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Abstract: Blood analysis plays a pivotal role in assessing the health of laboratory animals, including
pigs. This study investigated the hematological profiles of transgenic pigs of the MGH breed for
xenotransplantation, focusing on the effect of housing conditions on blood parameters. A cohort
of pigs was longitudinally monitored from 6 to 18 months of age in both conventional and specific
pathogen-free (SPF) environments. Red blood cells (RBCs), hemoglobin (HGB), and white blood
cells (WBCs) were analyzed using standardized hematology analyzers. The results revealed that
RBC and HGB levels were consistently higher in SPF-housed pigs. Notably, WBC counts were
significantly lower in SPF-housed pigs, suggesting that reduced pathogen exposure under SPF
conditions effectively diminished immune system activation. These findings raise a novel question
as to whether distinct hematological parameters of specific and/or designated PF pigs would be
advantages for the success of clinical xenotransplantation trials.
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1. Introduction

Blood analysis plays a pivotal role in veterinary and medical sciences, especially in
assessing the health of laboratory animals, such as pigs. These animals are central to
transplantation research and drug development due to their physiological similarities to
humans. Analyzing key components such as red blood cells (RBCs), hemoglobin (HGB),
and white blood cells (WBCs) offers critical insights into the physiological state of these
animals. Variability in blood cell counts may be influenced by factors such as breed, age,
environment, and overall health status, underscoring the importance of establishing specific
hematological baselines for different conditions [1,2].

Pig xenografts are becoming increasingly prevalent in the current clinical trial era [3,4],
and the use of designated pathogen-free (DPF) pigs is essential for such applications [5].
We examined the hematological profiles of pigs housed in specific pathogen-free (SPF) and
conventional conditions, which were specifically bred for xenotransplantation research [6].
The results revealed distinct hematological parameters in SPF pigs, raising a question as to
how differences in physiology between pigs housed in filtered air with positive pressure
and in natural conditions impact clinical trials in xenotransplantation.
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2. Materials and Methods
2.1. Ethics Statement

The ethical approval for this study was granted by the Animal Experimental Ethics
Committee of the National Institute of Animal Science, and all procedures were conducted
in compliance with established ethical standards (approval number: NIAS 2020-0415).

2.2. Animals

Alpha-1,3-galactosyltransferase-deficient and human membrane cofactor protein-
expressing (GTKO/MCP) transgenic (TG) pigs of the MGH breed [7] were initially se-
lected at the age of 6 months from two distinct housing environments, 58 conventional
(37 males and 21 females) and 13 SPF (6 males and 7 females) pigs. Each pig was rigorously
screened for health conditions and pregnancy, with any individuals manifesting signs of
illness or pregnancy being promptly excluded from the study. These selected pigs were
then continuously housed under their respective conditions throughout the study period.
The experimental design was a longitudinal study in which the same group of pigs was
monitored over time to track hematological changes at the initial age of 6 months and
subsequently at 12 and 18 months. The SPF facility was maintained with high-efficiency
particulate air filters at positive pressure, and the pigs were provided with an irradiated pig
pellet diet. The pigs housed in SPF were free of 42 pathogens (Table S1). No new animals
were introduced to the cohort after the initial selection at 6 months.

2.3. Complete Blood Cell (CBC) Analysis

Blood samples for CBC analysis were collected from the jugular vein using an
18-gauge needle. The blood was immediately placed into a BD Vacutainer® containing
ethylene diamine tetra acetic acid to prevent clotting (BD, Franklin Lakes, NJ, USA). The
samples were promptly transported to the laboratory for further analysis. RBC, HGB, and
WBC counts were determined using a Procyte DMTM analyzer (IDEXX, Westbrook, ME,
USA). The top and bottom 5% of the distribution curves were removed for each measured
parameter to analyze hematological data from pigs housed in conventional facilities.

2.4. Statistical Analysis

The levels of RBCs, HGB, and WBCs were analyzed using GraphPad Prism 5 (Graph-
Pad Software, La Jolla, CA, USA). All the data are presented as means ± standard deviation
and were analyzed using Student’s t-test to test the significance of pig blood (p < 0.05).

3. Results and Discussion

The first longitudinal analysis of comprehensive hematological parameters in the
miniature pig breed, MGH, was conducted on TG pigs housed under both conventional
and SPF conditions. Conventional TG pigs typically maintain RBC and HGB levels close
to the upper limit of the normal range. By contrast, WBC counts were consistently higher
in TG pigs housed in conventional facilities across all developmental stages, significantly
exceeding the normal range (Table 1). Previous studies with a genetically identical strain
of miniature pigs demonstrated significantly higher RBC and WBC counts than full-sized
farm breeds under conventional conditions [8]. Similarly, other miniature pig breeds,
such as Yucatan [9], Bama Xiang [10], and Microminipig [11], also exhibit hematological
levels above normal ranges, indicating a consistent trend across different miniature breeds,
whether transgenic or wild type. A hybrid breed developed by combining a miniature of
GTKO background with a wild-type farm breed demonstrated hematological patterns of
that farm breeds (unpublished data).

Figure 1 illustrates the significant differences between the two types of facilities. Pigs
in SPF facilities displayed higher RBC and HGB levels and lower WBC counts across
all age groups than those in conventional facilities. This pattern mirrors findings in full-
sized farm pig breeds, such as the Large White [12], suggesting that SPF environments
influence hematological parameters irrespective of the pig breed. WBC counts are crucial
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for immune responses and reflect changes in health status due to age or environmental
conditions [13,14]. Supplementary Figure S1 supports this observation, showing a notable
decrease in lymphocyte counts in SPF-housed pigs at 6, 12, and 18 months. This reduction in
lymphocytes and WBCs likely reflects the diminished immunogenic stress associated with
reduced pathogen exposure in SPF environments, as suggested by recent studies on gut
microbiota diversity (accepted in J Microbiol and Biotech). Hemoglobin, a key component
of RBCs, is well known to be essential for the transport of oxygen and carbon dioxide and
is positively associated with blood pressure in healthy individuals [15]. The reasons for
higher RBC and HGB levels in SPF-housed TG pigs and their effects on health remain
unclear, especially because no abnormalities in growth, physical health, or reproduction
were observed in these pigs.

Table 1. Hematological profiles of transgenic pigs of the MGH breed in conventional facilities.

Facilities Month No. of Pig
RBC (M/uL) HGB (g/dL) WBC (k/uL)

Mean ± SD Min Max Mean ± SD Min Max Mean ± SD Min Max

Convent-
ional

6 58 8.99 ± 0.59 7.78 10.26 14.92 ± 0.91 12.90 16.70 25.44 ± 3.51 18.37 32.45
12 52 8.76 ± 0.82 7.29 10.28 15.15 ± 1.39 12.50 17.80 23.33 ± 3.08 16.82 29.45
18 49 8.03 ± 0.73 6.43 9.24 14.53 ± 1.27 12.00 16.90 23.72 ± 3.34 16.56 29.14

Normal reference * 5.00 8.00 10.70 16.70 11.00 22.00

* provided by analyzer.
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Figure 1. Hematological profiles of GTKO/MCP transgenic pigs over time in different housing
environments. Panels show levels of red blood cells (RBC, Panel (A)), hemoglobin (HGB, Panel (B)),
and white blood cells (WBC, Panel (C)) at 6, 12, and 18 months in conventional (Con) and specific
pathogen-free (SPF) facilities. The values are presented as mean ± SD, with sample sizes at each
time point indicated as follows: at 6 months (Con: n = 58, SPF: n = 13), at 12 months (Con: n = 52,
SPF: n = 7), and at 18 months (Con: 49, SPF: n = 5). These numbers reflect the volume of pigs analyzed
in each housing condition at every specified age point. Asterisks indicate statistical significance
compared to the conventional facility at the same time point (* p < 0.05, ** p < 0.01, *** p < 0.001).

Due to space limitations in the SPF facility, this current study was performed with
a restricted number of pigs, including the top and bottom 5% of the levels. The levels in
12-month-old pigs were lower than those in six and 18 months. A larger number of pigs may
demonstrate more consistent hematological patterns. Nevertheless, the findings suggest
that pigs in SPF and DPF facilities generally exhibit higher RBC and HGB levels and lower
WBC counts than pigs under natural conditions. Whether these specific hematological
changes offer advantages or disadvantages for the success of clinical xenotransplantation
trials remains to be determined.

4. Conclusions

This study’s findings indicate that SPF conditions significantly alter the hematological
profiles of transgenic pigs, with increased levels of RBCs and HGB and decreased WBC
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counts compared to those housed in conventional environments. These hematological
differences underscore the potential advantages of SPF conditions in reducing immune
activation, which is crucial for the success of xenotransplantation, as it could lead to lower
rates of infection and graft rejection. However, the impact of these physiological changes
on the overall success of xenotransplantation remains uncertain. This necessitates further
investigation to determine whether the altered immune environment in SPF pigs translates
into improved clinical outcomes in xenotransplantation trials. This study highlights the
complexity of transplant biology and underscores the need for a thorough understanding
of how environmental factors influence the health and suitability of transgenic pigs for
clinical applications. The results contribute significantly to the field of transplantation
medicine, offering insights that could help optimize the preparation of animal models for
clinical use, thereby enhancing the success rates of xenotransplantation procedures and
improving patient outcomes.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/life14091132/s1, Table S1: List of pathogens excluded
from SPF pigs, Figure S1: Comparative Analysis of Lymphocyte Counts in GTKO/MCP Transgenic
Pigs Over Time in Different Housing Environments.
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