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Haploidentical hematopoietic stem cell transplantation (Haplo-HSCT) serves as an
effective therapeutic intervention for haematological disorders, including leukemia, lymphoma,
and various benign conditions. The assessment of engraftment through the quantification of
chimerism is a crucial criterion for Haplo-HSCT. This investigation was designed utilising a
Human Leukocyte Antigen-A24 (HLA-A24) antibody panel for the flow cytometric evaluation
of chimerism post-Haplo-HSCT. Peripheral blood mononuclear cell (PBMC) specimens were
procured from both patients and their corresponding donors at the University Malaya Medical
Centre (UMMC). The flow cytometric analysis quantified the proportion of HLA-A24 antigen
expression across a serial dilution (0%, 25%, 50%, 75%, and 100%). The FACS Diva software
(Version 6.1, BD) facilitated the data evaluation, and a standard curve graph was constructed.
The data were analyzed utilising the Statistical Package for the Social Sciences Software Version
27 (SPSS Version 27), with the relationship examined through the Pearson correlation test. The
findings reveal a statistically significant correlation (Rz = 0.99) between serial dilution and the
mean expression of HLA-A24 (p<0.05), suggesting the applicability of the standard curve. The
standard curve illustrated that serial dilution exhibited a direct proportionality to the expression
of HLA-A24. It is suggested that this preliminary test demonstrated sensitivity for detection of
T cells, B cells, and NK cells expression, with a minimum frequency of 5%, was detectable.
The HLA-A24 panel enabled the monitoring of dynamic shifts in cellular subpopulations after
haplo-HSCT, thereby assisting clinicians in implementing proactive management strategies.
Consequently, flow cytometric analysis is a valuable technique for assessing engraftment in
haplo-HSCT.
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The immune system depends on cell-
surface human leukocyte antigen (HLA) proteins to
distinguish between self and non-self, a fundamental
mechanism in haploidentical haematopoietic stem
cell transplantation (haplo-HSCT). This therapeutic

approach is used to treat leukaemia, lymphoma, and
various non-malignant haematologic conditions.?
However, the presence of anti-HLA antibodies can
complicate transplantation by causing antibody-
mediated rejection and graft failure. Therefore, pre-
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transplant screening for panel reactive antibodies is
crucial to detect anti-HLA antibodies and minimise
the risk of adverse outcomes. '

Successful transplantation relies primarily
on optimal donor selection, guided mainly by HLA
compatibility. Unfortunately, only about one-third
of patients have an HLA-matched sibling donor. *
When a matched sibling or unrelated donor is not
available, haplo-HSCT has become a cost-effective
and timely alternative for successful transplants. *

Chimerism monitoring after transplantation
is essential for evaluating engraftment at specific
intervals. It also plays a key role in detecting
complications such as graft rejection, relapse, or
delayed engraftment. Such monitoring enables
the adjustment of immunosuppressive therapy to
enhance patient outcomes. 3

While DNA-based methods like short
tandem repeat PCR (STR-PCR) are considered the
standard for chimerism analysis, they tend to be
expensive, laborious, and have limited sensitivity.
¢ In response to these drawbacks, flow cytometry
has emerged as a quick and dependable alternative,
enabling direct detection of donor chimerism
without needing prior cell separation.’ This study
focuses on creating a flow cytometry—based panel
of HLA-A24—specific antibodies for monitoring
chimerism in haploidentical HSCT. Developing
this panel aims to improve sensitivity, accuracy,
and speed of chimerism detection, thereby aiding
better clinical decisions and enhancing long-term
transplant success.

MATERIALS AND METHODS

Research Design

The study design focused on optimizing
chimerism monitoring through flow cytometry
using HLA-A24. The primary aim was to identify
an informative anti-HLA-A24 panel suitable
for the Malaysian population. According to
Dhaliwal et al.®, the most common haplotypes
were A24-B15-DR12 (0.047), A24-B15-DR15
(0.03), and A24-B35-DR12 (0.03). Additionally,
a high frequency of HLA-A24 was observed
in previous HLA-mismatched paediatric bone
marrow transplant cases at UMMC, Petaling Jaya.
Among the HLA types analysed, HLA-A24 was the
most frequently occurring allele in bone marrow
transplant recipients at this centre.
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Before flow cytometry gating and analysis
for chimerism monitoring, a frozen PBMC
sample in liquid nitrogen from the Biobank unit
was extracted for this study. Then, blood with
HLA-A24+ and blood with HLA-A24- were
processed and stained with an antibody conjugated
with a fluorochrome (BD Biosciences, Malaysia).
Monoclonal mouse anti-human HLA-A24 antibody
(clone 22E1, FITC) (Genomax Technologies Sdn.
Bhd., Malaysia) and primary mouse anti-CD3
(T cell marker), anti-CD19 (pan-B cell marker),
and anti-CD56 (NK cell marker) antibodies (BD
Biosciences, Malaysia) were purchased for this
study. The results obtained were analysed using
BD FACS Diva software version 6.1 (Becton
Dickinson, San Jose, CA, USA). The relationships
of the serial dilution and expression of HLA-A24
were tested using the Pearson correlation test with
the Statistical Package for Social Science Software,
Version 27 (SPSS Version 27).

Study Population

Peripheral blood samples were obtained
from the Paediatrics Department, Faculty of
Medicine, University of Malaya, and screened for
the presence of the HLA-A24 allele. Currently, the
University of Malaya Medical Centre (UMMC)
routinely performs HLA typing for both HSCT
recipients and potential donors. For this study,
patients and donors with informative HLA
mismatches were selected based on HLA-A24
expression. UMMC conducts approximately ten
haploidentical bone marrow transplants annually.
The HLA-A24 allele was chosen for this research
due to its high prevalence and the availability of a
monoclonal mouse anti-human HLA-A24 antibody
(clone 22E1, FITC; Genomax Technologies Sdn.
Bhd, Malaysia). Blood samples were included
based on predefined criteria, specifically those
identified as HLA-A24 positive or negative.
Samples without prior HLA typing were excluded
from the study.

Flow cytometry

Cells were analysed using a BD
FACSCanto II flow cytometer equipped with 488
nm and 633 nm lasers (Becton Dickinson, San
Jose, CA, USA), operated with the FACS Diva
software Version 6.1 (Becton Dickinson, San Jose,
CA, USA). Peripheral blood mononuclear cells
(PBMCs) were isolated from HLA-A24—positive
samples by density gradient centrifugation and
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then prepared for serial dilution. Cell recovery and
viability were assessed using a haemocytometer
under light microscopy. Serial dilution of two
samples (n=2) was stained with monoclonal mouse
anti-human HLA-A24 antibody (FITC) and further
incubated with primary antibodies targeting CD3
(T-cell marker), CD19 (B-cell marker), and CD56
(NK-cell marker) prior to flow cytometric analysis.

A standard dilution curve was created
using samples from paediatric patients undergoing
haploidentical HSCT at UMMC, with both
HLA-A24—positive and HLA-A24-negative
PBMCs. For each dilution series, 1 x 10v PBMCs
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were transferred into tubes at final concentrations of
0%, 25%, 50%, 75%, and 100% HLA-A24+ cells,
in a total volume of 200 pl. All flow cytometry
assays were conducted in duplicate.

RESULTS

Optimisation of flow cytometry procedure using
chimeric donor samples

HLA-A24 panel sensitivity was measured
using a FACS Canto II flow cytometer (Beckton
Dickinson, San Jose, CA, USA) by serially
diluting an HLA-A24+ sample with an HLA-A24-
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Fig. 1. Expression of HLA-A24 antibody by flow cytometry in the first optimisation. HLA-A24 panel sensitivity
was measured using a FACS Canto II flowcytometer (Beckton Dickinson, San Jose, CA, USA) by serially
diluting HLA-A24+ sample with HLA-A24- phenotype at a serial dilution of 0% (A), 25% (B), 50% (C), 75%
(D) and 100% (E).
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phenotype, at dilution levels of 0%, 25%, 50%,
75% and 100% of the HLA-A24+ sample. These
serial dilutions were performed in duplicate
experiments. For initial optimisation (Figure 1),
the examination of HLA-A24 chimerism at various
dilutions indicated a mixed sample. Only one peak
was observed at 0% (A) and 100% (E) dilutions,
indicating a pure population of either HLA-A24-
or HLA-A24+. A typical negative population
should appear on the left side of the positive. peak,
indicating minimal or no antibody binding to the
sample. Notably, the HLA-A24- population peak
showed a higher fluorescence signal compared to
the HLA-A24+ population, suggesting potential
contamination or excessive nonspecific binding.
For the second optimisation (Figure 3), the
HLA-A24" gating area was defined as based on a
100% dilution tube, where the right boundary of
the gate was also guided by the location where the
two peaks intersect in the 50% dilution tube. The
best-fit linear equation for Standard Curve 2 is y
=0.8528x + 6.54 (Figure 4). Hence, this equation
showed that the intercept for Standard Curve 2 is
lower than that for Standard Curve 1, suggesting
that at 0% dilution, the baseline expression of
HLA-A24 is lower in the second dataset compared
to the first. However, both standard curves show a
strong positive linear relationship between dilution
percentage and HLA-A24 expression. The slight
differences in the interceptions may result from
minor variations in experimental conditions, such
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as room temperature and machine performance.
However, the similarity in slopes suggests a
consistent response of HLA-A24 expression to
dilution across both experiments, indicating a
negligible inter-assay effect.

From the serial dilution of an HLA-A24
positive sample, at 0% dilution, the average
expression of HLA-A24 is 6.65%, which represents
the baseline or the minimal expression at the
starting point of serial dilution. At 25% dilution,
the average expression rises to 32.10%, showing a
notable increase from the baseline. At 50% dilution,
the average expression reaches 53.25%, indicating
higher expression levels as the dilution increases.
At 75% dilution, the average expression is 72.15%,
demonstrating a further rise in expression. Finally,
at 100% dilution, the average expression is 92.50%,
representing the highest level of HLA-A24
expression. Therefore, the trend indicates a
proportional increase in HLA-A24 expression
with increasing dilution percentages, which is
expected as the sample concentration rises. These
findings align with a study stating that a sample
with HLA-A02, A24 expression was mixed with
a sample with HLA-A03:01, A30:01 expression
in proportions of 100%, 50%, 20%, and 10%.
As the proportion of the HLA-A02, A24 sample
decreased, the population of cells reacting to anti-
HLA-A02, A24 declined, and the population of
cells negative for anti-HLA-A*02, A*24 became
more prominent.’
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Fig. 2. Standard curve of HLA-A24" in first optimization. The best-fit line was plotted with an R2 value of 0.996
and the linear equation is y = 0.8412x + 11.42



2496

The inter-assay coefficient of variation
(CV) for both standard curve 1 and standard curve
2 showed minimal variability (<15%) across all
dilution points, except at 0% dilution. At this
lowest expression level, the CV was 32.33%,
indicating high variability between duplicate
optimisations. At 25% dilution, the CV decreased
t0 9.35%, showing improved consistency compared
to 0% dilution. Further reductions were seen at
higher dilutions: 2.35% at 50% dilution (very low
variability and high reproducibility), 3.95% at 75%
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dilution (good inter-assay consistency), and 1.62%
at 100% dilution, the lowest variability observed,
suggesting excellent reproducibility at the highest
concentration. These results demonstrate that
reproducibility improves with increasing HLA-A24
expression, with the most reliable measurements
at 100% dilution. Since lower CV values imply
greater reproducibility, the standard curve is more
accurate at higher expression levels. The overall
standard curve (y =0.847x + 8.98), calculated from
the average HLA-A24 expression values of the two
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Fig. 3. Expression of HLA-A24 antibody by flow cytometry in second optimisation. HLA-A24 panel sensitivity
was measured using a FACS Canto II flowcytometer (Beckton Dickinson, San Jose, CA, USA) by serially
diluting HLA-A24+ sample with HLA-A24- phenotype at a serial dilution of 0% (A), 25% (B), 50% (C), 75%
(D) and 100% (E).
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Table 1. Represents the relationship between serial dilution and HLA-A24 expressions. Pearson correlation
analysis yielded a coefficient of 0.998 with a p-value of 0.001, indicating a very strong and statistically significant

correlation between serial dilution and mean HLA-A24 expression

Variable

Serial Standard Standard Average
dilution curve 1 curve 2 expression of
HLA-A24 (%)
R P r P r p r P

Serial dilution 0.998 0.001* 0.998 0.001* 0.998 0.001%*
Standard curve 1 0.998 0.001* 0.999 0.001* 1.000 0.001%*
Standard curve 2 0.998 0.001* 0.999 0.001* 1.000 0.001*
Average expression 0.998 0.001* 1.000 0.001* 1.000 0.001*

of HLA-A24 (%)

Analyzed using Pearson correlation test, * denotes p < 0.05

Table 2. Percentage of engraftment monitoring for two patients (FC001 and FC002)
using HLA-A24 panel on T cells, B cells and NK cells at UMMC

Patient ID Donor Cell subset (Gated on HLA- Donor chimerism (%)
A24+ population)
T NK B T NK B
(CD3+) (CD56+) (CD19+) ((CD3+) (CD56+) (CD19+)
FC001 *HLA- A24- 53.8 43.7 12.0 47.1 59.0 96.4
(Day+30)
FC002 HLA- A24* 9.7 12.0 54.4 0.9 3.6 53.6
(Day+14)
FC001 *HLA- A24- 0.1 0.1 14.8 100.0 100.0 93.1
(Day+63)
FC002 HLA- A24* 30.1 33.9 9.3 24.9 29.4 0.4
(Day+21)
FC002 HLA- A24* 82.2 98.9 77.6 86.4 100.0 81.0
(Day+26)
FC002 HLA- A24* 91.3 97.9 88.6 97.2 100.0 94.0
(Day+49)
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Fig. 4. Standard curve of HLA-A24" in 2™ optimization. The best-fit linear equation for Standard Curve 2 is y =

0.8528x + 6.54
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optimisation runs, was employed for subsequent
analyses.
Analysis of the relationship between serial
dilution and HLA-A24 expression levels

Table 1 shows the relationship between
serial dilution and HLA-A24 expressions. Pearson
correlation analysis resulted in a coefficient of
0.998 with a p-value of 0.001, indicating a strong
and statistically significant correlation between
serial dilution and mean HLA-A24 expression,
thus supporting the validity of the generated
standard curve. While no previous studies have
specifically reported correlation outcomes for
flow cytometry—based chimerism analysis. These
findings align with the results proposed by Liacini
etal.'’, who demonstrated an R? value 0f 0.99 using
next-generation sequencing (NGS) in artificially
mixed samples across a wide range of chimerism
levels in triplicate.’ Their study confirmed a

NAZRI et al., Biomed. & Pharmacol. J, Vol. 18(3), 2492-2503 (2025)

highly linear and accurate assay performance with
minimal systematic bias, reinforcing the robustness
of dilution-based monitoring approaches. Based
on these results, the final standard curve in this
study was constructed from the mean HLA-A24
expression obtained across two independent runs
and plotted against the actual dilution series.
Validation of the HLA-A24 panel using patient
samples

The optimisation of this project acts as
guidance for clinical management based on the
chimerism status of A24 for patients at UMMC.
Serial monitoring of flow cytometric lineage-
specific chimerism analysis will provide a better
understanding of regenerating haemopoiesis
after transplantation, as well as engraftment or
rejection kinetics.!" The final HLA-A24 panel
is being validated for the clinical use of the
intended HLA-A24 panel in flow cytometric
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Fig. 5. Flow cytometric analysis of donor chimerism in patient FC002 on day 14 of transplantation. The recipient
was HLA-A24{ , and the donor was HLA-A24z , allowing HLA-A24 to serve as a marker for donor-derived
cells. Flow cytometry plots show lymphocyte gating, subset identification (T cells, NK cells, and B cells), and
HLA-A24 expression. Donor chimerism was detected at 9.7% in T cells, 12.0% in NK cells, and 54.4% in B
cells, with B cells showing the highest proportion of donor-derived cells at this early post-transplant stage.
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monitoring of chimerism after haploidentical
stem cell transplantation. The panel underwent
flow cytometric analysis to assess its ability to
distinguish between donor and recipient cells and
to monitor the engraftment of donor stem cells.
Monitoring of cells engraftment by flow
cytometry

Table 2 presents the engraftment
monitoring for two patients, FC001 and FC002
(n=2), at UMMC. In both cases, the donor—
recipient mismatch at HLA-A24 allowed its
use as a lineage-specific marker for chimerism
monitoring. Patient FC001, who was HLA-A24
positive with an HLA-A24-negative donor, showed
mixed chimerism at day 30 post-transplantation,
with donor-derived T cells (52.9%) and NK cells
(41.0%) indicating substantial engraftment, while
B cells contributed minimally at 3.6%. By day
63, complete donor chimerism was established
in both T and NK cells (100%), with B cells
also demonstrating a robust but slightly lower
engraftment level of 93.1%. These preliminary
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findings indicate progressive and stable donor
immune reconstitution, with T and NK cells
engrafting earlier and more fully than B cells.

In contrast, patient FC002, who was
HLA-A24 negative with an HLA-A24-positive
donor, showed a different course. On day 14,
donor B cells predominated (53.6%), while NK
cells (3.6%) and T cells (0.9%) remained low
(Figure 5). By day 21, donor B-cell chimerism
dropped sharply to 0.4%, aligning with a significant
increase in T cells (24.9%) and NK cells (29.4%)
(Figure 6). On day 26 (Figure 7), donor T cells
expanded further to 86.4%, NK cells reached full
engraftment at 100%, and B cells recovered to 81%.
Continued monitoring up to day 49 showed stable
NK-cell engraftment at 100%, near-complete T-cell
engraftment at 97.2%, and further B-cell recovery
to 94% (Figure 8).

Taken together, these results highlight
distinct engraftment kinetics between the two
patients. FC001 exhibited relatively early and
sustained donor T- and NK-cell dominance, with
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Fig. 6. Flow cytometric analysis of donor chimerism in patient FC002 on day 21 of transplantation. By Day 21,

donor-derived T cells increased to 30.1% and NK cells to 33.9%, while B cells declined to 9.3%. These findings

indicate a shift in chimerism dynamics, with progressive engraftment of donor T and NK cells and a reduction in
donor-derived B cells compared to Day 14.
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B-cell engraftment occurring more gradually. In
contrast, FC002 showed transient early B-cell
predominance, followed by rapid expansion of
donor T and NK cells and subsequent recovery of
B cells. By the end of the monitoring period, both
patients achieved near-complete donor chimerism
across all lymphocyte subsets, underscoring
the heterogeneity of lineage-specific immune
reconstitution following haploidentical HSCT.

In summary, serial monitoring from day 14
to day 49 (Figure 9) showed a rapid and sustained
increase in donor-derived T lymphocytes and NK
cells, indicating strong engraftment and expansion
of these subsets. In contrast, B cells displayed a
biphasic pattern, with an initial decline followed
by recovery and expansion by day 49. The overall
trends in donor chimerism across T cells, NK cells,
and B cells are shown in figure 9. These findings
confirm ongoing engraftment as detected by flow
cytometric analysis, which offers a sensitive
method for tracking immunological changes in
patients undergoing HLA-haploidentical stem cell
transplantation. Furthermore, the observed patterns
emphasise the usefulness of flow cytometry
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in capturing the dynamic process of immune
reconstitution after transplantation.

DISCUSSION

Monitoring chimerism in allogeneic
haploidentical HSCT recipients has become a
diagnostic standard. It is essential to determine
engraftment status, graft failure, or imminent
relapse of malignancy.! Five HSCT samples
were analysed, with engraftment monitoring
feasible in two patients who underwent allogeneic
haploidentical HSCT at the UMMC using flow
cytometry. Pre-transplant HLA typing revealed
donor—recipient mismatches at HLA-A24 in both
cases. This is clinically relevant, as HLA-A24 is
among the most common HLA-A alleles worldwide
and is reported as the second most prevalent
allele in the Korean population.'? Reproducibility
of the assay was assessed using the coefficient
of variation (CV), which is preferred over
standard deviation because it is dimensionless and
independent of data scale.”® Low CV is generally
considered acceptable; however, this threshold
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Fig. 7. Flow cytometric analysis of donor chimerism in patient FC002 on day 26 of transplantation. By day 26
donor-derived T cells rose to 82.2%, NK cells reached near-complete engraftment at 98.9%, and B cells increased
to 77.6%. These results indicate rapid and robust expansion of donor-derived lymphocyte subsets, with NK cells
achieving almost full engraftment.
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Fig. 8. Flow cytometric analysis of donor chimerism in patient FC002 on day 49 of transplantation. By day 49
donor-derived T cells rose to 91.3%, NK cells engrafted at 98.9%, and B cells increased to 88.6%. These results
indicate rapid and robust expansion of donor-derived lymphocyte subsets achieving almost full engraftment
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was not achieved at the 0% dilution, likely due to
non-specific antibody binding causing excessive
background signal. Although fluorescent-minus-
one (FMO) controls were included, no abnormal
background staining was observed, indicating that
the unexpected peak in the negative population
tube was not caused by background noise.
Other potential contributors, such as instrument
variability, improper compensation settings, or
technical artifacts, may also have influenced signal
detection and contributed to this finding. This
highlights the importance of combining suitable
controls with a robust gating strategy to reliably
identify cell populations in flow cytometry.'

Dead cell contamination was also
considered, but microscopic examination and
trypan blue exclusion confirmed high sample
viability, ruling out this explanation. A more
plausible factor was antibody specificity. Non-
specific binding can occur due to structural
overlaps in peptide-binding motifs across HLA
superfamilies, such as A2, A24, and A6X, which
share interaction profiles and may exhibit cross-
reactivity.'® This could account for the abnormal
peak observed in our study. The absence of Fc
blocking reagents is a limitation of our assay, as
such reagents can effectively reduce non-specific
Fc receptor interactions and improve staining
specificity.'® Their inclusion in future experiments
would likely enhance assay reliability.

CONCLUSION

HLA matching between the donor and
the recipient significantly influences the post-
transplant immune-mediated outcome of allogeneic
haploidentical HSCT. This study developed an
HLA-A24 flow cytometry panel for chimerism
monitoring in haploidentical hematopoietic stem
cell transplantation (Haplo-HSCT). A preliminary
study establishing a standard curve specific to the
HLA-A24 allele for the Malaysian population
enabled reliable post-transplant chimerism
assessment. The panel effectively distinguished
donor from recipient cells, highlighting the utility
of HLA antibody—based flow cytometry as a simple,
sensitive, and rapid method for detecting chimerism
and monitoring dynamic changes in immune cell
subpopulations. This pilot study suggests that the
anti-HLA-A24 panel has potential utility in the
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Malaysian context for providing clinically relevant
information at the single-cell level. However, given
the very limited sample size, these findings should
be interpreted as preliminary validation. Larger,
systematic studies are needed to validate the panel’s
reliability, reproducibility, and clinical applicability
before it can be recommended for broader use.
Benchmarking against established molecular
assays such as Short tandem repeats-PCR (STR-
PCR) or next-generation sequencing should also be
considered for validating accuracy and sensitivity.
Additionally, this approach supports improved
HLA matching, donor selection, personalized
treatment planning, and graft monitoring, thereby
enhancing clinical outcomes in Haplo-HSCT.
Furthermore, the panel offers potential in refining
graft-versus-host disease (GVHD) risk prediction
and facilitating proactive management strategies
more precisely.
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