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The prevalence and clinical implications of endothelial cell (EC)
chimerismin solid organ transplants, including kidneys, is an area
of ongoing debate [1]. It is hypothesized that EC chimerism may
affect allograft rejection, immunological tolerance and long-term
graft survival, but the extent of EC chimerism and the factors con-
tributing to it in kidney transplants have not been fully estab-
lished [2-6]. Efforts to investigate EC chimerism have been ham-
pered by the lack of reliable and quantitative detection methods
[1]. Here we present a technically improved method by using a flow
cytometry-based approach. Previous studies have employed semi-
quantitative approaches to assess EC chimerism, including im-
munohistochemistry (IHC), fluorescent in situ hybridization (FISH)
and polymerase chain reaction (PCR). These methods have pri-
marily focused on detecting recipient/donor discrepancies based
on human leucocyte antigens (HLAs), blood group ABO antigens
and sex [2-8]. However, IHC and FISH are limited by their low sen-
sitivity, as illustrated by a Y-chromosome detection yield of only
40% in positive control samples [8, 9]. Also, interpretation of IHC
and FISH can be subjective and the lack of standardized protocols
has made it difficult to compare results between studies. While
PCR offers enhanced sensitivity and quantification compared with
IHC and FISH, its specificity for the target cell type is a limiting
factor when working with tissue samples that consist of multi-
ple cell types. For instance, when PCR is preceded by microdissec-
tion to isolate the target cell type from the tissue, there is a sig-
nificant risk of including adjacent cell types, leading to potential
contamination [7, 8]. In light of these limitations, there is a need
for an improved method that can accurately detect and quan-
tify EC chimerism in kidney transplants while also allowing for
functional and phenotypic characterization of the EC population.
This would provide essential information on the occurrence, ex-
tent and features of EC chimerism after kidney transplantation
and contribute to the evaluation of its impact on graft outcomes.

Here, a flow cytometry-based approach was used to determine
and quantify EC chimerism in kidney transplant nephrectomy
specimens (Fig. 1A). Kidney transplant nephrectomies were col-
lected in accordance with previously reported protocols at the
Erasmus MC, University Medical Center, Rotterdam, The Nether-
lands, between December 2016 and August 2022 (Table 1, Fig. 1A)
[10]. In brief, halved kidneys were obtained and dissected into
small pieces, followed by enzymatic digestion with collagenase
IV (1.1 mg/ml; Serva, Heidelberg, Germany), a series of filtration
steps and Ficoll density gradient centrifugation [10]. Isolated cells

were cryopreserved in liquid nitrogen (—195°C) until further use.
On the day of the flow cytometry experiments, the cryopreserved
cells were thawed and stained with fluorescently labelled an-
tibodies against CD45 (haematopoietic cells), CD31 (endothelial
cells) and CD144 (endothelial cells) (Fig. 1B). For the discrimination
between donor and recipient, the HLA mismatches were identi-
fied for each sample. Subsequently, fluorescent antibodies against
donor and/or recipient HLA class I were either commercially pur-
chased or developed at the Leiden University Medical Center (Lei-
den, The Netherlands) and kindly provided by Dr S. Heidt [11]. Ad-
ditionally, a live/dead marker was included. Detailed information
for all antibodies used is provided in Supplementary Table 1. Fol-
lowing staining, the cells were measured on a FACSymphony A3
Cell Analyzer (BD Biosciences, Franklin Lakes, NJ, USA) and anal-
ysed with Kaluza Analysis 2.1 software (Beckman Coulter, Brea,
CA, USA). The Kolmogorov-Smirnov test was used to examine the
distribution of the data. An unpaired two-tailed t-test was used for
comparison of two groups in normally distributed data and the
Mann-Whitney U test was used for data that was not normally
distributed. P-values <.05 were considered to be statistically sig-
nificant.

Nineteen kidney transplant nephrectomies were included in
this study. Kidney transplants were mainly explanted due to un-
treatable acute or chronic rejection (58%) (Table 1). All kidneys
had ceased functioning at the time of explantation. Recipients
were either on dialysis prior to nephrectomy or initiated dialy-
sis shortly thereafter. On average, 9627 living kidney-derived en-
dothelial cells (range 366-35 219 cells) were acquired per sample
for flow cytometric analysis. In 11 of 19 (58%) kidney transplants,
EC of both donor and recipient origin were detected (Fig. 1B and C).
The proportion of recipient-derived cells within the EC population
varied considerably, with a median proportion of 1.5% (range 0.2—
69.3%; Fig. 1C). To confirm that the HLA antibodies are able to dis-
criminate between donor and recipient origin, the origin of CD45"
lymphocytes was investigated. This analysis showed that CD45%
lymphocytes were predominantly derived from the recipient, as
expected (Fig. 1B). We then investigated whether clinical charac-
teristics could explain the variation in the degree of EC chimerism.
A significant association was observed between the time elapsed
since transplantation and the presence of EC chimerism. Specif-
ically, EC chimerism was only detected in kidneys that were ex-
planted >100 days after transplantation (Fig. 1D). Furthermore,
EC chimerism was negatively associated with recipient age, with
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Figure 1: EC chimerism in kidney transplants assessed with a flow cytometry-based approach. (A) Overview of the experimental procedure. Created
with BioRender.com. (B) Gating strategy for assessing the origin of EC and CD45" lymphocytes in kidney transplant nephrectomy specimens.

(C) Prevalence of EC chimerism in the 19 included samples. Among the samples with EC chimerism, the median proportion of recipient-derived cells
was 1.54%. (D) Time between transplantation and explantation in non-chimeric versus chimeric samples (median 121 and 1313 days, respectively;
Mann Whitney U test P = .003). (E) Recipient age in non-chimeric versus chimeric samples (65 and 47 years, respectively; unpaired t-test P =.03).
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Table 1: Baseline characteristics of kidney transplant nephrec-
tomies (N = 19)

Variables Values
Recipient characteristics
Recipient age at nephrectomy (years), median (IQR) 63 (41-66)

Female, n (%) 8 (42)

First transplant, n (%) 15 (79)

Primary kidney disease, n (%)
Hypertensive nephropathy 3 (16)
Diabetic nephropathy 5 (26)
Glomerulonephritis 2 (11)
Polycystic kidney disease 2(11
Reflux nephropathy 1(5)
Other 5 (26)
Unknown 1(5)

Transplant characteristics

Donor age (years), median (IQR) 63 (54-71)

Donor type, n (%)
Living 5 (26)
Donation after brain death 6 (32)
Donation after circulatory death 8 (42)

HLA mismatches broad (HLA-A, -B and -DR), median 4 (3-5)
n (IQR)

Time to explantation (days), median (IQR)
Reason for removal, n (%)

629 (130-1891)

Ongoing rejection 11 (58)
To create space for a new kidney transplant 3 (16)
Other 5 (26)

“IQR = interquartile range.

EC chimerism consistently observed in recipients <50 years of age
(Fig. 1E). Recipients’ sex, a history of delayed graft function (DGF),
a history of acute rejection, the length of cold ischaemia time dur-
ing the transplantation procedure, donor age and donor type (liv-
ing donation versus donation after brain death versus donation
after circulatory death) were not associated with the presence or
the degree of EC chimerism.

In this study we assessed an improved method for the detec-
tion of EC chimerism in kidney transplants that is both sensitive,
specific and quantitative. The flow cytometry-based approach re-
ported here overcomes the limitations of previously used meth-
ods, such as IHC, XY chromosome FISH and PCR. Additionally,
flow cytometry allows for in-depth characterization of EC, such as
measuring progenitor markers, activation markers or cytokines,
which may contribute to unravelling the process of EC chimerism.
Here we observed a prevalence of EC chimerism of 58% in kid-
ney transplant nephrectomies. Consistent with earlier observa-
tions, a significant association existed between the time elapsed
since transplantation and the presence of EC chimerism, support-
ing the notion that the development of EC chimerism requires a
certain duration of time [6]. This finding is in line with the obser-
vation that ‘early’ factors such as the length of cold ischaemia
and the occurrence of DGF were not associated with the develop-
ment of EC chimerism. Furthermore, we observed an evident as-
sociation between recipient age and EC chimerism, with a higher
prevalence in younger recipients. It is plausible that the younger
recipient population exhibits enhanced regenerative capacity [12].
Alternatively, age-related differences in immunological responses
may contribute to the observed association [13].

The current study is limited by the exclusive inclusion of end-
stage kidney transplants. Further investigation should include

longitudinal biopsy samples, including early time points, to fur-
ther explore the dynamics of EC chimerism and its impact on
clinical events related to graft outcomes. However, whether suf-
ficient cell numbers can be obtained from smaller tissue samples
remains to be determined. Additionally, the potential presence of
non-donor cells in the donor kidney prior to transplantation, due
to previous pregnancies or blood transfusions, cannot be ruled out
[14]. In conclusion, our flow cytometry-based method allows for
quantification of EC chimerism in kidney transplants. Itis believed
that EC chimerism reduces the risk of rejection [1]. As a result, re-
cipients displaying high levels of EC chimerism may be eligible for
a reduction in their immunosuppressive medication.
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