
compared to the CDC-PRA (27), stratification of our cohort by
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CDC-PRA and sCD30 status was not superior to a DSA-based
approach (Supplementary Figure 4).

Our study has several strengths. First, both Luminex and
ELISA analyses were performed retrospectively, so that risk
stratification and treatment strategies were not influenced by
DSA- and sCD30 status. Therefore, the prognostic value of
these two biomarkers could be analyzed without the interference
of desensitization or depleting induction therapy. Second, all
analyses were performed from the same day of transplant
serum and with the same reagents, reducing assay variability
to a minimum. Third, follow-up was longer than in previous
studies allowing for the detection of late allograft losses. Finally,
meticulous re-analysis of histopathology according to the Banft
2019 classification revealed a comparable incidence of ABMR
in DSA-positive patients irrespective of the sCD30 status, which
further supports our outcome data.

In sum, in our cohort, preformed DSA were associated with an
increased risk for ABMR and long-term graft loss independent
of sCD30 levels in intermediate-risk kidney transplant patients.
Therefore, determination of sCD30 in addition to SAB-
determined DSA does not improve risk stratification prior to
kidney transplantation.
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Background: Despite recent advances in immunosuppression treatment,
antibody-mediated rejection (ABMR) remains the leading cause of kidney graft
loss. Information about prognostic markers and the efficacy of treatment is scarce.

Methods: Retrospective study with kidney recipients diagnosed an active ABMR
from January 1, 2004 to December 31, 2019 to explore the influence of persistent
inflammation in follow-up biopsies on graft survival after ABMR treatment.

Results: About 116 patients were included. Active ABMR were treated with a
combination of plasma exchange (PE), intravenous immunoglobulin (IVIg), rituximab,
and steroids. At 6 months of treatment, 63 (54.3%) patients presented a stabilization
or improvement in kidney-graft function. The effectiveness varied depending on the
timepoint of the presentation between transplantation and rejection, which is lower
for those with late ABMR (63 vs. 21% for early vs. late ABMR, respectively). Ninety
patients (77%) underwent a control biopsy after ABMR treatment, from which 46
(51%) responded to the treatment. Microvascular inflammation (MVI) persisted in 64
(71%) biopsies, whereas tubulitis persisted in 17 (19%) biopsies. Death-censored graft
survival at 1 year was significantly lower in patients with persistent MVI (86% vs.
95% without persistent MVI, P = 0.002), or with persistent tubulitis (44% vs. 66%
without tubulitis, P = 0.02). In the Cox Regression analysis, the persistence of MVI
[hazard ratio (HR), 4.50 (95%ClI, 1.35-14.96), P = 0.01] and tubulitis [HR 2.88 95%ClI
(1.24-6.69), P = 0.01) in follow-up biopsies significantly increased the risk of graft failure.
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Conclusion:

Persistent inflammation in follow-up biopsies after ABMR treatment

was associated with an increased risk of graft loss, even without meeting Banff

rejection criteria.

Study Registration:

Agencia Espafiola de Medicamentos y Productos Sanitarios

(AEMPS): 14566/RG 24161. Study code: UTRINM-2017-01.

Keywords: kidney transplantation, antibody-mediated rejection, graft failure, follow-up biopsy, microvascular

inflammation

INTRODUCTION

Along with the improvement of immunosuppression strategies,
antibody-mediated rejection (ABMR), especially chronic active
ABMR, has been increasing as the leading cause of late kidney
graft failure (1, 2). Also, ABMR has been linked with worse
patient survival (3-5). However, despite the clinical relevance
of ABMR, there is no specific treatment for ABMR approved
by the Food and Drug Administration (FDA) or the European
Medicines Agency (EMA). Plasma exchange (PE), intravenous
immunoglobulin (IVIg), and corticosteroids constitute the most
common strategy for ABMR treatment and are considered the
standard of care for many kidney transplant societies. Also,
rituximab is widely used as off-label to prevent and treat
ABMR without any clear evidence of efficacy (6-9). Available
information about its effectiveness and treatment complications
is scarce; this makes it difficult to make decisions, especially
when reassessing a kidney recipient after ABMR treatment. In
this sense, the information derived from follow-up biopsies after
ABMR treatment could be potentially useful when assessing
ABMR prognosis.

Herein, we analyze the impact of PE, IVIg, steroids,
and rituximab treatment after ABMR on kidney graft and
we revise the impact of this treatment through follow-up
biopsies in a cohort of patients after ABMR treatment to
determine a prognostic marker of response, focusing on
histological inflammation.

MATERIALS AND METHODS
Study Design and Patient Population

We performed a longitudinal single-center retrospective study,
which included kidney recipients diagnosed with ABMR,
according to the Banff 2017 classification. Concretely, we have
identified kidney recipients who received a treatment for ABMR
from January 1, 2004 to December 31, 2019 (including a

Abbreviations: ABMR, antibody-mediated rejection; aABMR, acute antibody-
mediated rejection; AEMPS, Agencia Espafiola de Medicamentos y Productos
Sanitarios; ATN, acute tubular necrosis; CCI, Charlson comorbidity index;
CI, confidence interval; DSAs, donor-specific antibodies; eGFR, estimated
glomerular filtration rate; EMA, European Medicines Agency; FDA, Food and
Drug Administration; HLA, human leukocyte antigen; HR, hazard ratio; IFTA,
interstitial fibrosis and tubular atrophy; IQR, interquartile range; IVIg, intravenous
immunoglobulin; MVI, microvascular inflammation; OR, odds ratio; PE, plasma
exchange; SCr, Serum Creatinine; TCMR, T-cell mediated rejection; TG, transplant
glomerulopathy; TMA, Thrombotic microangiopathy,; UPCR, urine protein to
creatinine ratio.

combination of PE, IVIg, and rituximab) in the database of Renal
Transplant Unit at Hospital Clinic de Barcelona; then biopsies
at ABMR diagnosis were reanalyzed according to the criteria
specified by Banff (2017). Recipients who received a multivisceral
transplant, and those with transplant glomerulopathy (TG) in the
initial biopsy, cg > 1 in the Banff histopathological classification,
were excluded (10).

Demographic, clinical, biochemical, histopathological,
and immunological data were evaluated for both the donor
and the recipient. Clinical characteristics, maintenance
immunosuppression, and ABMR treatment were analyzed
at the diagnosis and follow-up period. Charlson comorbidity
index (CCI) was also assessed at ABMR diagnosis (11).

Infections that required hospitalization at least 48 h within the
first year after ABMR diagnosis were recorded and described in
relation to clinical variables.

The study was performed according to the Declaration of
Helsinki principles and approved by the Hospital Research
Ethics Committee. Study registration: Agencia Espafiola de
Medicamentos y Productos Sanitarios (AEMPS): 14566/RG
24161. Study code: UTRINM-2017-01.

Antibody-Mediated Rejection Diagnosis

The decision to perform a renal biopsy and patient treatment
was based on the clinical judgment at ABMR diagnosis, including
biopsies due to impaired renal function and protocol biopsies (at
3 or 12 months after kidney transplantation). Active ABMR was
diagnosed and categorized according to the Banff criteria of 2017
(10). The day when the biopsy was diagnosed was considered
as the date of active ABMR diagnosis. Immunologically, donor-
specific antibodies (DSAs) were tested using Single Antigen
Bead Test (LIFECODES® Single Antigen, Immucor, Georgia,
US). In our Center, the Single Antigen Beads Test has been
used since 2001. However, the criteria to consider an allele
positive (the MFI over 1,500 and 4 times higher than the Lowest
Reactive Antigen of the same locus) changed in 2017. Since 2017,
the criterion is that the MFI is >750 and the cut-off for the
ratio [MFI/LRA (Lowest Ranked Antigen)] is specific for each
individual bead (12).

Definition of Outcomes

Our primary outcome was death-censored kidney graft survival
at 1 year after ABMR diagnosis and at the follow-up period,
between patients with and without persistent inflammation in the
control biopsy, either microvascular (MVI, defined as g + ptc >
1) or tubular (¢ > 1). Follow-up biopsies after ABMR treatment
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were performed according to the physician’s criteria. Secondary
outcomes were defined as kidney graft function at 6 months from
the ABMR treatment and kidney graft function at the last follow-
up. Kidney graft function was assessed by serum creatinine (SCr),
estimated glomerular filtration rate (eGFR, according to the
Chronic Kidney Disease Epidemiology Collaboration equation),
and urine protein to creatinine ratio (UPCR) (13, 14). Early
ABMR was defined as that which occurred within 6 months
from the kidney transplant, while late ABMR was defined as that
occurring after 6 months from the kidney transplant (15).

Patient survival was defined as the last day of follow-up or
the date of death. Kidney graft failure was defined as one of the
following: return to dialysis or re-transplantation. Response to
ABMR treatment was defined as improvement or stabilization of
eGFR at 6 months compared to eGFR at ABMR diagnosis.

PE was performed in Cobe Spectra or Spectra Optia separators
(Terumo BCT, Lakewood, CO, USA) using 5% albumin
(Albutein® 5%, Grifols, Spain) as a replacement solution. One
plasma volume was exchanged in each session (16).

Statistical Analysis
Data are presented as mean (SD) for parametric variables, and
median [interquartile range (IQR)] for the non-parametric ones.
The corresponding tests used were the t-test, McNemar Test,
Wilcoxon test, Chi-Square, and ANOVA as appropriate.
Kaplan-Meier was used to estimate graft survival and
compared using the log-rank test. For the survival analysis
throughout the follow-up, we used the Cox regression model,
and the logistic regression model was used for the 1-year survival
analysis using IBM SPSS Statistics 26.0 (SPSS, Inc; Chicago,
Tllinois) software for Windows. All the tests were two-tailed, and
the significance level was defined as a P-value < 0.05.

RESULTS

Characteristics of Baseline Donor and

Recipient

From January 2004 to December 2019, 116 kidney transplant
recipients were diagnosed with an active ABMR (Figure 1). In
97 patients (83.6%), the biopsy was performed by indication
due to impaired renal function, while the other 19 patients
(16.4%) underwent a protocol biopsy at 3 or 12 months after
transplantation. Table 1 summarizes demographical and clinical
data at ABMR diagnosis. Most of them were men (59.5%), with
a mean age at the rejection of 50.8 £ 14 years, and a median
follow-up from ABMR diagnosis of 33.5 [62.7] months. The
median duration of dialysis was 4 [4] years. About 76% of the
donors were deceased donors. Up to 48% of patients had received
a previous kidney transplant, and 14% presented a positive
cytometry crossmatch at transplantation.

Regarding the characteristics of rejection (Table 1), the
median time from transplantation to active ABMR was 27.5
[287.7] days, with 70.7% (82) of the ABMR episodes diagnosed
within 6 months after transplantation and which were considered
as early ABMR [median of 16 (21.5) days from transplant].
Twenty-seven of the patients required dialysis after the diagnosis
of ABMR.

Response to Treatment and Survival

All patients were treated for ABMR with a combination of
corticosteroids, PE, IVIg, and rituximab. The active ABMR
treatment protocol consists of a combination of five sessions
of PE, IVIG 200 mg/kg every 2 PE, and two rituximab
doses. However, in this cohort, 15 patients (12.9%) were
not treated with rituximab by concerns of the treating
physician because of a perception of increased risk of
infections. Also, five patients (4.3%) did not receive PE
treatment for problems related to vascular access. One plasma
volume was exchanged in each session with a median of 5
[1] sessions.

The global response to ABMR treatment was 54.3%, with a
significant increase in eGFR at 6 months after treatment and at
the end of the follow-up period (P = 0.003). Table 2 summarizes
the changes in eGFR. Patients with an early ABMR [median
16 (21.5) days] have a better response than those with a late
ABMR [median 25.9 (40) months], 67 vs. 23.5% for early and late
ABMR, respectively, odds ratio (OR) 0.15 [95% CI 0.06-0.38], P
< 0.001. Overall graft failure at 1 year and throughout the follow-
up was 32.8 and 38.8%, respectively. Death-censored graft failure
for the same time points was 25.9 and 31%, respectively. The
presence of DSA at diagnosis was not associated with worse graft
survival (P = 0.15).

The treating physicians decided follow-up biopsy after ABMR
treatment in 90 patients. Demographic, clinical, biochemical
and immunological characteristics from patients with and
without follow-up biopsy have shown in Supplementary Table 1,
whereas histological parameters in biopsy at ABMR diagnosis
are presented in Supplementary Table 2. The prevalence of
living donors, previous kidney transplants, and human leukocyte
antigen (HLA) sensitization were higher in the follow-up of
patients who underwent biopsy. There were no significant
differences in death-censored graft survival, where P = 0.31
between patients with or without follow-up biopsy.

Histopathological findings at ABMR diagnosis and follow-up
biopsies are summarized and compared in Table 3.

The presence of tubulitis at ABMR diagnosis was associated
with an increased risk of graft loss at 1 year (OR 1.79 [95% CI
1.05-3.06], P = 0.03) and at follow up [HR 2.10 (95% CI 1.04-
4.26), P = 0.04]. The combination of interstitial fibrosis and
tubular atrophy (IFTA) and the coexistence of a T Cell-mediated
rejection (TCMR) were associated with an increased risk of graft
loss at follow-up [HR 1.62 (95% 1.09-2.40), P = 0.02 and HR 2.48
(95% CI 1.07-5.76), P = 0.03 for IFTA and TCMR, respectively;
Table 4A].

Impact of Persistent Inflammation in
Follow-Up Biopsies

A follow-up biopsy after ABMR treatment was performed in
90 patients (77.6%), with a median time from the treatment
of 2 [4] months. In general, there was a significant decrease
in inflammation and an increase in chronicity parameters
between the biopsy at diagnosis and the follow-up biopsy
(Table 3).

Frontiers in Medicine | www.frontiersin.org

89

November 2021 | Volume 8 | Article 761919


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Pifeiro et al.

Persistent Inflamamtion After ABMR Treatment

Kidney recipients with active ABMR
(n=116)

\ 4

\ 4

Recipients without a control
biopsy after ABMR treatment
(n=26)

Recipients with a control
biopsy after ABMR treatment
(n=90)

A\ 4

Recipients without persistent MVI (MVI = 0)
(n=26)

Recipients with persistent MVI (MVI > 1)
(n=64)

l

Recipients with no ABMR re-treatment
(n=40)

Recipients with ABMR re-treatment
(n=24)

FIGURE 1 | Flowchart of the included patients. ABMR, antibody-mediated rejection; MVI, microvascular inflammation.

Although 46 out of 90 rebiopsied patients (51%) had
responded clinically to ABMR treatment, about 64 (71%) follow-
up biopsies presented a persistent MVI > 1, and in 45 (50%),
MVI > 2 was detected. Twenty-six out of 46 patients with
improvement in graft function had persistence of MVI > 1.
There were no statistically significant differences in baseline
characteristics between patients with and without persistent
MVI (Supplementary Table 3). There were also no significant
histological differences in the biopsy at ABMR diagnosis between
patients with and without the persistence of microvascular
inflammation, except for a greater severity of MVI in patients
with persistent MVI (Supplementary Table 4).

The time between kidney transplantation and graft biopsy
was similar between patients with and without inflammation
persistence in the follow-up biopsies (P = 0.23). The presence
of DSA or the DSA title was similar between the two
groups (P 0.09). The presence of preformed DSA was
associated with early rejection (P = 0.007; OR 5.1, CI95%
1.4-18.1). However, de-novo DSA was not associated with
a higher risk of graft loss or persistence of MVI in the
follow-up biopsies.

Death-censored kidney graft survival was significantly lower
in those patients with persistent MVI (Figure 2A; Log-Rank, P
= 0.002). Patients with glomerulitis (g) or peritubular capillaritis

(ptc) had significantly lower death-censored kidney graft survival
than patients without g or ptc at follow-up biopsy (Figures 2B,C).

In the Cox Regression analysis, the persistence of acute
inflammatory lesions in the follow-up biopsies [g, ptc, MVI,
tubulitis, acute tubular necrosis (ATN), and thrombotic
microangiopathy (TMA)], significantly increased the risk of
kidney graft loss throughout the follow-up (Table 4B). Also, the
presence of TMA and ATN was associated with 1-year graft loss.

Here a multivariate analysis has many statistical limitations
due to the number of events. Therefore, a bivariate analysis
was performed instead of a multivariate analysis. After the
adjusted analysis for the different histological characteristics, the
persistence of MVT in the follow-up biopsies remains a risk factor
for graft loss (Supplementary Tables 5, 6).

There was no specific retreatment protocol, and therapy
was the decision of the treating physicians. Twenty-four out of
64 (37.5%) patients with persistent MVT in follow-up biopsies
were retreated with a combination of rituximab (5 patients)
and PE (19 patients). Death-censored kidney graft survival
was significantly higher for those patients with persistent MVI
in control biopsy who were retreated (95 and 73% vs. 75
and 50% at 1 and 5 years after retreatment, respectively,
P = 0.04; Figure 3). In the Cox regression analysis, ABMR
retreatment for those patients with persistent MVI was associated
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TABLE 1 | Demographic and clinical characteristics at diagnosis of
antibody-mediated rejection (ABMR).

Donor Patients
(n=116)
Age (years) 54.67 + 14.29
Gender (male) 59 (50.9)
DDKT 83 (71.6)
DCD 12 (10.3)
Recipient age (years) 50.8 + 14
Recipient gender (male) 69 (569.5%)
Dialysis vintage (years) 4 (4)
Dialysis modality
Preemptive 19 (16.4)
Hemodialysis 88 (75.9)
Peritoneal dialysis 9(7.7)
Hypertension (yes) 88 (75.9)
DM (yes) 20 (17.2)
Vasculopathy (yes) 19 (16.4)
HCV (yes) 29 (25)
ESKD etiology
ADPKD 17 (14.7)
Urological 29 (25)
Glomerulonephritis 26 (22.4)
Diabetic nephropathy 12 (10.9)
Nephroangiosclerosis 7 (6)
Unknown 25 (21.6)
Previous KT (any) 56 (48.3)
HLA mismatches 41+1.55
ABO incompatibility (yes) 16 (13.8)
Pre-transplant DSAs (any) 30 (25.8)
DSAs at ABMR diagnosis (any) 73 (62.9)
PRA > 50% (yes) 18 (15.5)
CF-CM at KT (positive) 17 (14.65)
Luminex at KT (positive)
Class | 39 (33.6)
Class Il 44 (37.9)
Induction Immunosuppression (yes) 112 (96.6)
Basiliximab 39 (33.6)
Rituximab 11(9.5)
Thymoglobulin 68 (58.6)
Immunosuppression maintenance
Tacrolimus 79 (68.1)
mTORi 38(32.8)
Mycophenolate 89 (76.7)
Steroids 97(83.6)
Characteristics of rejection at ABMR diagnosis
Cellular rejection 16 (13.9)
Time from KT to ABMR (days) 27.5[287.7]
ABMR < 6 months after KT (yes) 82 (70.7)
Need for dialysis at ABMR (yes) 32 (27.6)
ABMR treatment at diagnosis (yes) 116 (100)
Plasma exchange 111 (95.7)
Vg 111 (95.7)
(Continued)

TABLE 1 | Continued

Donor Patients
(n =116)

Rituximab 101 (87,1)
Corticosteroids 116 (100)

Data are mean £ SD, median [IQR] or n (%), unless otherwise specified. ABMR, Antibodly-
mediated rejection; KT, kidney transplantation; HCV, hepatitis C virus; DM, Diabetes
Mellitus; ESKD, end-stage kidney disease; ADPKD, autosomal dominant polycystic
kidney disease; HLA, human leucocyte antigen; DSAs, donor-specific antibodies; PRA,
panel reactive antibodies; CF-CM, flow cytometry crossmatch; mTORi, mTOR inhibitors;
DDKT, deceased donor kidney transplantation; DCD, donor after cardiac death; IVIg,
intravenous immunoglobulin.

TABLE 2 | Creatinine, estimated glomerular filtrate, and proteinuria after ABMR
diagnostic.

At ABMR diagnosis At 6 months At follow up P value*

(N =116) (N =98) (N =63)
SCr (mg/dL) 3.67 £1.97 2.31 £1.49 23+ 114 <0.001
eGFR (mL/min) 2521 £ 16.3 37.63+18.9  36.9+20 0.003
Proteinuria (mg/g) 585 [980.5] 482 [1070] 437 [1194.5)  0.69

*Respect to baseline. ABMR, antibody-mediated rejection; SCr, serum creatinine; eGFR,
estimated glomerular filtration rate.

TABLE 3 | Banff histopathological findings at diagnostic and follow-up biopsies.

At diagnosis Follow-up P value Resolution/Presence
(n =116) biopsy at follow-up (n/n)
(n =90)
g 0.84 £0.95 0.88 £ 1.06 0.98 17 /45
ptc 1.43 +£0.94 0.99 £+ 1.01 0.0013 30/52
MVI (g+ptc) 2.27 +1.35 1.87 +1.78 0.02 17/64
t 0.45 £0.82 0.24 £0.57 0.03 18/16
i 0.68 & 0.91 0.46 +0.77 0.01 17/24
ti 0.53+0.8 0.53 +0.78 0.4
v 0.2+ 0.56 0.03 +0.23 0.002
mm 0.09 £ 0.31 0.2 +£0.56 0.075
ah 0.31£0.7 0.42 £0.72 0.21
cg 0 0.19 £ 0.47 <0.001 /14
Ci 0.65 £ 0.76 1.07 +£0.88 <0.001 5/65
ct 0.59 £0.73 1.06 +0.83 <0.001 6/79
cv 0.61+£0.75 0.81+0.85 0.16
C4d 95 (82) 65 (56) <0.001 10/63
IFTA 0.54 + 0.69 0.81 +0.98 0.009

Results are shown as mean + SD for quantitative and qualitative variables. Qualitative
variables, as C4d, are shown in absolute number and the percentage in brackets (%
positive). g, glomerulitis; ptc, peritubular capillaritis; MVI, microvascular inflammation; t,
tubulitis; i, interstitial inflammation; ah, arterial hyalinosis; cg, transplant glomerulopathy;
ci, interstitial fibrosis; ct, tubular atrophy; IFTA, interstitial fibrosis + tubular atrophy; cv,
vascular fibrous intimal thickening.

with a lower risk of graft loss [HR 0.40 (95% CI 0.16-0.99),
P =0.048].

Presence of tubulitis (t) was observed in 19% (17) of follow-
up biopsies, from which 13 had t grade > 1 without meeting the
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TABLE 4 | Analysis for death-censored graft failure.

(A) Biopsy at ABMR diagnosis At 1 year At follow-up
(n=116)

OR (95% CI) P value HR (95% CI) P value
Glomerulitis > 1 0.73(0.39-1.36) 0.31 0.92 (0.64-1.34) 0.68
Peritubular capillaritis > 1 1.84 (1.01-3.35) 0.047 1.76 (0.68-4.56) 0.25
MVI > 1 2.04 (0.54-7.66) 0.29 1.19(0.93-1.51) 0.16
Tubulitis > 1 1.79 (1.05-3.06) 0.03 2.10 (1.04-4.26) 0.04
Vascular inflammation > 1 0.72 (0.22-2.32) 0.57 0.76 (0.23-2.50) 0.65
TMA > 1 1.27 (0.14-11.6) 0.83 0.82 (0.11-6.02) 0.85
Total inflammation > 1 1.32 (0.46-3.85) 0.6 1.07 (0.66-1.74) 0.78
ATN (yes) 0.49 (0.13- 1.84) 0.29 0.80 (0.38- 1.67) 0.55
Positive C4d (yes) 0.95 (0.25-3.69) 0.94 1.23 (0.42-3.57) 0.71
IFTA (yes) 3.10 (1.00-9.64) 0.05 1.62 (1.09-2.40) 0.02
Positive DSA 0.68 (9.20-2.30) 0.53 0.74 (0.36-1.5) 0.4
Cellular rejection (yes) 1.50 (0.39-6.20) 0.46 2.48 (1.07-5.76) 0.03
(B) Follow-up biopsy At 1 year Throughout follow-up
(n =90)

OR (95% CI) P value HR (95% Cl) P value
Glomerulitis > 1 1.20 (0.37-3.89) 0.76 2,54 (1.17-5.49) 0.02
Peritubular capilaritis > 1 4.83 (1.00-23.2) 0.049 2.99 (1.27-7.07) 0.01
MVI > 1 1.73 (0.52-5.76) 0.37 4.50 (1.35-15.0) 0.01
Tubulitis > 1 1.85(0.79-4.31) 0.15 2.88(1.24-6.69) 0.01
Vascular inflammation > 1 1.09 (0.21-5,60) 0.99 0.85 (0.26-2.83) 0.79
TMA (yes) 11.41 (2.54-51.3) 0.001 3.70 (1.50-9.15) 0.005
Total inflammation > 1 3.14 (0.93-10.6) 0.06 4.56 (1.563-13.6) 0.006
ATN (yes) 8.11(1.72-38.2) 0.008 4.56 (1.53-13.6) 0.006
Positive C4d (yes) 2.34 (0.48-11.4) 0.29 1.77 (0.60-5.19) 0.29
TG (yes) 4.72 (1.27-17.6) 0.02 2.24 (1.33-3.77) 0.002
IFTA (yes) 1.43 (0.81-2.52) 0.21 1.62 (1.14-2.32) 0.008
Positive DSA (yes) 0.63 (0.16-2.47) 0.75 0.72 (0.32-1.62) 0.43
Cellular rejection (yes) 1.60 (0.22-3.00) 0.63 3.00 (1.06-8.80) 0.039

Univariate analysis. Results are shown as mean + SD. MVI, microvascular inflammation; TMA, thrombotic microangiopathy; ATN, acute tubular necrosis; TG, transplant glomerulopathy;

IFTA, interstitial fibrosis and tubular atrophy; DSA, donor-specific antibodies.

active or chronic TCMR diagnosis criteria. Patients with ¢ > 1 in
follow-up biopsies exhibited worse kidney graft survival rates at 1
year (66 and 44%, P = 0.02) (Figure 4). Moreover, the persistence
of tubulitis in follow-up biopsies significantly increased the risk
of kidney graft failure [HR 2.88 (95%CI 1.24-6.69), P = 0.01;
Table 4B and Supplementary Table 6].

Chronic Lesions in Follow-Up Biopsies

The presence of TG [HR 2.24 (95% CI 1.33-3.77), P = 0.002],
and IFTA [HR 1.62 (95% CI 1.14-2.32), P = 0.008) in follow-
up biopsies were associated with an increased risk of kidney graft
failure at follow-up. TG was also associated with an increased risk
of 1-year kidney graft loss [OR 4.72 (95% CI 1.27-17.61), P =
0.02; Table 4B).

Given the different responses to treatment according to
the time from transplantation to rejection, we analyzed the
histological characteristics associated with graft loss adjusted
for time to rejection (early/late) in the biopsy at ABMR
diagnosis and in the follow-up biopsy. Results were shown

in Supplementary Table 7. In the time-adjusted analysis, the
presence of tubulitis or concomitant cellular rejection in the
biopsy at ABMR diagnosis was associated with graft loss. In the
follow-up biopsy, the persistence of MVI> 1, ATN, or TMA and
the appearance of chronic lesions (cg, IFTA) were associated with
graft loss.

Infectious Complications
During the year after ABMR treatment, 101 infections required
hospital admission at least 48h in 57 patients, which were
supposed to be the infection rate of 0.87 infections/treated
patient. The presence of the comorbidities of the recipients was
associated with an increased risk of infectious complications
with admission requirement, with CCI > 4 associated with an
increased risk of infections [OR 4.2 (95%CI 1.79-9.81), P = 0.01].
The  potential  association  between  the  total
immunosuppression received and infections was analyzed.
The following items were not associated with the development of
infections: time from transplantation to ABMR treatment (P =
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FIGURE 2 | (A) Death-censored graft survival for MVI persistence in follow-up biopsies. (B) Death-censored graft survival for the persistence of glomerulitis in
follow-up biopsies. (C) Death-censored graft survival for the persistence of ptc in follow-up biopsies. ABMR, antibody-mediated rejection; MVI, microvascular
inflammation; ptc, peritubular capillaritis. Numbers along the x-axis are the numbers of patients remaining in the risk set at each time point.

0.72), induction with thymoglobulin (P = 0.31), induction with
rituximab (P = 0.7), any previous kidney transplantation (P =
0.58), and ABMR re-treatment (P = 0.31).

DISCUSSION

We analyzed short- and long-term kidney graft outcomes of
recipients with persistent inflammation after active ABMR
treatment, comparing them with those without inflammation
on follow-up biopsies. In a cohort of 116 kidney recipients
diagnosed with an active ABMR, 90 patients underwent a

control biopsy after ABMR treatment. We observed persistent
inflammation in the follow-up biopsies after ABMR treatment
associated with a higher kidney graft failure rate. These findings
suggest that persistent inflammation after an active ABMR had
a prognostic value in kidney graft outcomes despite not strictly
meeting any of the Banft categories. Moreover, they reinforce the
importance of follow-up biopsies after ABMR treatment to guide
the therapeutic decision-making of transplant physicians.

Active ABMR constitutes one of the most frequent
complications in kidney transplantation (1, 4). Nevertheless,
despite the therapeutic advances in immunosuppressive
treatment during the last years, ABMR continues to be the
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most common cause of kidney graft loss (1, 4, 5). At present,
the most common strategy adopted by many transplant centers
for active ABMR treatment comprises a combination of PE
and IVIgs (5, 8, 17), which is considered by the transplant
community as the standard of care despite the lack of a solid
evidence which supports its usefulness. Also, rituximab is
widely used, although there are no solid studies that have
evaluated its efficacy (3, 5-7, 18). The degree of effectiveness
of the treatment may vary according to the time of the
treatment being considered. In this cohort, the current treatment
for ABMR has relatively low efficacy, with only 54.3% of
patients reaching a stabilization or improvement in kidney
graft function of 6 months after treatment. Moreover, the
effectiveness markedly varies depending on the timepoint
presentation between transplantation and rejection; about
63% of patients with an early ABMR exhibited a significant
response, while only 24% of those with a late ABMR responded
to ABMR treatment. This observation is consistent with
that reported in previous studies (19, 20) and suggests
different immunological pathways between both types of
acute antibody-mediated rejection (aABMR). Thus, it has
been suggested that early rejection is associated with a donor
presensitization, an observation that agrees with our results.
Moreover, some studies have found an association within the
DSA class (I or II) and the aABMR temporality, although
these findings remain controversial (19, 20). These results
contrast with ours, since we did not find any significant
association with early/late aABMR and the DSA class.
Nevertheless, it has to be noticed that we only included
patients with an aABMR and those with a chronic ABMR
were excluded.

Another important issue derived from the most used schemes
for ABMR treatment is the severe complications which are
derived from these immunosuppression regimens, especially
infections and de novo neoplasms (1, 4, 5). In this study,
we observed a high incidence of infections which required
hospital admission for at least 48h (0.87 infections/treated
patient). Importantly, the risk of infection was associated
with the comorbidities of the patients having a CCI >
4, which is an independent risk factor for new onset of
infections. It should be noted that most of the patients received
treatment with rituximab, which has been associated with
an increased risk of infections in postkidney transplantation,
although there are no data from randomized studies which
clearly demonstrate the association between rituximab and
infections (21-23).

Therefore, since active ABMR treatment is linked to high
morbidity and mortality in kidney transplant recipients,
clinical, analytical, and histological prognostic markers
are essential to identify those patients who will potentially
benefit from those intensive immunosuppressive strategies
to avoid futile interventions associated with a high rate of
complications and poor benefit (3-5). In this sense, some
studies have tried to validate scores based on a combination
of clinical and histological variables both at the diagnosis
and in the subsequent patient reassessment after rejection
treatment (5).

Death-censored graft survival for persistent MVI ABMR re-treatment

100

Log Rank P =0.04

Graft survival (%)

ABMR re-treatment

—MNo
of —Yes

0 25
ABMRre-treatment = NO 43 18
ABMRre-treatment = YES 21 e 4 9 5 2 0

FIGURE 3 | Death-censored graft survival for retreated and non-retreated
patients with MVI persistence in follow-up biopsies. ABMR, antibody-mediated
rejection; MVI, microvascular inflammation. Numbers along the x-axis are the
numbers of patients remaining in the risk set at each time point.

Death-censored graft survival for tubulitis
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FIGURE 4 | Death-censored graft survival for tubulitis presence in follow-up
biopsies. ABMR, antibody-mediated rejection; t, tubulitis. Numbers along the
X-axis are the numbers of patients remaining in the risk set at each time point.

In the absence of conclusive data on the efficacy of
retreatment, and considering the high rate of infections in
patients with comorbidities, we would propose that such patients
should not be retreated. Perhaps the development of new
treatments with a better safety profile could be considered in
these patients.
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A controversial aspect that has not been solidly evaluated
in previous studies is the usefulness of performing control
graft biopsies after ABMR treatment, usually indicated in a
heterogeneous manner and according to individual physician
decision (6, 24, 25). In the present study, a control biopsy
was performed in 78% of the included patients, of which
53% had presented a satisfactory response to ABMR treatment.
Remarkably, we observed that 71% of the rebiopsied patients
persisted with MVI > 1. The negative impact of MVI > 1 has
been evidenced in previous studies as a potential predictor of the
subsequent development of ABMR. However, only one of these
studies has evaluated the specific influence of ptc in follow-up
biopsies, where it was associated with a higher risk of graft loss
(5, 24, 25). Other studies have demonstrated that inflammation
in early protocol biopsies is associated with fibrosis progression
and development of de novo DSAs (26).

More importantly, a key element from our results is that most
of the rebiopsied patients had presented an improvement in graft
function after the active ABMR treatment, and even in them,
the persistence of MVI > 1 was associated with worse kidney
prognosis and the presence of any sign of inflammation (MVI,
tubullitis, TMA, and ATN). An important point to cite is that
37.5% of the patients with MVI > 1 were retreated, and this
treatment was associated with a lower rate of graft loss than those
with persistent MVI who did not undergo an ABMR retreatment.
However, these results have to be taken with caution since the
sample size is small, and a potential selection bias cannot be
ruled out.

Another significant element of this work is the presence of
tubulitis in follow-up biopsies. The coexistence of a TCMR with
an ABMR is a previously studied condition that significantly
worsens the prognosis of ABMR in kidney transplantation (27,
28). Only one previous study has evaluated the tubulitis presence
in follow-up biopsies after treatment of an ABMR, in which it was
not associated with an increased risk of graft loss at 6 years (5).
In contrast, we have observed that t > 1, even without meeting
criteria for TCMR diagnosis, was associated with substantially
lower kidney graft survival.

Our findings suggest that persistent inflammation after
aABMR treatment has a prognostic value, even when these
inflammation signs did not fulfill any of the defined Banff
categories and even when an initial improvement in kidney
function is observed. This observation is consistent with the
pathogenesis of chronic humoral damage, which is characterized
by a sustained low-grade damage and glomerular basement
membrane multilamination (transplant glomerulopathy, TG).
This lesion has been associated with poor graft prognosis (29),
as we have observed in the follow-up biopsies. This persistent
glomerular inflammation may represent a sustained endothelial
damage, over time, leading to TG.

This work has some limitations. Firstly, it is a retrospective
study, and selection biases cannot be ruled out. The number of
patients and events limit the statistical power, which prevents
the performance of multivariate analyses. In Hospital Clinic
de Barcelona, our guidelines include a follow-up biopsy after
the ABMR treatment. However, the final decision for a kidney
biopsy after ABMR treatment was based on clinical judgment.

It should be noted that the rebiopsy periods were limited in
time, and consistent to assess the response to treatment [mean
time of 2 (4) months after treatment]. In addition, there were no
differences in time to follow biopsy between the patients with and
without persistent inflammation [2 (4.75) vs. 2 (4) months after
treatment; P = 0.98, respectively].

Another important limitation that needs to be mentioned
is the lack of a formal control group. Also, compliance
is an important variable and could impact the analysis,
although this is very difficult to address in a retrospective
design. Moreover, the biological material to be examined
with the molecular microscope (MMDx), which could provide
additional information regarding the mechanisms of persistent
inflammation (10), was not available.

Despite these limitations, we believe that the present study
provides valuable information that reinforces the importance
of follow-up biopsies after ABMR treatment, and revealed the
persistence of MVI and tubulitis as markers of poor graft
prognosis. As closing remarks, our study suggests the usefulness
of systematically performing a follow-up biopsy after ABMR
treatment, regardless of kidney graft function improvement after
treatment, since the persistence of MVI or tubulitis seems to be
associated with an increased risk of graft loss. Although it has
not been established whether retreatment or other actions could
modify this association, in this series, there was a better prognosis
in the retreated patients with persistent inflammation than in
the untreated patients (p = 0.048). More studies with a larger
sample size are needed to confirm the findings of the present
study, mainly focusing on evaluating the role of retreatment of
patients with persistent inflammation in the control biopsy after
treatment of ABMR.
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Introduction: Urine protein excretion is routinely measured to assess kidney allograft
injury, but the diagnostic value of this measurement for kidney transplant pathology
remains unclear. Here we investigated whether spot urine protein excretion in the first
year following transplantation associates with allograft rejection phenotype at 1-year
surveillance biopsies and de-novo occurrence of donor-specific antibodies (DSA).

Patients and Methods: This prospective, observational national-cohort study included
139 non-sensitized patients who received a deceased donor kidney transplant
between December 2014 and 2018. All patients received basiliximab induction
and tacrolimus-based immunosuppression. Estimated protein excretion rate (ePER)
was calculated monthly from spot urine protein-to-creatinine ratios. At 1-year, all
recipients underwent surveillance graft biopsy and were screened for de-novo DSA.
Screening-positive sera were subjected to single antigen bead (SAB) testing. The
occurrence of de-novo DSA was determined based on SAB reactivity patterns using
a mean fluorescence intensity threshold >1,000.

Results: Among the 139 study patients, 27 patients (19%) had histologic evidence
of T cell-mediated rejection (TCMR), and 9 patients (7%) had histologic evidence
of antibody-mediated rejection (AMR) at 1-year surveillance biopsy. One year after
transplant, 19 patients (14%) developed de-novo DSA. Compared with patients without
rejection and no de-novo DSA, mixed-effects linear regression analysis showed a
significant difference in slope of ePER during the first year in patients with AMR and de-
novo DSA at 1-year (46, 95% Cl 25-68 mg/day/1.73 m? per month and 34, 95% Cl 20—
49 mg/day/1.73 m? per month, respectively). Patients with vascular TCMR also showed a
significant difference in ePER slope over time compared with patients with non-rejection
findings (31, 95% Cl 9-52 mg/day/1.73 m? per month). The discriminatory power of
ePER for intragraft rejection processes was better in patients with AMR (AUC 0.95, 95%
Cl 0.90-0.99; P < 0.001) than in those with TCMR (AUC 0.68, 95% CI 0.59-0.79; P =
0.002), with 89% sensitivity and 93% specificity for proteinuria >550 mg/day/1.73m?.
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Proteinuria in Kidney Allograft Rejection

Conclusions: An increase in ePER in the first year following kidney transplantation
associates with AMR, vascular TCMR and de-novo DSA at 1-year and may be used
as a non-invasive clinical marker of intragraft endothelial cell injury.

Keywords: kidney transplantation, antibody-mediated rejection, T-cell mediated rejection, donor-specific

antibodies, urine protein excretion

INTRODUCTION

In recent years, antibody-mediated rejection (AMR) has
been identified as the primary cause of allograft failure
after kidney transplantation (1-3). This specific disease is
diagnosed by means of needle biopsy. Although this invasive
procedure has become safer and histologic interpretation more
standardized, biopsy is usually indicated in deterioration of
kidney function when allograft injury already occurs (4).
Therefore, protocol biopsies have been proposed to detect
changes before kidney dysfunction is apparent (5). Given
that biopsy procedures are invasive, complications may occur;
furthermore, sampling errors may jeopardize their diagnostic
value. These shortcomings have stimulated research to identify
non-invasive markers that are sufficiently diagnostic for specific
transplant pathologies, and that can be used as an end point in
clinical studies (6).

In patients with chronic kidney disease proteinuria
is directly related to the underlying glomerular disease
process and strongly associates with progression to end-
stage kidney disease, with good specificity and sensitivity (7).
Proteinuria is also routinely measured in kidney transplant
recipients. Proteinuria, in the nephrotic range as well as lower
grade, has been associated with inferior kidney transplant
outcomes (8-10). Current clinical guidelines suggest that
a kidney allograft biopsy should be performed when there
is new onset of proteinuria or unexplained proteinuria
>3.0 g/g creatinine or >3.0 g/24h (11). However, these
international guidelines are not evidence-based (evidence
level 2C).

More recent data showed that proteinuria >1 g/24h is
a marker for allograft outcome with reasonable predictive
accuracy, especially after the first 3 months post-transplantation
(12). Although high-grade proteinuria has been related
to transplant glomerulopathy and de-novo or recurrent
glomerulonephritis (GN) (12-16), the association between
low-grade proteinuria and the allograft pathology, in particular
AMR, within the first year after transplantation has not been
considered yet.

In this study, we aimed to assess the association and diagnostic
performance of measuring proteinuria in spot urine samples
during routine clinical follow-up in the first year following

Abbreviations: AMR, antibody-mediated rejection; CI, confidence interval;
DSA, donor-specific antibodies; eGFR, estimated glomerular filtration rate;
GN, glomerulonephritis; MMEF, mycophenolate mofetil; PCR, protein-to-
creatinine ratio; ePER, estimated protein excretion rate; ROC, receiver operator
characteristic; TAC, tacrolimus; TCMR, T cell-mediated rejection.

kidney transplantation with rejection phenotype at protocol-
specified kidney biopsies and occurrence of de-novo donor-
specific antibodies (DSA) at 1-year post-transplantation. In view
of the great effect of specific diseases such as AMR on outcome
after kidney transplantation, insight into the diagnostic value
of proteinuria early after transplantation is particularly useful.
Moreover, as many research teams are evaluating novel non-
invasive biomarkers for kidney allograft injury, it is important
to elucidate the diagnostic value of proteinuria measurement,
a simple, inexpensive, and non-invasive marker that is already
universally available.

PATIENTS AND METHODS

Study Design

In this prospective, observational national-cohort study,
we enrolled all consecutive adult recipients of a first
deceased donor kidney transplant at the Department
of Nephrology, University Medical Center Ljubljana
between December 2014 and December 2018. All
patients  provided  written  informed consent.  The
National ~Medical Ethics Committee approved the
study protocol.

Study Participants

Between December 2014 and December 2018, 211 adult patients
received a deceased donor kidney transplant at our center.
Sensitized recipients with preformed DSA and patients with
prior transplants (n = 51), dual organ transplants (n = 13),
and patients with early allograft loss within the first 90 days
after transplantation (n 8) were not candidates for the
study. Finally, 139 patients were included in the study. All
study participants were monitored regularly during the first
year according to the protocol of the transplant unit of our
department: twice a week in the first month, weekly in the
2nd and 3rd month, bi-weekly in the 4th and 5th month, and
monthly thereafter.

The clinical data of the cohort were prospectively collected
in electronic clinical patient charts, which were used for clinical
patient management as well as being linked to the database used

in this study.
All  patients had standard immunologic risk and
received  basiliximab  induction and tacrolimus-based

immunosuppression. Patients with immediate graft function,
diabetes mellitus, or previous cardiovascular events were
candidates for rapid steroid withdrawal within the first week
after transplantation.
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Laboratory Assessment

Proteinuria was determined from second morning spot urine
samples at month 1, and then monthly in the first year
after transplantation in all study patients. Estimation of
24-h protein excretion rate (ePER, mg/day/1.73 m?) was
obtained by multiplying protein-to-creatinine ratio (PCR) and
estimated creatinine excretion rate (17, 18). Urine creatinine
was measured using non-isotope-dilution mass spectrometry
standardized modified Jaffe reaction (calibration traceable to
IDMS). Spot urine protein was measured by pyrogallol red-
molybdate complex formation using a timed endpoint method.
Measurements were performed on Dimension Xpand Plus
Integrated Chemistry System using manufacturer’s reagents
(Siemens HealthCare GmbH, Erlangen Germany). Levels of
ePER in the first year were then correlated with graft rejection
status, rejection phenotype, and de-novo DSA formation at 1 year
after transplantation.

At all-time points, data on serum creatinine were collected
on the same day as PCR measurements. Glomerular
filtration rate was estimated (eGFR) by the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) creatinine
equation (19).

Histologic Assessment of Biopsy Samples
In all patients, surveillance allograft biopsies were performed
systematically at 1-year after transplantation. An indication
kidney biopsy was considered if significant allograft dysfunction
occurred before 1-year (e.g., associated with delayed graft
function or an increase in serum creatinine of more than
20% from baseline without other obvious causes). Slides were
stained with hematoxylin eosin, periodic acid-Schiff, and silver
methenamine (Jones). An immunohistochemical C4d stain
(monoclonal antibody, dilution 1:500; Quidel Corporation, Santa
Clara, CA) was performed on frozen tissue. Two pathologists
(NK and MF) independently reviewed all biopsies, blinded
for the clinical data. The severity of histologic lesions was
semiquantitatively scored according to the revised Banff 2013
criteria (20).

T cell-mediated rejection (TCMR) was reported as tubulo-
interstitial (borderline and grade IA/B) or vascular (grade IIA/B).
The phenotypes of AMR were classified as acute or chronic
active. The diagnosis of acute AMR was based on morphologic
evidence of acute tissue injury (i.e., peritubular capillaritis
and/or glomerulitis) and positive C4d staining. The diagnosis
of chronic AMR was based on the morphologic evidence of
antibody-mediated chronic tissue injury, specifically glomerular
double contours compatible with chronic glomerulopathy on
light and/or electron microscopy.

At the time of protocol biopsies, systematic follow-up human
leukocyte antigen (HLA) antibodies (ELISA HLA class I and
class IT Luminex Gen-Probe LifeCodes LSA screening) and their
donor-specificity in case of positive screening (using Luminex
Gen-Probe LifeCodes LSA Single Antigen Beads) were evaluated.
The occurrence of de-novo DSA was determined based on
single antigen bead reactivity patterns using a mean fluorescence
intensity threshold >1,000.

Statistical Analysis

Dichotomous variables were compared with chi-squared test and
continuous variables with the Student’s t-test or the Wilcoxon-
Mann-Whitney test as appropriate. For variance analysis of
continuous variables in different groups, parametric one-way
ANOVA and Kruskal-Wallis test were used.

The ePER trajectories were analyzed using linear mixed model
regression, with ePER values from 1 to 12 months as dependent
and time and the interaction of histologic phenotype/de-novo
DSA occurrence and time as fixed effects. Furthermore, patient-
specific random effect for intercept was specified. The covariance
structure was specified as an autoregressive model of the
first order.

Area under the receiver operator characteristic (ROC) curve
analysis was performed to evaluate the diagnostic accuracy
of ePER and to calculate the specificity and sensitivity for
discriminating between biopsy specimens showing AMR, TCMR,
and other non-rejection findings.

All tests were two-sided and P < 0.05 were considered
to indicate statistical significance. All analyses were performed
using the SPSS statistical software (IBM SPSS statistics, version
21.0, Armonk, NY, USA).

RESULTS

Study Population and Histologic
Classification of Kidney Allograft Biopsy

Specimens

The Dbaseline patient, donor, and transplant-related
characteristics of the study population according to histologic
biopsy findings at 1-year after transplantation are provided
in Table 1. Among the 139 patients, 36 (26%) had histologic
evidence of allograft rejection at 1-year surveillance biopsies.
Among them 27 patients (75%) were classified as having TCMR,
and 9 patients (25%) were classified as having AMR. A total of
103 patients (74%) had no evidence of rejection and their biopsy
findings are presented in Table 1. In ten patients (7%) early
acute rejection occurred before 1-year. All patients underwent
an indication biopsy due to allograft dysfunction in the first
3 months after transplantation. All rejection episodes were
classified as TCMR (borderline or grade IA) and treated with
pulse steroids (Table 1).

Patients with rejection phenotypes were transplanted from
older donors and more frequently undergone rapid steroid
withdrawal. In addition, 6 patients with allograft rejection at
1-year surveillance biopsy experienced early TCMR (Table 1);
4 patients had TCMR (grades IA or ITA), and 2 patients had
histologic evidence of chronic active AMR. At 1-year after
transplant, 19 patients (14%) developed de-novo DSA (4 patients’
class I, and 15 patients class II), and incidence of de-novo DSA
occurrence was significantly higher in patents with histologic
evidence of allograft rejection (Table 1).

Kidney Allograft Histology and Proteinuria
At 1-year after transplantation, spot urine protein excretion was
in the low range with a mean ePER of 318 + 308 mg/day/1.73 m?.

Frontiers in Medicine | www.frontiersin.org

November 2021 | Volume 8 | Article 781195


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Oblak et al.

Proteinuria in Kidney Allograft Rejection

TABLE 1 | Baseline characteristics of the study population according to histologic
diagnosis in surveillance kidney allograft biopsies performed at 1 year after
transplantation”.

TABLE 2 | Graft function, Banff histologic scores, and incidences of rejection
phenotypes and occurrence of de-novo DSA according to levels of ePER (in
tertiles) at 1-year after transplantation’.

Variables All patients Rejection Other P-value

(N =139) (n = 36) findings

(n =103)

Recipients
Age (years) 49+ 14 50 + 16 49 +£13 0.86
Males (%) 101 (73) 27 (75) 74(72) 0.72
Original kidney disease 0.45
Diabetes (%) 11(8) 2(6) 9(9)
Hypertension (%) 16 (12) 7 (19 99
GN (%) 41 (29) 8 (23) 33 (32)
Polycystic (%) 16 (12) 3(8) 13(13)
Pyelonephritis/reflux (%) 8 (6) 3(8) 5 (5)

Other/undefined (%) 27/20 (19/14) 6/7 (17/19) 21/13 (20/12)

Time on dialysis (years) 1.9 (0.8-3.2) 2.2 (0.9-3.8) 1.8 (0.8-3.0) 0.14

Last PRA (%) 0 (0-4) 0(0-7) 0 (0-4) 0.49

Donors

Age (years) 48 + 13 52 +13 46 + 12 0.022

Expanded criteria donor 39 (28) 13 (36) 26 (25) 0.21

(%)

Transplant-related

HLA mismatches 29+1.1 3.0+1.1 28 +1.1 0.19

Delayed graft function 28 (20) 9 (25) 19 (19) 0.40

(%)

Treatment with 82 (59) 15 (42) 67 (65) 0.024

TAC/MMF/St

Treatment with 57 (41) 21 (568) 36 (35) 0.014

TAC/MMF

Previous rejection” 10 (7) 6(17) 4 (4) 0.029

Biopsy diagnosis at 1-year

TCMR (%) 27 (75) - -
Borderline 8 (22) - -
Grade IA/B 10 (27) - -
Grade I1A/B 9 (25) - -

AMR (%) 9 (25) - -
Acute 7(19) - -
Chronic active 2(0) - -

Recurrent GN (%)*# - 6 (6) -

CNI nephrotoxicity (%) - 14 (14) -

BKVAN (%) - 5 (5) .

No major abnormalities - 78 (75) -

(%)

De-novo DSA at 1-year 19 (14) 11(31) 8(8) 0.001

GN, glomerulonephritis; PRA, panel reactive antibodies; HLA, human leukocyte antigen;
TAC, tacrolimus; MMF, mycophenolate mofetil; St, steroids; TCMR, T cell-mediated
rejection; AMR, antibody-mediated rejection; CNI, calcineurin inhibitor; BKVAN, BK virus
associated nephropathy.

‘Data are presented as means + SD, medians (interquartile ranges), or as total
numbers (percentages).

#The diagnosis was made based on indication biopsies performed before 1-year after
transplantation. All rejection episodes were diagnosed in the first 3 months and classified
as TCMR (borderline or grade IA).

#* All recurrent GN include recurrent IgA nephropathy.

Parameter at Tertiles of ePER at 1-year (mg/day/1.73 m?) P-value
1-year
<180 180-300 >300

(n = 46) (n = 45) (n =48)
ePER 125 £+ 32 222 + 32 594 + 308 <0.001
(mg/day/ 1.73 m?)
eGFR 67 £17 69 £+ 20 63 + 21 0.139
(ml/min/ 1.73 m?)
Banff scores (mean + SD)
t score 0.15 4+ 0.60 0.29 £+ 0.59 0.83 + 1.08 <0.001
i score 0.09 + 0.35 0.20 + 0.46 0.69 + 0.93 <0.001
ti score 0.48 £0.75 0.69 £ 0.85 1.27 £0.92 <0.001
ptc score 0 0.02 £0.15 0.21 £0.54 0.004
g score 0.07 £ 0.32 0.04 +£0.25 0.20 + 0.45 0.038
Vv score 0.04 £+ 0.29 0.02 +£0.15 0.08 & 0.28 0.491
ci score 0.74 £+ 0.68 0.98 +£0.72 117 +£0.83 0.024
ct score 1.07 £0.39 1.11+£0.49 1.23+0.56 0.239
ah score 1.35+0.57 1.44 £ 0.58 1.38 £ 0.61 0.699
cg score 0.06 &+ 0.32 0.02 +0.15 0.19+0.45 0.048
c4d score 0.07 +£0.25 0.09 £+ 0.29 0.33 +0.83 0.030
Rejection phenotype
AMR 0 1 8 <0.001
TCMR 3 10 14 0.018
Borderline 1 4 0.382
Grade IA/B 2 3 0.516
Grade IIA/B 0 3 0.048
De-novo DSA 1 4 14 <0.001

ePER, estimated protein excretion rate, eGFR, estimated glomerular filtration rate;
t, tubulitis; i, interstitial inflammation; ti, total inflammation; ptc, peritubular capillaritis;
9, glomerdlitis; v, intimal arteritis; ci, interstitial fibrosis; ct, tubular atrophy; ah, arteriolar
hyalinosis; cg, glomerular basement membrane double contours; c4d, staining for C4d on
endothelial cells of peritubular capillaries by immunofiuorescence; TCMR, T cell-mediated
rejection; AMR, antibody-mediated rejection; DSA, donor-specific antibodies.

"Data are presented as means + SD or as total numbers.

The patients were stratified into three groups according to tertiles
of ePER (Table2). eGFR did not differ significantly among
patients with different levels of ePER. Greater levels of ePER
were significantly associated with higher Banft histologic scores
related to tubulointerstitial inflammation and microvascular
injury, and patients in the highest tertile had higher incidence
rates of AMR and vascular TCMR. In addition, greater levels of
ePER were associated with higher c4d histologic scores, chronic
glomerulopathy (cg score), and higher incidences of de-novo DSA
occurrence at 1-year (Table 2).

Among patients with no evidence of rejection, levels of
ePER at 1-year were slightly higher in those with recurrent
GN than in those with other non-rejection findings, but the
difference was not statistically significant (268 £ 109 vs. 218 +
22 mg/day/1.73 m?; P = 0.169).

The course of ePER with respect to allograft histology and
occurrence of de-novo DSA is illustrated in Figure 1. During
the 12-month period, patients with AMR, TCMR, and non-
rejection findings had ePER slopes of 38 (95% confidence interval
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FIGURE 1 | Estimated protein excretion rate (ePER, mean and 95% Cl) in the first year following kidney transplantation according to main histologic findings at 1-year
surveillance biopsies (A) and de-novo occurrence of donor-specific antibodies (DSA) (B). AMR, antibody-mediated rejection; TCMR, T cell-mediated rejection.
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[CI] 1 to 76), 5 (95% CI —11 to 22), and —6 (95% CI —11
to —1) mg/day/1.73 m? per month, respectively (Figure 1A).
The difference between patients with AMR and non-rejection
findings of 46 (95% CI 25-68) mg/day/1.73 m? per month
was statistically significant (P<0.001). The difference between
patients with TCMR and no rejection of 11 (95% CI —2-
25) mg/day/1.73 m? per month was not statistically significant
(P =0.092).

Patients with de-novo DSA had a significant increase in ePER
during the first year compared with patients without de-novo
DSA 1-year after transplantation (Figure 1B). During the 12-
month period, patients with de-novo DSA and no de-novo DSA
had ePER slopes of 28 (95% CI 10-46) and of —6 (95% CI —11-
1) mg/day/1.73 m? per month, respectively. The difference of
34 (95% CI 20-49) mg/day/1.73 m? per month was statistically
significant (P < 0.001).

Compared with patients without evidence of rejection, ePER
slopes increased progressively in patients with higher histological
grade of TCMR, and the increase was highest in patients with

vascular TCMR (Figure 2). During the 12-month period, patients
with borderline, tubulointerstitial, and vascular TCMR had ePER
slopes of —21 (95% CI, —41 to —2), 12 (95% CI, —26-51), and
24 (95% CI, —1-50) mg/day/1.73 m? per month, respectively.
A statistically significant difference in ePER slope was noted
between patients with vascular TCMR (grades II/A,B) and no
rejection (31, 95% CI 9 to 52 mg/day/1.73 m? per month;
P = 0.005). The difference between patients with borderline
TCMR and no rejection (15, 95% CI —7-37 mg/day/1.73 m? per
month) and between patients with TCMR grades I/A,B and no
rejection (15, 95% CI —5-35 mg/day/1.73 m? per month) was
not statistically significant (P = 0.184 and 0.138, respectively).

Proteinuria as a Biomarker for

Rejection-Associated Allograft Injury

Next, we examined the diagnostic performance of ePER for
rejection injury phenotypes in surveillance allograft biopsies at
1-year after transplantation. ePER at 1-year post-transplant was
significantly associated with the presence of AMR. The ROC
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FIGURE 2 | Estimated protein excretion rate (ePER, mean and 95% Cl) in the first year following kidney transplantation according to allograft rejection phenotypes at
1-year surveillance biopsies. AMR, antibody-mediated rejection; TCMR, T cell-mediated rejection.
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AUC was 0.95 (95% CI 0.90-0.99; P < 0.001). The threshold of
ePER that gave the maximal sensitivity and specificity for AMR
was 550 mg/day/1.73 m?; at this threshold, the AMR can be
predicted with a sensitivity of 81%, and a specificity of 80%. The
diagnostic accuracy for TCMR was lower with an AUC of 0.68
(95% CI 0.59-0.79; P = 0.002). However, the diagnostic accuracy
was better for vascular TCMR with an AUC of 0.77 (95% CI
0.66-0.89; P = 0.007).

DISCUSSION

The goal of this study was to quantify the changes in
spot urine protein excretion that occur during the first
year after kidney transplantation in a low-risk cohort of
non-sensitized patients with stable kidney function and to
investigate whether post-transplant proteinuria is associated
with significant allograft pathology at 1-year. The results
indicate that kidney allograft rejection and rejection phenotype
at 1-year surveillance biopsies are associated with levels of
ePER in the first year following transplantation. This simple
diagnostic tool measured in spot urine specimens obtained
longitudinally in the first-year post-transplant from patients
with biopsy-confirmed tubulointerstitial TCMR and other non-
rejection findings was relatively flat and distinct from the
progressive increase observed in patients with AMR. In addition,
de-novo DSA occurrence at l-year was also associated with
an increase in ePER in the first year. Moreover, ePER at 1-
year was highly specific for endothelial response to injury
associated with de-novo DSA formation, AMR and high-grade
vascular TCMR. These findings are important given that spot
urine protein excretion can be easily measured and followed
after transplantation.

An increase in serum creatinine is often the first clinical
indicator of rejection. However, it lacks sensitivity and

specificity. The limitations associated with monitoring
rejection by measurements of serum creatinine have been
recognized previously by the observation that 30% of graft
biopsies performed in patients with stable kidney function
reveal histological features of rejection (21). More recently,
subclinical AMR has been reported in patients with preformed
anti-HLA antibodies (22). In subclinical AMR, the serum
creatinine level was stable, but protocol biopsy specimens
showed glomerulitis, peritubular capillary infiltration by
leukocytes, and positive staining of peritubular capillaries
with an anti-C4d antibody. Since AMR is associated with
endothelial response-to-injury (23), one would expect an
increase in urine protein excretion. Our study demonstrated
that levels of proteinuria increased in the first year following
transplantation among patients with histologic signs of
endothelial cell injury, specifically in patients with AMR and
de-novo occurrence of DSA. In addition, preceding TCMR
in the first months after transplantation was associated with
rejection phenotypes at 1-year, including chronic active
AMR, as described previously (24). Therefore, persistent
or increasing proteinuria may indicate ongoing rejection,
even in the absence of allograft dysfunction and despite
augmented immunosuppression.

Protein excretion from native kidneys falls rapidly after
transplantation and de-novo, persistent or worsening proteinuria
is usually indicative of graft pathology (25). In the largest
study to date, 58% of transplanted patients with proteinuria
>150 mg/day had transplant-specific lesions (acute rejection,
transplant glomerulopathy, interstitial fibrosis/tubular atrophy)
on biopsy compared with only 11% with glomerulonephritis
(10). However, detailed information on the natural history
of proteinuria early after transplantation and allograft injury
phenotypes has not been available. In our study, we observed
that in the first year following transplantation, when patients
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still had preserved allograft function, spot urine protein
excretion was greater in patients with rejection phenotypes
at 1l-year surveillance biopsies. Our main observation was
that proteinuria significantly increased in the patients in
whom a 1-year surveillance biopsy showed AMR and in
the patients who developed de-novo DSA. Additionally, the
slope of proteinuria could discriminate between AMR and
non-rejection findings. These findings fit well with recent
observations of Fotheringham et al. who demonstrated
that spot urine protein excretion is associated with DSA
detection (26).

Next, ePER >550 mg/day/1.73 m? was a specific non-invasive
marker for highly relevant intragraft injury processes such as
AMR and vascular TCMR in our study. The high specificity of
proteinuria for these treatable diagnoses in surveillance biopsies
provides the evidence of current clinical guidelines that advocate
the routine measurement of proteinuria (11). In addition, clinical
guidelines suggest that a kidney biopsy should be performed
when there is new onset or unexplained proteinuria >3.0 g/g
creatinine or >3.0 g/day. Our data illustrate that this threshold
is very conservative and that early detection of proteinuria
>500 mg/day could be a more sensitive threshold. However, the
association between proteinuria and allograft histology was weak
in the first 6 months following transplantation, likely reflecting
the contribution of residual kidney function of the native kidneys
in the first months (27, 28).

High specificity and sensitivity of proteinuria for AMR,
vascular TCMR, and de-novo DSA formation demonstrate
acceptable diagnostic performance of low-grade spot urine
protein excretion for intragraft microcirculation inflammation
and glomerular injury. Similarly, previous study from Naesens
et al. (12) demonstrated that many patients with significant
histologic injury had low-grade proteinuria <1 g/day, illustrating
that surveillance biopsies could thus be warranted in the
absence of significant proteinuria or allograft dysfunction for the
timely detection of subclinical injury. In this light, our study
confirmed that allograft rejection processes, specifically AMR,
and de-novo DSA occurrence may associate with low-grade
proteinuria and an increase in proteinuria already in the first year
following transplantation.

The results of our study are subject to several limitations.
Our strategy of including only patients with a functioning
kidney beyond 90 days after transplantation may have excluded
from analysis some allografts that failed early post-transplant
because of rejection. This may have biased our findings toward
later events. However, proteinuria in the first months after
transplantation is difficult to interpret as it may originate
from native kidneys or can result from injury in the grafted
kidney (e.g., ischemia-reperfusion injury) (28, 29). Whether
our results also apply to immunologically high-risk transplants
with preformed DSA, and whether the association between
the histology of AMR and proteinuria would be more
pronounced in this specific high-risk patient cohort, could
not be inferred from our data. Furthermore, we could not
investigate the association between proteinuria in the first year
and recurrent glomerulonephritis because the number of patients
with recurrent disease was small and the fact that recurrence

of most common glomerular diseases (e.g., IgA nephropathy)
usually occurs later after transplantation. In addition, a review
from Akbari et al. (30) showed that in kidney transplant
population the ability of spot urine protein measurements
to predict 24-h protein excretion is modest and 24-h urine
collection should be considered before making further decisions.
However, recent observational study showed that spot and 24-
h measurements of protein excretion are similar predictors of
doubling of serum creatinine, graft loss, and patient death and
that spot urine samples are a suitable alternative to 24-h urine
collection (31). Unfortunately, we do not have outcome data
to determine whether an increase in low-grade proteinuria in
the first year following transplantation associates with inferior
transplant outcomes.

In conclusion, this study found that in kidney transplant
recipients an increase in low-grade spot urine protein excretion
in the first year following transplantation associates with AMR
and de-novo DSA formation at 1-year post-transplant. The
analysis of the diagnostic performance of low-grade proteinuria
for treatable subclinical disease processes (specifically AMR,
vascular TCMR, and de-novo DSA occurrence) in surveillance
biopsies provides the scientific underpinning of the current
clinical guidelines to routinely measure proteinuria early after
transplantation, and to pursue a histologic diagnosis even
when proteinuria >500 mg/day is detected. Further studies
in an independent cohort are needed to prospectively validate
these findings.
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" Department of Nephrology, Transplant Centre, Institute for Clinical and Experimental Medicine, Prague, Czechia, 2 Institute
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Background: The prognostic role of intimal arteritis of kidney allografts in donor-specific
antibody negative (DSA-) antibody-mediated rejection (ABMR) remains unclear.

Methods: Seventy-two out of 881 patients who had undergone kidney transplantation
from 2014 to 2017 exhibited intimal arteritis in biopsies performed during the first
12 months. In 26 DSA negative cases, the intimal arteritis was accompanied by
tubulointerstitial inflammation as part of T cell-mediated vascular rejection (TCMRYV,
N = 26); intimal arteritis along with microvascular inflammation occurred in 29 DSA
negative (ABMRV/DSA-) and 19 DSA positive cases (ABMRV, DSA+, N = 17). In
60 (83%) patients with intimal arteritis, the surveillance biopsies after antirejection
therapy were performed. Hundred and two patients with non-vascular ABMR with DSA
(ABMR/DSA+, N = 55) and without DSA (ABMR/DSA-, N = 47) served as controls.
Time to transplant glomerulopathy (TG) and graft failure were the study endpoints.

Results: Transplant glomerulopathy -free survival at 36 months was 100% in TCMRY,
85% in ABMR/DSA-, 65% in ABMRV/DSA-, 54% in ABMR/DSA+ and 31% in
ABMRV/DSA+ (log rank p < 0.001). Death-censored graft survival at 36 months was
98% in ABMR/DSA-, 96% in TCMRV, 86% in ABMRV/DSA-, 79% in ABMR/DSA+, and
64% in ABMRV/DSA+ group (log rank p = 0.001). In surveillance biopsies, the resolution
of rejection was found in 19 (90%) TCMRYV, 14 (58%) ABMRV/DSA-, and only 4 (27 %)
ABMRV/DSA+ patients (p = 0.006). In the multivariable model, intimal arteritis as part
of ABMR represented a significant risk for TG development (HR 2.1, 95% CI 1.2-3.8;
p = 0.012) regardless of DSA status but not for graft failure at 36 months.

Conclusions: Intimal arteritis as part of ABMR represented a risk for early development
of TG regardless of the presence or absence of DSA. Intimal arteritis in DSA positive
ABMR represented the high-risk phenotype.

Keywords: antibody-mediated rejection, intimal arteritis, kidney transplantation, vascular rejection, rejection
diagnostics
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Inferior Outcome of Intimal Arteritis

INTRODUCTION

Antibody-mediated rejection (ABMR) represents a major
obstacle in achieving long-term graft function and survival (1).
Its diagnosis is based on histology and detection of donor-
specific antibodies (DSA) (2). Overlapping phenotypes and cases
with incomplete manifestation represent a considerable part of
diagnoses in clinical practice (3).

Intimal arteritis, i.e., v-lesion defined by Banff histological
criteria, is a morphologic feature of vascular rejection. It
represents a diagnostic and therapeutic challenge as it is involved
in histologic criteria of both T cell-mediated rejection (TCMR)
and ABMR (2). Although, previously intimal arteritis was
recognized as the rejection phenotype often resistant to steroid
treatment (4), more recently, the association of intimal arteritis
with DSA was described (5). Lefaucheur et al. revealed a
detrimental impact of intimal arteritis associated with DSA on
graft prognosis exceeding other rejection phenotypes, and thus
any grade of intimal arteritis has been included in the Banff
classification as a histologic feature of ABMR (6).

Almost half of the patients with histological features of
ABMR in DSA negative patients do not fit the current Banff
classification (7). Intimal arteritis is frequently present in both
TCMR and ABMR occurring early after kidney transplantation
(8). Although a negative prognostic role of DSA in ABMRV
has been well-documented (5), the outcome of ABMRV in
DSA negative patients remains poorly understood. Therefore,
in this study, we compared the outcome of intimal arteritis
as part of both T cell-mediated vascular rejection (TCMRV)
and antibody-mediated vascular rejection (ABMRV) with ABMR
without intimal arteritis in patients with and without DSA in
terms of premature graft loss and transplant glomerulopathy
(TG) development.

MATERIALS AND METHODS
Study Design and Population

In this single center retrospective observational cohort study, we
evaluated the outcome and clinical relevance of intimal arteritis
in the early posttransplant biopsies performed within 12 months
from January 2014 to December 2017. For comparison, we
retrospectively reviewed medical records of 881 patients who had
undergone kidney transplantation at the same time to identify
those with histologic features of ABMR in early biopsies and
enrolled them for further investigation. Data collection was
finalized in January 2021 when all the study subjects reached a
3-year follow-up. Demographics of the study cohort are given
in Table2 and the enrollment is described in Figure 1. All
patients signed the informed consent with case or surveillance
biopsies and medical data assessment, and the local Ethical Board
approved the study under No.: 15-265191A.

Histopathology and the Definition of
Rejection Phenotype Categories

Kidney allograft biopsies were performed using a percutaneous
ultrasound-guided 16G biopsy needle. Diagnoses of acute
rejection were established at a median time 70 days after

transplantation by for-cause biopsies in 120 (69%) of patients.
Fifty-two (31%) rejections were found in protocol biopsies at the
third 