Althagafi and Hussen J. Anim. Plant Sci., 36 (6) 2026

IMPACT OF CELL SEPARATION PROCEDURE ON THE IMMUNOPHENOTYPE OF
DROMEDARY CAMEL PERIPHERAL BLOOD MONONUCLEAR CELLS AND TOTAL
LEUKOCYTES

H. Althagafi' and J. Hussen?"

1Department of Biology, College of Science, Princess Nourah bint Abdulrahman University, P.O. Box 84428, Riyadh
11671, Saudi Arabia
2Department of Microbiology, College of Veterinary Medicine, King Faisal University, Al-Ahsa 31982, Saudi Arabia;

*Corresponding author’s email:; jhussen@kfu.edu.sa

ABSTRACT

The present study investigated the impact of the cell separation procedure and whole blood preservation on the viability
and immunophenotype of camel peripheral blood mononuclear cells (PBMC) and total leukocytes. Mononuclear cells were
separated by density gradient centrifugation, while total leukocytes were separated by hypotonic lysis of red blood cells.
Cell apoptosis, necrosis, forward and side scatter properties, and cell staining patterns with monoclonal antibodies to
selected immune cell markers were analyzed by flow cytometry. The results showed only low percentages of apoptotic
and necrotic lymphocytes and monocytes within cells separated by both methods, indicating no impact of cell separation
on viability. Similarly, comparable percentages of positively stained cells with monoclonal antibodies to the surface
antigens CD45, CD44, MHC class I, CD11a, CD14, CD163, CD172a, CD4, BAQ44A, WC1, and MHC class Il indicate
no impact of the used cell separation methods on the immunophenotype of mononuclear cells. Subsequently, the next
experiment was performed to see whether cryopreservation of camel whole blood followed by hypotonic lysis of red blood
cells to separate total leukocytes would impact the viability or phenotype of PBMC. Although no impact of
cryopreservation on total leukocyte count was observed, hypotonic lysis of cryopreserved blood for the separation of total
leukocytes resulted in reduced viability of lymphocytes and monocytes with significant changes in their staining pattern
with monoclonal antibodies. In conclusion, PBMC separated by density gradient centrifugation or total leukocytes
separated by hypotonic lysis of fresh blood can be used for reliable identification of camel immune cell populations.
However, using cryopreserved instead of fresh blood results in significant changes in cell viability and immunophenotype.
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INTRODUCTION

Peripheral blood represents an easily accessible sample source for the analysis of cellular immunity, with cells
representative of both the innate and adaptive immune systems (Alexovic, Ulicnha, Sabo, & Davalieva, 2024; Muller,
Kroger, Schultze, & Aschenbrenner, 2024). Flow cytometric analysis of blood immune cell composition may be performed
using whole blood samples, total leukocytes, or peripheral blood mononuclear cells (PBMC) (Dyikanov et al., 2024; Haider
et al., 2022). In whole blood analysis, staining with antibodies to pan-leukocyte markers is required to exclude red blood
cells from the analysis due to their dominance over white blood cells (Petriz, Bradford, & Ward, 2018). Alternatively, red
blood cells are removed before or after staining with monoclonal antibodies (mAbs) to avoid their interference with the
analysis (Connelly et al., 2022). Hypotonic lysis of red blood cells depends on short incubation of blood samples in distilled
water followed by restoring the tonicity to keep the white blood cells intact (Li et al., 2018). Separation of blood
mononuclear cells is another option and is performed by layering blood over the density solution followed by centrifugation
at a specific speed and temperature (Fuss, Kanof, Smith, & Zola, 2009). In addition, it is not always applicable to analyze
samples immediately after separation, and some samples therefore need to be preserved for later processing and analysis
due to the limited availability of flow cytometry devices (Juhl, Christensen, Pedersen, Kastrup, & Ekblond, 2021).
Therefore, several methods for the preservation of whole blood samples for flow cytometry were investigated in the
literature (Braudeau et al., 2021; Rybakowska et al., 2021). The methods vary in terms of the required processing time, the
need for specific preservative reagents, and the need for different preservation temperatures (Blackwell, Garcia, Keivanfar,
& Bay, 2021; Braudeau et al., 2021; Serra et al., 2022). As recently reported, a similar immunophenotype of immune cells
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was found when analyzing human blood stored at -80 °C in a DMSO-based preservation medium and fresh blood samples
(Serra et al., 2022).

After the identification of some mAbs with reactivity with the main cell surface markers of camel immune cells,
several recent phenotyping and functional studies were undertaken for the characterization of the cellular immune
compartment in camels. In most of these studies, immune staining was used in combination with flow cytometry for the
characterization of cell populations and subpopulations in camel blood and tissues (J. Hussen, Althagafi, Al-Sukruwah,
Falemban, & Abdul Manap, 2024; J. Hussen & Schuberth, 2020). For infection immunity studies in camels, monitoring
the changes in immune cell composition and phenotype can be used for evaluating the immune response to infection or
vaccination.

Because the impact of sample preparation on the flow cytometric analysis of viability and immunophenotype of
camel blood mononuclear cells has not been investigated so far, the present study was undertaken to compare cell viability
and reactivity with mAbs between mononuclear cells separated by density gradient centrifugation and total leukocytes
separated by hypotonic lysis of red blood cells. In addition, the impact of whole blood preservation on PBMC
immunophenotyping was investigated. We hypothesized that cell separation and cryopreservation differentially affect the
viability and surface marker expression of dromedary camel immune cells. While such effects are well-documented in
humans, dromedary camel leukocytes possess distinct structural properties, necessitating species-specific protocol
validation.

MATERIALS AND METHODS

Animals and collection of blood samples: Blood samples (six for the first experiment and 12 for the second experiment)
were collected from healthy dromedary camels (Camelus dromedarius) selected from the animals admitted at the Al-
Omran Slaughterhouse in Al-Ahsa Region in Saudi Arabia. The animals included four males (two in each experiment) and
14 females with ages ranging from 5 to 9 years. Jugular vein blood was collected into EDTA-containing tubes and
transported cooled within one hour to the laboratory.

Cryopreservation and thawing of whole blood samples: Blood cryopreservation was performed according to a
previously described method (Serra et al., 2022). Briefly, blood was diluted in cryopreservation medium (Recovery™ Cell
Culture Freezing Medium, Gibco by Life Technologies) ina 1 to 1 ratio (2 mL blood + 2 mL medium) in 15 mL tubes and
kept at -80 °C for 3 months. For sample recovery, the tubes were thawed by incubation in a water bath (37°C) for 5 min.
Thawed blood samples were washed with PBS (1000 x g, 10 min) to remove the storage medium, followed by hypotonic
lysis.

Hypotonic lysis of red blood cells and separation of total leukocytes: Leukocytes were separated from blood samples
by removing red blood cells using hypotonic lysis (J. Hussen, 2021; Vuorte, Jansson, & Repo, 2001). This was performed
by the addition of 5 mL distilled water for 20 seconds, followed by 5 mL of double-concentrated PBS to 2 mL blood (fresh
or thawed samples for each animal). After washing by centrifugation (1000 x g, 10 min at 10°C), the lysis step was repeated
twice with centrifugation at 500 x g and 250 x g, for 10 min each, to remove the rest of red blood cells. Finally, the
remaining leukocyte pellet was washed with PBS for 10 min at 100 x g and resuspended in PBS containing bovine serum
albumin (0.5 %) and adjusted to 1 x 108/ mL.

Separation of peripheral blood mononuclear cells: Peripheral blood mononuclear cells (PBMC) were separated from
fresh collected blood samples by density gradient centrifugation as previously described (J. Hussen, Al-Jabr, et al., 2023).
This was done by diluting the blood sample (15 mL) in similar volume of cold PBS followed by carefully layering the
mixture over 15 mL Lymphoprep™ (Containing Sodium Diatrizoate: 9.1% (w/v) and Polysaccharide: 5.7% (w/v) to
achieve density of 1.077 g/mL; STEMCELL Technologies Inc. Vancouver, BC, Canada) in a sterile 50 mL falcon tube
without mixing the blood with the Lymphoprep™. The tubes were then centrifuged immediately for 30 min at 1000 x g
and 10°C, without brake. Subsequently, the interphase was collected into a new tube, washed three times in PBS at 450,
200, and 125 x g (each round for 10 min), with brake. Finally, the cell pellet was suspended in PBS (2 x 106 cells/mL).

Analysis of cell viability: Viability of mononuclear cells separated by density gradient centrifugation or leukocytes
separated by hypotonic lysis of blood was measured using the Annexin V-FITC Apoptosis Kit (Abcam; ab14085),
according to the manufacturer's protocol. Briefly, cells were stained with Annexin V-FITC and propidium iodide (PI)
diluted 1:100 in Kit buffer (100 pL /well), for 5 min at RT in the dark. The percentages of Annexin VV+/PI- apoptotic cells,
Annexin V+/ positive/Pl+ necrotic cells, and Annexin V-/ PI- viable cells were calculated by flow cytometry (J. Hussen,
Althagafi, Alalai, et al., 2024).
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Staining with monoclonal antibodies: Separated PBMC or total leukocytes were labeled with mAbs to cell antigens
followed by flow cytometric analysis (Table S1) (Jamal Hussen, Shawaf, Al-herz, Alturaifi, & Alluwaimi, 2018). The first
staining step was performed by incubating the cells for 15 min at 4°C at a density of 1 x 10° cell/well in 96-well plates
with mAbs to primary (unconjugated) mAbs against the cluster of differentiation (CD) CD45, CD44, CD11a, major
histocompatibility (MHC) class-1, MHC class 1, BAQ44A, WC1, CD4, CD172a, CD14, and CD163 (J. Hussen, 2021; J.
Hussen, Alkuwayti, et al., 2023). After 15 min of incubation at 4 °C, cells were washed twice with PBS/BSA buffer by
centrifugation at 300 x g and 4°C. Subsequently, the cell pellet was resuspended by shaking, and fluorochrome-labeled
antibodies to mouse IgM, 1gG1, and 1gG2a (Invitrogen) diluted 1:100 with PBS/BSA buffer were added to the wells (10
pL /well). After a second incubation step for 15 min at 4°C in the dark, a final wash was performed by adding 150 pL /well
of PBS/BSA and centrifuging at 300 x g and 4°C, the cells were analyzed using a flow cytometer (BD Accuri C6). A
compensation matrix was generated using single-stained controls to correct for spectral overlap between detection
channels. Furthermore, staining with appropriate isotype controls was used to ensure specific antibody binding. Single
cells were identified by plotting FSC-A versus FSC-H to exclude doublets. Detailed antibody clone information and
representative gating hierarchies are provided in Supplementary Table 1 and Supplementary Figures (Figure S1 and S2).
Subsets of camel PBMC were identified based on their forward (FSC) and side scatter (SSC) properties. After gating on
cell singlets in an FSC-H against FSC-A density plot, gates were set on lymphocytes and monocytes based on their FSC
and SSC. Cell staining with the corresponding mAb was shown in a separate density plot after gating on the target cell
population.

Statistical Analyses: Prism software (GraphPad) was used to calculate means and standard error of the mean (SEM) using
the column statistic function. The Shapiro-Wilk test was used to test data normality. Because every animal contributed to
both cell separation treatments (Hypotonic Lysis vs. Density Gradient Centrifugation in Experiment 1; Fresh vs.
Cryopreserved in Experiment 2), paired Student's t-tests were utilized to evaluate differences between the two groups for
all figures. To mitigate the increased risk of false-positive findings, p-values from the paired t-tests were adjusted using
the Holm-Sidak method. An adjusted p-value less than 0.05 was considered indicative of statistical significance. Exact
adjusted p-values, alongside 95% confidence intervals (Cls) and effect sizes (R squared) for all comparative analyses, are
detailed in Supplementary Table 2.

RESULTS

Viability rates of dromedary camel mononuclear cells after density gradient centrifugation and

hypotonic blood lysis: Measurement of cell apoptosis and necrosis was performed using flow cytometry as shown in
Figure 1A. Using hypotonic lysis (HL) of whole blood samples for separation of total leukocytes or density gradient
centrifugation (DGC) for separation of PBMC resulted in similar (p > 0.05) percentages of viable cells within lymphocytes
(97.3 for HL versus 96.7 for DGC) and monocytes (96.7 for HL versus 94.5 for DGC). For both lymphocytes and
monocytes, there were no significant differences (p > 0.05) in the fraction of apoptotic cells or necrotic cells between the
two procedures (Figure 1B).

Impact of cell separation procedure on forward and side scatter of camel lymphocytes and

monocytes: Cell side scatter (SSC) and forward scatter (FSC) are two important parameters that reflect shape change in
cells being indicative of cell granularity and cell size, respectively. For both lymphocytes (100398 + 2702 mean
fluorescence intensity (MFI)) and monocytes (181976 + 1689 MFI), hypotonic lysis of whole blood resulted in
significantly (p< 0.05) higher SSC values compared to density gradient centrifugation (94163 + 2916 MFI for lymphocytes
and 175913 + 1544 MFI for monocytes) (Figure 2A and B). In contrast, the FSC values were lower for cells separated by
hypotonic lysis than by density gradient centrifugation. The difference was, however, significant only for lymphocytes
(2025017 + 19367 versus 2084535 + 32974) (p< 0.05).
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Figure 1. Analysis of apoptosis and necrosis. A) Total camel leukocytes (separated after hypotonic lysis of red blood
cells) or camel PBMC (separated by density gradient centrifugation) were labeled with Annexin V and
propidium iodide (PI). After gating on cell singlets in FSC-H against FSC-A density plot, gates were set on
lymphocytes and monocytes based on their FSC and SSC properties. Apoptotic (Annexin+ / PI-) and
necrotic cells (Annexin+ / PI+) were identified based on their staining for Annexin V and PI. B) The
percentages of apoptotic, necrotic, and viable cells within lymphocytes and monocytes (mean £ sem; n =6
camels; Paired t test with Holm-Sidak correction method).
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Figure 2. Forward and side scatter properties of monocytes and lymphocytes. Total camel leukocytes (separated
after hypotonic lysis of red blood cells) or camel PBMC (separated by density gradient centrifugation) were
analyzed by flow cytometry. The mean forward scatter (FSC) and side scatter (SSC) values of lymphocytes
(A) and monocytes (B) were calculated and presented as scattered dot plots (mean £ sem; n = 6 camels). *
Indicates a significant difference (p < 0.05).

Impact of cell separation procedure on the staining properties of camel mononuclear cells with

monoclonal antibodies to selected cell surface antigens: For both cell separation procedures, most camel
mononuclear cells (about 99%) stained positively with mAbs to the leukocyte marker antigens CD45, CD44, CD11a, and
the major histocompatibility complex (MHC) class I, with no significant differences between cells separated by hypotonic
lysis or density gradient centrifugation (p > 0.05) (Figure 3A). Similarly, staining with antibodies to CD14, CD163, and
CD172a resulted in comparable fractions of positive cells (p> 0.05) between cells separated by hypotonic lysis or density
gradient centrifugation (Figure 3A). In addition, the percentages of cells stained positively with antibodies to the
lymphocyte marker antigens CD4, WC1, BAQ44A, MHCII, and CD11a (Supplementary Figure 2) revealed no significant
differences in lymphocyte subset frequency between cells separated by hypotonic lysis and density gradient centrifugation
(p > 0.05) (Figure 3B).
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Figure 3. Staining with monoclonal antibodies to selected leukocyte antigens. Total camel leukocytes (separated
after hypotonic lysis of red blood cells) or camel PBMC (separated by density gradient centrifugation) were
stained with mAbs to cell surface markers and analyzed by flow cytometry. A) Percentages of PBMC with
reactivity to mAbs to CD45, CD44, CD11a, MHC-I, CD14, CD172a, and CD163 (mean + sem; n = 6 camels).
B) Percentages of lymphocytes positive to CD4, WC1, BAQ44A, MHCII, and CD11aM" lymphocytes (mean
+sem; n = 6 camels; Paired t test with Holm-Sidak correction method).
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Preservation of camel whole blood followed by hypotonic lysis induced changes in the viability

of lymphocytes and monocytes: In this experiment, a comparison was made between fresh and preserved camel
blood regarding cell count and the impact of hypotonic lysis on cell viability. While total leukocyte counts remained
comparable between fresh and cryopreserved samples (Figure 4A), this metric does not reflect cellular vitality, which flow
cytometric viability assays subsequently proved to be significantly compromised. For both lymphocytes and monocytes,
cryopreservation of camel whole blood followed by leukocyte separation using hypotonic lysis of red blood cells resulted
in a significant (p < 0.05) reduction in cell viability. For preserved blood samples, the percentage of apoptotic lymphocytes
(10.6 = 1.3 % of total cells) and monocytes (5.4 + 0.9 % of total cells) were significantly higher than their percentages in
fresh blood samples (0.9 + 0.1 % of total cells for lymphocytes and 0.3 = 0.05 % of total cells for monocytes). Similarly,
in comparison to fresh blood samples, cryopreserved samples showed higher percentages of necrotic lymphocytes (8.0 +
0.9 versus 1.9 + 0.13) and monocytes (7.7 + 1.1 versus 1.5 +0.2) (Figure 4B).

Impact of whole blood preservation on the reactivity of camel mononuclear cells with

monoclonal antibodies to selected cell surface antigens: In comparison to cells prepared from fresh blood,
preservation of whole blood followed by separation of total leukocytes using hypotonic lysis of red blood cells resulted in
significantly (adjusted p < 0.05) altered expression profiles across multiple markers. Specifically, preserved samples
exhibited lower percentages of cells positively stained with mAbs to CD45 (89.8 + 1.0 versus 99.1 + 0.2 % of PBMC),
CD44 (97.9 £ 1.0 versus 99.7 + 0.2 % of PBMC), MHC class | (89.7 + 1.6 versus 99.6 +0.1 % of PBMC), and CD163
(13.6 + 1.3 versus 19.3 +1.3 % of PBMC) (Figure 5A). Conversely, no significant (adjusted p > 0.05) differences were
observed between fresh collected and preserved blood samples regarding the percentage of cells reacted with antibodies
to CD11a, CD14, and CD172a (Figure 5A).

In addition, significant differences in lymphocyte composition were observed between fresh and preserved blood
samples. The percentages of lymphocytes stained positively with antibodies to the T helper cell marker CD4 (18.9 + 1.5
versus 13.2 + 1.4 % of lymphocytes) as well as the fraction of CD11a"9" lymphocytes (21.7 + 2.1 versus 12.7 + 1.4 % of
lymphocytes) were significantly higher in fresh blood compared to preserved blood samples (Figure 5B). In contrast to
this, preserved blood showed a higher percentage of cells positive for the y3 T cell marker WC1 (6.4 + 0.6 versus 4.0 + 0.5
% of lymphocytes), the B cell markers BAQ44A (18.9 + 1.1 versus 14.1 + 1.5 % of lymphocytes) and MHCII (33.3 + 1.6
versus 26.0 £ 2.0 % of lymphocytes) (Figure 5B).
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Figure 4. Impact of cryopreservation of whole blood on leukocyte count and cell viability of camel lymphocytes and
monocytes. A) Total white blood cell count was determined by light microscopy using the Neubauer blood
counter after addition of Turk solution to blood samples. B) Total leukocytes were separated from freshly
collected or cryopreserved camel blood by hypotonic lysis of red blood cells. Separated cells were labeled
with Annexin V and propidium iodide, and the percentages of apoptotic, necrotic, and viable cells within
lymphocytes and monocytes were determined by flow cytometry and presented as mean + sem (n = 12

camels; * indicates significant differences with p-value < 0.05; Paired t test with Holm-Sidak correction
method).
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Figure 5. Staining camel leukocytes with monoclonal antibodies to selected leukocyte antigens. Total leukocytes
were separated from freshly collected or cryopreserved camel blood by hypotonic lysis of red blood cells.
Separated cells were labeled with mAbs to cell surface markers and analyzed by flow cytometry. A)
Percentages of PBMC with reactivity to mAbs to CD45, CD44, CD11a, MHC-I, CD14, CD172a, and CD163
(mean + sem; n = 12 camels). B) Percentages of lymphocytes positive to CD4, WC1, BAQ44A, MHCII, and
CD11aMe" lymphocytes (mean + sem; n = 12 camels). All comparisons were made using Paired t test with
Holm-Sidak correction method.
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DISCUSSION

The analysis of immune cell dynamics represents one of the most important tools to explore the immune system
in health and disease (Maecker, McCoy, & Nussenblatt, 2012; Robinson, Ostafe, lyengar, Rajwa, & Fischer, 2023). The
combination of immunofluorescence and flow cytometry enables the identification of changes in the composition and
phenotype of peripheral blood mononuclear cells (PBMC) over the course of infection or inflammation (Perfetto,
Chattopadhyay, & Roederer, 2004; Robinson et al., 2023). In comparison to human or many veterinary species, the
characterization of camel immune cells is frequently limited by reagent availability. While human studies benefit from a
vast, highly specific array of commercially available mAbs, camel immunophenotyping studies necessitate the use of cross-
reactive antibodies directed against leukocyte antigens from other species.

To prepare the cells for flow cytometry, PBMC may be separated using density gradient centrifugation, analyzed
in whole blood or in a white blood cell suspension prepared after removal of red blood cells. The present study investigated
the impact of sample preparation on the viability and immunophenotype of camel PBMC.

The first experiment of the present study analyzed the impact of cell separation methods, density gradient
centrifugation and hypotonic lysis of red blood cells, on the viability and reactivity of camel PBMC to antibodies against
cell surface antigens. Cell viability analysis revealed minimal impact of both techniques on cell viability, with the major
fractions of lymphocytes and monocytes being viable cells and only low percentages of apoptotic and necrotic cells. These
results indicate that both techniques can be used for processing blood samples and the preparation of cell suspension for
flow cytometry without affecting cell viability of PBMC.

Cell forward scatter (FSC) and side scatter (SSC), which indicate cell size and granularity, respectively, are
important parameters that are employed in flow cytometry for the identification of cell populations based on their size and
granularity (Bohmer, Bandala-Sanchez, & Harrison, 2011; McKinnon, 2018; Stanciu, Kwon, & Ehrhardt, 2016). In the
present study, although the FSC and SSC of lymphocytes and monocytes were different between the two cell separation
methods, this did not impact the identification of lymphocyte and monocyte cell populations based on their SSC and FSC
characteristics. The significant differences observed in forward and side scatter properties following hypotonic lysis
indicate morphological alterations, such as cellular swelling or degranulation (Cheon et al., 2025). While this study focused
on viability and phenotypic stability, intact surface marker expression does not guarantee functional preservation. As
cryopreservation is known to impact immune cell functions, future functional assays (e.g., proliferation, cytokine
production) are necessary to fully validate the integrity of camel leukocytes.

Pan-leukocyte markers are cell surface molecules that are expressed on all immune cell populations and are,
therefore, used for gating the whole leukocyte population in flow cytometry (Martini, Bernardi, Giordano, & Comazzi,
2020; van Dongen et al., 2012). For the dromedary camel, some mAbs that detect selected common leukocyte markers,
including the protein tyrosine phosphatase CD45, the hyaluronic acid receptor CD44, the leukocyte function-associated
antigen 1 (CD11a), and the major histocompatibility complex (MHC) class | are commercially available. On the other
hand, lineage-specific markers such as the myeloid markers CD14, CD163, and CD172a and the lymphoid markers CD4
(T helper cells), BAQ44A (B2 cells), WC1 (yd T cells), MHC class Il molecules (B cells and monocytes) are used to
identify myeloid and lymphoid cells and their functional subsets. In the present study, similar percentages of positively
stained cells within PBMC indicate similar reactivity patterns of camel PBMC prepared by density gradient centrifugation
or hypotonic lysis of whole blood with mAbs to the surface antigens CD45, CD44, MHC class I, CD11a, CD14, CD163,
CD172a, CD4, BAQ44A, WC1, and MHC class I1.

Collectively, the results of the first experiment indicate that both sample preparation procedures, the separation
of PBMC by density gradient centrifugation and the separation of total leukocytes by hypotonic lysis of red blood cells,
can be used for immunostaining of camel PBMC with comparable cell viability rate and immunophenotype.

Subsequently, the next experiment was performed to see whether cryopreservation of camel whole blood followed
by hypotonic lysis of red blood cells to separate total leukocytes would impact the viability or phenotype of PBMC. The
comparable leukocyte counts in freshly collected and cryopreserved blood samples indicate no impact of cryopreservation
on leukocyte viability in camel. However, when cryopreserved blood was used for the separation of total leukocytes by
hypotonic lysis, marked changes were observed in viability and immunophenotype of PBMC. Specifically, the higher
proportion of apoptotic and necrotic PBMC, including both lymphocytes and monocytes, within cells prepared from
cryopreserved blood indicates a negative effect of the combination of cryopreservation and hypotonic lysis on camel
PBMC cell viability. In addition, the reduced fractions of cells positive for CD45, CD44, MHC class I, and CD163 within
PBMC from preserved blood indicate significant changes in the immunophenotype of PBMC if leukocytes are separated
from preserved blood. This effect is further supported by observed shifts in lymphocyte composition, characterized by
reduced fractions of T helper cells and CD11a"9" lymphocytes, alongside increased proportions of B cells and WC1+ vy
T cells.
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The profound loss of cell viability and alteration of immunophenotypic markers observed in cryopreserved camel
leukocytes following hypotonic lysis can be attributed to synergistic osmotic and mechanical cellular stress (Zheng, Li,
Shao, Li, & Song, 2024). One explanation for the observed changes in cell viability and phenotype in preserved camel
blood could be a different tolerance of fresh and preserved cells to the hypotonic shock used to induce red blood lysis.
Studies on human blood, where commercial lysis buffers with company-specific composition were used, showed better
stability in immunophenotype after hypotonic lysis (Serra et al., 2022). Future studies may focus, therefore, on the
comparison of different lysis buffers for their performance to prepare total leukocytes from preserved camel blood.
Additionally, as the freezing rate of the samples was not controlled, which is a limitation of the current study, we cannot
exclude a role of this factor in the obtained results. Furthermore, combined osmotic and hypothermic trauma has been
found to be associated with the activation of stress-induced proteases leading to the cleavage of key surface diagnostic
receptors. This may explain the significant phenotypic reductions in markers like CD45 observed via flow cytometry.

A limitation of the current study design is that the experimental design did not allow for the definitive uncoupling
of cryopreservation-induced damage from lysis-induced damage. Specifically, there was no cryopreserved group processed
without hypotonic lysis (due to the technical challenge of removing camel red blood cells without hypotonic lysis), nor
was there a density gradient centrifugation arm for cryopreserved whole blood (due to the technical challenges of altered
cellular buoyancy and hemolysis typically observed when centrifuging previously frozen whole blood over a density
gradient). Additionally, there was a lack of baseline viability assessment immediately post-thaw but before lysis.
Consequently, the observed reduction in viability and marker expression reflects the combined, synergistic damage of
cryopreservation followed by acute hypotonic shock, rather than the isolated effects of either procedure alone.
Additionally, it is important to note that cells separated by density gradient centrifugation include only mononuclear cells,
whereas hypotonic lysis yields total leukocytes, including granulocytes. Although granulocytes were present in the lysed
samples, our study focused on mononuclear populations (lymphocytes and monocytes) by gating on them based on forward
and side scatter properties to allow direct comparison with the density gradient-isolated PBMCs. Future studies should
incorporate granulocyte-specific functional markers to assess this distinct population.

Conclusions: In conclusion, PBMCs separated by density gradient centrifugation or total leukocytes separated by
hypotonic lysis of fresh blood can be used for reliable identification of camel immune cell populations. On the other hand,
using cryopreserved instead of fresh blood results in significant changes in cell viability and immunophenotype. As
assessing apoptosis and cell percentages is insufficient to confirm complete functional preservation of immune cells,
further studies are required to include functional assays such as cell proliferation, migration, and cytokine production.
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