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Abstract

Ataxia telangiectasia (AT) is a progressive multisystem autosomal recessive disorder caused by 

mutations in the AT-mutated (ATM) gene. Early onset AT in children is characterized by cerebellar 

degeneration, leading to motor impairment. Lung disease and cancer are the two most common 

causes of death in AT patients. Accelerated thymic involution may contribute to the cancer, and 

recurrent and/or chronic respiratory infections may be a contributing factor to lung disease in AT. 

AT patients have fertility issues, are highly sensitive to ionizing radiation and they present 

oculocutaneous telangiectasia. Current treatments only slightly ameliorate disease symptoms; 

therapy that alters or reverses the course of the disease has not yet been discovered. Previously, we 

have shown that ATM−/− pigs, a novel model of AT, present with a loss of Purkinje cells, altered 

cerebellar cytoarchitecture and motor coordination deficits. ATM−/− porcine model not only 

recapitulates the neurological phenotype, but also other multifaceted clinical features of the human 

disease. Our current study shows that ATM−/− female pigs are infertile, with anatomical and 

functional signs of an immature reproductive system. Both male and female ATM−/− pigs show 

abnormal thymus structure with decreased cell cycle and apoptosis markers in the gland. 

Moreover, ATM−/− pigs have an altered immune system with decreased CD8+ and increased 

natural killer and CD4+CD8+ double-positive cells. Nevertheless, ATM−/− pigs manifest a 

deficient IgG response after a viral infection. Based on the neurological and peripheral 

phenotypes, the ATM−/− pig is a novel genetic model that may be used for therapeutic assessments 

and to identify pathomechanisms of this disease.
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INTRODUCTION

Ataxia telangiectasia (AT) is a genetic multisystem disorder affecting one in 40,000–100,000 

live births (1). The disease begins during childhood with motor coordination impairment 

resulting predominantly from Purkinje cell loss in the cerebellum, and progresses as a 

multisystemic disease (2, 3). AT patients show: sensitivity to radiation, fertility problems, 

thymic atrophy/hypoplasia, tumor development (mainly of lymphoid organs) (4, 5), 

recurrent respiratory infections and immunologic deficiencies (6). Immunodeficiency is 

likely result of the abnormal thymic development and function. Autopsy reports of patients 

commonly show absence or hypoplasia of the gonads corresponding to sterility (7). Lung 

disease and cancer are the two most common causes of death (8, 9). Current treatments only 

slightly ameliorate disease symptomatology, and no cure to alter or reverse the course of the 

disease has been discovered.

Mutations in the ATM gene are associated with the clinical manifestations of AT disease and 

80% of AT patients have a non-functional ATM protein. ATM is a ubiquitous protein that 

functions as a DNA damage response sentinel in several organ systems and at many different 

cell stages from mitotically inactive to dividing cells (10–13). However, how lack of ATM 

can produce a progressive, pleiotropic disease and the underlying mechanisms are still 

unknown.

Several small animal models (mouse, rat, zebrafish and Drosophila) successfully 

recapitulating primary and secondary features of AT have been established over the last 2 

decades (14–17). However, a large animal model more similar to humans in terms of size, 

age, and physiology would model the disease better, helping to facilitate basic and 

translational research in the AT field. For this purpose, we have genetically engineered the 

first porcine model of AT by eliminating the kinase domain from the porcine ATM gene. We 

have previously demonstrated that this model recapitulates the cerebellar defects seen in 

human disease i.e. loss of Purkinje cells and motor deficits (18). However, due to the 

pleiotropic character of AT, the ATM−/− porcine model must demonstrate other clinical 

manifestations to be considered a valuable model of the human disease. In the current 

manuscript, we show that our porcine model of AT recapitulates not only the cerebellar 

deficits, but also several other pathological features of human AT, including sterility, 

accelerated thymic involution, and immunological defects. Together, these new findings 

corroborate our model as the first genetic large animal model of AT and expand the future of 

translational research for this disease.

RESULTS

Structural and functional abnormalities in the reproductive system of ATM−/− female pigs

Necropsies of wild-type (WT) and ATM−/− female pigs (n=3 WT and 3 ATM−/− pigs at 1 

month and 1 year; n=1 WT and 1 ATM−/− pigs at 2.5 years) were performed for all organs. 

All the organs were comparable between the two pig groups in terms of macroscopic and 

microscopic anatomy. However, one-year-old ATM−/− females had smaller ovaries and uteri 

(Fig. 1A and Supplementary Fig. 1), recapitulating what has been shown in AT patients (19–
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21); no gross abnormalities were found at 1 month of age. Histochemical staining including 

the gold standard hematoxylin and eosin (H&E) was performed for routine microscopic 

tissue examination. H&E staining of ovaries from one-month-old WT and ATM−/− females 

did not show statistically significant differences in terms of size and structure 

(Supplementary Fig. 2). Ovaries from one-month-old animals of both groups were 

composed primarily of fibrovascular tissue stroma with primordial follicles especially noted 

in the cortex (Fig. 1B). By one year of age, WT ovaries had various stages of follicular 

development as expected for a sexually-mature and cycling female (Fig. 1C, upper left and 

middle images). Conversely, ATM−/− ovaries were small and composed of cortical cords/

nests (Fig 1C arrows) on a fibrovascular stroma (Fig 1C asterisks). ATM−/− ovaries lacked 

the expected stages of follicular development for a sexually mature female and instead had 

large cells adjacent to the cortical cords, which were reminiscent of primordial follicle cells 

(arrows in the bottom right image of Fig. 1C). Some of these cells were morphologically 

degenerate compared to WT primordial follicles (Fig. 1C, right images) consistent with cell 

death (Fig. 1C, bottom right image: inset, arrowhead). At the same age (1 year), the ATM−/− 

uterus was hypoplastic but presented typical structure of the WT in preserving the major 

components: perimetrium, myometrium and endometrium (Supplementary Fig. 1). To assess 

whether the abnormalities in the ATM−/− ovary and uterus were associated with hormone 

production issues, the level of circulating estradiol (E2) was measured in sexually mature 

WT and ATM−/− female pigs. Furthermore, the pigs were monitored for clinical signs of 

estrus, defined as red and swollen vulva, clear discharge, and interest in mating with males. 

ATM−/− females had undetectable amounts of estradiol in the blood (Fig. 1D), lacked 

clinical signs of an active estrous cycle and were never able to produce progeny after mating 

with healthy, control males.

To determine if ATM−/− males manifested similar fertility problems, semen was collected 

from three WT and two ATM−/− males. The number of males in the current study was 

limited because male pigs are often castrated at birth, which is a routine management 

procedure. Assessment of the semen revealed no difference in the motility and number of 

spermatozoa between the two groups. However, ATM−/− males, presented spermatozoa with 

cytoplasmic droplets (Supplemental Fig. 3A). The boars were also assayed for their ability 

to impregnate female and produce offspring (Supplementary Fig. 3B). There was a trend 

toward lower conception rate as well as smaller litter size when ATM−/− males were used 

versus WT males.

Thymic abnormalities in ATM−/− pigs

The thymus has been shown to be absent or smaller and microscopically abnormal in 

autopsies of AT patients (22, 23). To determine whether the ATM−/− porcine model 

recapitulates the same human features, we necropsied ATM−/− and WT pigs at one month 

and one year of age. Examination of all ATM−/− thymi at 1 month and 1 year did not show 

significant macroscopic differences compared to the thymi from gender- and age-matched 

WT pigs. The thymi were processed and stained (H&E) for histopathology and 

morphometric analysis. The ATM−/− thymus at 1 year of age appeared to have more 

infiltration of adipose tissue in lobules as often seen during thymic involution; however, the 

morphometric analysis showed that the difference was not statistically significant (Fig. 2A, 
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images and lower right graph). At one year of age, the cortex was similar in extent between 

groups, but ATM−/− pigs had reduced medulla area as well as medulla:cortex ratio in the 

thymus (p<0.05, unpaired t-test) (Fig. 2A, upper graphs). Interestingly, the number of the 

Hassel’s corpuscles was also reduced in the medulla of the ATM−/− thymus (p<0.05) (Fig. 

2A, lower left and middle graphs). Morphometric analysis of the thymus at one month of 

age did not show differences between ATM−/− and WTs (data not shown). Fig 2B shows the 

thymus of an ATM−/− pig that was euthanized at 2.5 years of age after natural infection with 

-porcine reproductive and respiratory syndrome virus (PRRS). Necropsy revealed that the 

thymus of this ATM−/− pig was smaller with more adipose tissue compared to an age-

matched thymus WT pig also infected with PRRS (Fig. 2B). H&E staining of the ATM−/− 

thymus tissue similarly showed abundant adipose tissue, small aggregates of lymphoid tissue 

(with rare evidence of thymic cortex and medulla) and some scattered pigmented 

melanocytes (Fig. 2B). No morphometric measurements were possible due to the lack of the 

normal architecture. Altogether, the abnormal and progressive features found in the thymus 

of ATM−/− pigs parallels what has been found in AT patients (22, 23).

Decreased apoptosis and cell cycle arrest in ATM−/− thymus

To better elucidate the pathology of the thymus in ATM−/− pigs, we performed Western 

blotting using antibodies against apoptotic proteins (total and cleaved caspase 3) and cell 

cycle proteins [Cdk2, p21, total p53, phospho-p53(Ser15) and phospho-p53(Ser20)]. We 

observed reduced cleaved caspase 3 levels with expected accumulation of the uncleaved 

form in the ATM−/− samples (Fig. 3A). Cleaved caspase 3 was undetectable or very low 

expressed in the spleen and pancreas (Supplementary Fig. 4B), which were used as control 

organs. Cdk2 and p21 expression was also decreased in the ATM−/− thymus (Fig. 3A). In 

contrast, there was an increase in the level of total p53 in all ATM−/− thymi. Interestingly, 

Western blotting for p53 showed two bands, one at the correct molecular weight and one 

band slightly higher, suggesting the presence of phosphorylated forms of p53. The higher 

molecular-weight band was reduced in ATM−/− samples (Fig. 3A). Because Ser15 and Ser20 

of p53 are ATM targets (18), we tested their phosphorylation by Western blotting. However, 

phospho-p53(Ser15) and phospho-p53(Ser20) were undetectable in both WT and ATM−/− 

thymic lysates (Supplementary Fig. 4A).

We next performed immunohistochemistry for cleaved caspase 3 on thymic sections from 

one-year-old WT and ATM−/− pigs (Fig. 3B). Only cells with expected cytoplasmic 

immunostaining patterns (brown coloration) were considered specific to avoid possible 

confusion with dark staining melanocytes normally seen in the thymus of both groups. We 

found a reduced number of cleaved caspase 3-positive cells in the cortex of the ATM−/− 

thymus compared to WT, but no difference was found in the medulla (Fig. 3B).

T and B cell lymphopenia with increased CD4+CD8+ double-positive T cells and Natural 
Killer (NK) cells in the peripheral blood of ATM−/− pigs

Most AT patients have immunodeficiency in both the cellular and humoral immune systems 

with defective B cells, lymphopenia of CD8+ and CD4+ T lymphocytes, and increased NK 

cells (24, 25). To determine whether ATM−/− pigs manifest similar immunological features, 

we performed three-colored flow cytometry to quantify CD8+CD4+ DP T cells, NK cells, 
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and B cells in peripheral blood from five WT and four ATM−/− age- (2 years) and gender-

matched pigs (Fig. 4). Analysis was performed after gating the lymphocytes into CD3− and 

CD3+ populations. No statistically significant difference was found in the total number of 

lymphocytes (Supplementary Fig. 5) or in the proportion of CD4+ cells (WT= 23% vs. 

ATM−/− =31%,) (Fig. 4) between the two groups. However, the CD3+ cells showed a 

reduction in the CD8+ population in ATM−/− animals (WT= 35.4% vs. ATM−/− =23.8%; 

p<0,0001). ATM−/− pigs also had an increase in the number of CD4+CD8+ DP cells 

(WT=22% vs. ATM−/− =47%, p<0.006). For the CD3− lymphocyte subclass we gated the 

CD8+ and CD8− populations and classified those as NK (CD3−CD8+) and “B-like cells” 

(CD3−CD8−) respectively, based on how they were classified previously in pigs (26, 27). 

These immune cell populations in ATM−/− samples were significantly increased (NK cells) 

or decreased (B-like cells) compared to WT [CD3−CD8+ (NK): WT=6.6% vs. 

ATM−/−=18%, p <0.05; CD3−CD8− (B-like): WT=88% vs. ATM−/− =75%; p <0.040] (Fig. 

4).

Reduced IgG response to PRRS infection in ATM−/− pigs

During characterization of this porcine AT model, several pigs naturally acquired the 

Porcine Reproductive and Respiratory Syndrome (PRRS) virus. Positive-stranded RNA 

PRRS virus is a highly contagious pathogen commonly acquired by domestic pigs in North 

America, causing late term abortion and respiratory complications (28, 29). The pigs were 

tested for this virus by a standard screening method based on detection of viral nucleic acid 

by qPCR in the blood. IgG levels were measured in the blood of five infected WT and 

ATM−/− pigs (positive by qPCR). Uninfected WT and ATM−/− pigs served as negative 

controls for this part of the study. Viral infection caused a dramatic increase in IgG levels of 

WT pigs, however, the IgG response was significantly reduced in ATM−/− animals (Fig 5). 

Following infection, the same WT and ATM−/− pigs were vaccinated as a standard procedure 

to eliminate shedding of the virus. A booster vaccination was given one month after the first 

dose. Twenty days after each vaccination, IgG levels were retested. At both post-vaccination 

time points, IgG levels in ATM−/− animals were markedly lower than in the WT group (1st 

vaccination time point: WT=1.6 vs. ATM−/−=0.4, p<0.0001; 2nd vaccination time point: 

WT=1.68 vs. ATM−/−=0.7, p<0.001). One of the infected ATM−/− pig, which presented the 

lowest level of IgG at the PRRS infection time point (Fig 5), was euthanized because of the 

sickness and necropsy was immediately performed (Fig 2B).

DISCUSSION

Several AT mouse models have contributed to uncovering some of the intricate 

pathophysiological aspects of AT. Tumor formation and immunological abnormalities have 

been well recapitulated in these models. However, the cerebellar phenotype and the thymic 

lesions seen in human patients have not been clearly demonstrated, most likely because 

development of thymic lymphoma causes premature death within 4–5 months in these 

mouse models (14). Previously, we engineered a porcine ATM−/− model to bridge the gap 

between mouse models and AT patients. The ATM−/− pig successfully recapitulated 

cerebellar defects with early Purkinje cell loss, suggesting a developmental origin of the 

disease (18).
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In the current study, we focused on pathophysiological changes outside the central nervous 

system (CNS), to determine if our model recapitulates other distinctive clinical 

manifestations of AT.

Necropsies of all organs from ATM−/− and WT pigs showed a striking anatomical defect of 

the female reproductive system and thymus specifically at one year of age. The uterus and 

ovaries of one-year-old ATM−/− pigs were similar in appearance to a young, prepubertal pig. 

H&E staining of ATM−/− ovaries revealed a lack of developing follicular structures that 

would be seen in a cycling ovary. However, the ATM−/− ovaries did exhibit some large cells 

reminiscent of primordial follicles, which suggests an early arrest in follicular development. 

While the ATM−/− uterus was small the overall structure was preserved. In humans, 

autopsies from AT patients have shown similar scenarios, with uteri and ovaries of infantile 

proportions (19, 20, 30). At the cellular level, Lin and Kim have shown a direct correlation 

between the ATM gene and meiotic maturation of porcine oocytes in vitro, corroborating our 

findings (31). Consistent with our findings, AT female pigs were infertile and had 

undetectable levels of circulating estrogen, a hormone produced by ovaries. To determine if 

infertility was a problem in male ATM−/− pigs, we analyzed their spermatozoa and ability to 

produce progeny when mated with WT females. Unfortunately, the number of males used in 

this part of the study was not enough for statistical analysis because usually males are 

castrated at birth; however, observed trends can still be informative. While the number and 

motility of spermatozoa from ATM−/− and WT pigs were similar, 50% of the spermatozoa 

from the mutant pigs exhibited both proximal and distal cytoplasmic droplets. Cytoplasmic 

droplets were described in 1909 as a cytoplasm remnant from the spermatid stage which 

remains attached to the spermatozoa after the maturation process (32). While their function 

is still unclear, the presence of cytoplasmic droplets has been associated with impaired 

fertility, characterized by reduced pregnancy rate and litter size in domestic species and in 

mice (33, 34). Mating male ATM−/− pigs with WT female pigs also resulted in a reduced 

conception rate and smaller litter sizes. Furthermore, there are also many reports indicating 

that the presence of cytoplasmic droplets in humans is similarly associated with poor 

spermatozoa function (35, 36). Although AT female patients with infantile gonads have been 

described frequently, reports of adolescent sexual features of male patients are scarce. Strich 

et al. reported a case of a 15-year-old boy with delayed puberty and testicular abnormalities 

(21); another report described incomplete spermatogenesis in AT male patients with 

generally less severe sexual features than in female AT patients (37). Two other prepuberal 

AT males were reported previously but these patients exhibited normal genitalia (20). 

However, mouse models of AT have clearly shown fertility problems owing to the absence 

of mature gonads and spermatozoa (14). We believe the presence of cytoplasmic droplets in 

spermatozoa is a manifestation of fertility impairment in ATM−/− male pigs, possibly caused 

by spermatogenesis defects; however, this needs to be better documented with more animals. 

Because of the complex regulation of gonad development and sex hormone production by 

the brain (hypothalamic hormones) we cannot fully exclude that hypothalamic abnormalities 

contribute to the reproductive failures. In fact, presence of infertility in female and partial 

fertility in male ATM−/− pigs would suggest the idea of a dysfunctional hypothalamo-

pituitary gonadal axis (38, 39).
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The direct correlation between gonad abnormalities and infertility has never been clearly 

proven in AT patients. However, the sterility phenotype corroborated by the absence of 

estradiol in the blood of ATM−/− female pigs confirms what has been previously shown in 

mice (14). With our ATM−/− pig model we can begin research focusing on how ATM 

regulates sexual development. Our ATM−/− pig can be used to investigate hormonal 

therapies for AT as well as for other pathologies involving sterility.

Another organ affected in AT patients is the thymus, a primary lymphoid organ where 

precursor immune cells arising from the bone marrow are educated and selected to become 

mature cells that carry out immune functions (40). In post-portem AT patients, absent or 

small fatty thymus lacking Hassal’s corpuscle and with abnormal cortex has been shown (7, 

19, 22). Conserved among species, each lobule of the thymus comprises a cortex and 

medulla. The thymus is a unique organ which undergoes involution with age; this involves 

regression in size, structure, and eventual infiltration and replacement of the organ with 

adipose tissue (41). Hassall’s corpuscles are found in the medulla and act in both the 

removal of apoptotic thymocytes and the maturation of developing thymocytes.

The ATM−/− thymus at one year of age had an abnormal architecture with less medulla area, 

a reduced medulla:cortex ratio and fewer Hassall’s corpuscles. Further support of defective 

thymic loss was provided by the 2.5-year-old ATM−/− pig that was euthanized due to natural 

PRRS virus infection. We speculate that the morbidity of this adult ATM−/− pig was caused 

by the establishment of a secondary infection due to compromised immunity related to the 

lack of ATM rather than a direct effect of the PRRS. Histological examination of the thymus 

of this 2.5-year-old ATM−/− pig confirmed some remaining segments of medulla and the 

cortex; however, Hassall’s corpuscles were not observed and pronounced adipose infiltration 

was present. Although these observations are from only one pig, the findings support those 

seen in one-year-old ATM−/− pigs and importantly, reflect what has been shown in humans 

post-mortem. Taken together, the complete degeneration of the thymus by 2.5 years, the 

significant deficits in thymic structure at one year of age, and the absence of any significant 

differences at one month of age indicate a progressive thymic degeneration with an 

accelerated tendency for thymic involution during AT pathology.

The number of cleaved caspase 3-positive cells was decreased in the thymus of 1-year-old 

ATM−/− pigs, suggesting reduced apoptosis. Based on our observation of smaller thymi in 

ATM−/− pigs, this reduction in apoptosis was surprising. To further examine this matter, we 

also looked at cell cycle markers, such as Cdk2 and its negative regulator, p21. In ATM−/− 

thymi, Cdk2 expression was decreased as expected. Surprisingly, p21 levels were also 

decreased. To better elucidate the molecular mechanism upstream of apoptosis and the cell 

cycle we evaluated the level of p53 which is the central regulator of apoptosis and cell cycle 

and is phosphorylated by ATM and ATR (Ataxia telangiectasia and Rad3 related) (42–44). 

As a normal response to DNA damage, the ATM protein undergoes autophosphorylation 

(45, 46), and activates downstream pathways like p53, which induces cell cycle arrest to 

allow effective DNA repair. During lymphocyte maturation, physiological DNA “damage” is 

required for VDJ recombination and both p53 and ATM have been found at these 

recombination loci undergoing rearrangement (47). We assessed p53 total protein level and 

p53 phosphorylation at Ser20 and Ser15. Total p53 level were increased in ATM−/− thymi 
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probably due to the presence of un-repaired double-stranded DNA breaks. A higher 

molecular weight p53 band on Western blot proportionally decreased in the same ATM−/− 

samples, suggesting a reduction of phosphorylated forms of p53 as expected by the lack of 

ATM. However, phospho-p53(Ser15) and phospho-p53(Ser20) were undetectable in the WT 

or ATM−/− thymus compared to irradiated pig fibroblasts which served as the positive 

control. Because ATM mediates phosphorylation at several p53 sites (44, 48), we speculate 

that there are other p53 sites phosphorylated by ATM in the pig thymus besides Ser15 and 

Ser20. The lack of phosphorylation may prevent p53 from efficiently activating apoptotic 

mechanisms (49), as observed in ATM−/− versus WT thymus. Furthermore, the decreased 

expression of p21 in the ATM−/− thymus could also be due to the lack of p53 

phosphorylation. However, reduced levels of the cell cycle marker Cdk2 can be explained by 

p53-p21 independent mechanisms (50), and reduction of this marker can also explain the 

shrinkage of the ATM−/− thymus.

To confirm that the thymic abnormalities seen in ATM−/− pigs affected circulating T cells as 

in human AT patients, we performed FACS analysis. Our results showed that the number of 

CD8+ cells and B-like cells was decreased in the blood of ATM−/− pigs compared to WT. On 

the other hand, we found that NK-like and CD4+CD8+ DP cells were increased in ATM−/− 

pigs. In AT patients and mouse models, the numbers of CD8+ T cells, CD4+ T cells and B 

cells are decreased while the number of NK cells are increased (51–53). However, in our 

model, no difference in the percentage of CD4+ T cells was found. It is possible that the 

decrease in the number of CD8+ and CD4+ T cells in pig does not happen concomitantly and 

we would see the decrease of both cell populations at a later disease stage. It is possible that 

the ATM−/− pigs are at the beginning of this phenomena, and only the difference in the 

number of CD8+ T cells between ATM−/− and WT pigs can be discerned at this point. In the 

long term, it will be very informative to see if the number of CD4+ T cells also decreases 

with age. Conversely, it is possible that the unchanged CD4+ T cell number is a unique 

characteristic of the porcine immune system compared to humans. For instance, in human 

peripheral blood, only a small percentage of CD4+CD8+ DP (<3%) cells are present 

compared to the porcine model which has 25–50% of circulating T lymphocytes as DP cells 

(54–56). Thus, it is difficult to compare this particular T lymphocyte population between pig 

and humans. In the human thymus, during the maturation of CD4+ and CD8+ single positive 

cells the initially CD4+CD8+ DP cells get educated to become single-positive CD4+ or 

CD8+ cells The remaining DP cells that did not successfully received the commitment to 

become single CD4+ or CD8+ undergo caspase 3-mediated apoptosis in the cortex and only 

a small population (<3%) leave the thymus for the systemic circulation as CD4+CD8+ 

DPcells (57). Our results show a decreased level of activated caspase 3 in the ATM−/− 

thymus. This could suggest that the increase of CD4+CD8+ DP cells in peripheral blood is a 

result of decreased apoptosis of these cells in the thymus. Yet, it is also possible that the 

accumulation of CD4+CD8+ DP cells causes a problem in the maturation of CD8+ cells, 

resulting in the reduced number of CD8+ cells.

In addition to defects in T cell-mediated immunity, AT patients exhibit impaired response to 

infections and abnormal homograft rejection due to deficiency in producing select classes of 

immunoglobulins (58). Therefore, we examined a group of ATM−/− and WT pigs that 

became infected with PRRS virus. IgG levels in the sera of ATM−/− animals were 
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persistently lower compared to WT animals after infection and vaccination. This result is 

profound because it demonstrates the inability of ATM−/− pigs to produce the right amount 

of IgG, ultimately causing morbidity and mortality in these animals. The lower IgG level 

was also expected based on the low amount of B cells found in the blood of ATM−/− 

animals. Coincidently, the 2.5-year-old ATM−/− pig that was euthanized due to extreme 

sickness during the study had the lowest level of IgG. Although this was an isolated case, it 

suggests a correlation between low IgG levels and AT morbidity and pathology. Overall, the 

ability to probe both the neurological and immunological components of the disease in the 

AT pig model, will aid in the development of treatment protocols to ameliorate and halt the 

disease.

Finally, although we found functional and anatomical similarities between our porcine 

model and AT patients, we have not yet observed the presence of tumors in three-year-old 

ATM−/− pigs. AT patients have approximately 25% increased lifetime risk of developing 

tumors; in patients under the age of 20, leukemia and lymphoma are the most common (8). 

A longer study will be necessary to follow up whether tumors form in ATM−/− pigs and if 

so, when they begin to develop.

MATERIALS AND METHODS

Yucatan pig welfare

This study was carried out in accordance with the recommendation of the NRC Guide for 
the Care of Laboratory Animals. All animals were generated and housed in the AAALAC-

accredited facilities of Exemplar Genetics. Standard procedures for animal husbandry were 

used throughout. The pigs were housed in groups with littermates and under the same 

conditions (feed, water, temperature, light etc.).

Necropsies, organ and blood collection

Organs were harvested from 1-month, 1- year and 2.5-year-old euthanized pigs (WT and 

ATM−/−). From each pig, the following tissues were collected: cerebellum, cerebrum, eyes, 

thymus, gonads, lymph nodes (cervical and ileocecal), lung, stomach, kidneys, adrenals, 

duodenum, jejunum, ileum, spiral colon, descending colon, nasal turbinate, skin, bone 

marrow, uterus, vagina, urinary bladder, heart, pancreas, liver/gallbladder, thyroid, and 

tonsil. A board-certified veterinary pathologist (DKM) performed prosecution and 

examination of tissues. Each tissue was examined for gross lesions and then half of each 

tissue was placed in 10% neutral buffered formalin for 5–10 days at RT and processed for 

immunohistochemistry. The other half of each tissue was stored at −80°C until processing 

for Western blotting. For PRRS and estrogen detection, blood was collected by venipuncture 

of the jugular vein with a multi-use 20-gauge needle and 9.0 mL serum separator tube 

(302015 Corvac). Blood samples were centrifuged for 1,500 g for 10 minutes. The serum 

was decanted into polystyrene tubes and shipped to testing facilities for the PRRS and 

estrogen detection. For FACS analysis, blood was collected in EDTA 10 mL tubes 

(Medtonic cat number 8881311743). For semen analysis, 50 to 100 mL of semen were 

collected from sexually mature WT (3) and ATM−/− (2) pigs who had not been in contact 

with any females for one week. After ejaculation in a pre-warmed collection vessel, the 

Beraldi et al. Page 9

Biochim Biophys Acta. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



semen was kept in a cooler to reach an optimal temperature of 16 −18 °C to guarantee the 

best viability. The semen was shipped for analysis to Kuster Research and Consulting Inc. in 

Illinois.

Western blotting

Porcine thymi were lysed in ice-cold RIPA buffer and used for immunoblotting as previously 

described (59). In brief, a total of 60 μg of protein was subjected to NuPAGE gradient 4–

15% gel electrophoresis. Separated proteins were then transferred onto nitrocellulose 

membranes for 2 hours at 90 V at 4°C. Blots were probed with antibodies against p53 

(1:1000, Millipore), p53Ser15 (1:1000, Cell Signaling), p53Ser20 (1:1000, Cell Signaling), 

Cdk2 (1:1000, Cell Signaling) p21 (1:1000, Cell Signaling), caspase 3 and cleaved caspase 3 

(1:1000, Cell Signaling). Anti-β-actin (1:1000, Sigma,) was used to detect β-actin as a 

loading control.

Histopathology and morphometric analysis

Ovary, uterus, and thymus obtained from necropsies of WT and ATM−/− female pigs at 1 

month and 1 year of age were compared. For the reproductive tract, the ovaries were 

separated from the uterus and preserved in 10% neutral buffered formalin. The thymi were 

harvested and separated into two halves, one processed for histopathological analysis and 

the other half preserved at −80°C for molecular characterization. For histopathological 

examination, the tissue was processed, embedded, sectioned (~ 4μm), and stained with an 

antibody against cleaved caspase 3 (1:200, Cell Signaling). Morphometric analysis of the 

thymus structure was performed using high resolution digital images and specialized 

software (BX51 microscope, DP73 digital camera and CellSens software, Olympus Corp. 

Waltham, MA USA). Sections of thymus were evaluated for total area, medulla area, and the 

number of Hassall’s corpuscles. From these measurements, additional data were calculated 

such as cortical area, cortical to medulla ratio, and number of Hassall’s Corpuscles per area 

(total thymic or medulla). Additionally, adipose tissue infiltration, consistent with thymic 

involution, was quantified by evaluating the perimeter length of thymic lobules and 

determining percentage of adipose tissue immediately adjacent to or infiltrating into the 

cortex. For quantification of cells positive for cleaved caspase 3, images were taken using 

20× and 60× objectives (Nikon P021) and counts were completed using Nikon NIS software. 

For each animal, we counted the number of cleaved caspase 3-positive cells in twelve (four 

inner, four middle, and four outer regions) 200 × 200 μm2 squares of six random thymic 

cortex areas. Six random medulla areas were also evaluated and the positive cells within six 

random regions of 200 × 200 μm2 area squares were counted. Six different cortex regions 

and medulla were analyzed for each animal. Each data point represents the average of these 

six measurements and unpaired t-test was used for the statistical analysis. For the 

quantification and statistical analysis, the total number of cells in cortex and medulla across 

six different cortical and six medullar regions were averaged for each animal.

FACS

Blood samples for phenotyping analysis were obtained from five WT and four ATM−/− 

female pigs at 2 years of age. The staining was performed on fresh total blood. Briefly, 50 

μL of blood from each pig was mixed with 10 μL of Human Fc Receptor Binding Inhibitor 
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(14–9161, Ebioscience) for 30 minutes and live and dead marker (L23105, Molecular 

Probes) was applied for 15 minutes in the dark. The specific antibodies were added for 30 

minutes in the dark at RT, erythrocytes were lysed in FACS Lyse (BD, 349202), and labeled 

cells were resuspended in 200 μL of FACS Buffer with 2% FBS and 0.1% sodium azide. 

Flow cytometry was carried out using a BD LSRFortessa cell analyzer and FlowJo v10.1 

software. The three colored antibodies used were: Alexa Fluor 647-labeled mouse anti-pig 

CD8a (561475, BD Pharmingen), PerCP-Cy 5.5-conjugated mouse anti-pig CD3ε (BD 

Pharmingen 561478), and FITC-labeled mouse anti-pig CD4a (559585, BD Pharmingen). 

Two antibodies, Alexa Fluor 647-labeled mouse IgG2a (ab176104, Abcam) and R-

phycoerythrin-labeled mouse IgG2b (559529, BD Pharmingen) were used as isogenic 

controls.

IgG and (E2) quantification

For IgG quantification, sera were collected from five WT and five ATM−/− infected pigs and 

from three WT and ATM−/− uninfected pigs as a negative control. Sera were sent to the Iowa 

State University Veterinary Diagnostic Laboratory where testing for PRRS antibody was 

performed using a commercially-available antibody test kit (IDEXX PRRS X3, 

06-40959-04). Briefly, 100 μL of serum was placed into an antigen-coated plate in triplicate 

in parallel with negative and positive controls, and incubated for 30 minutes (±2 min) at 18–

26°C. The plates were washed and an anti-porcine IgG-horseradish peroxidase conjugate 

was added that binds to any porcine antibody attached in the wells. Unbound conjugate was 

washed away and 3,3′,5,5 tetramethylbenzidine (TMB) substrate was added to the wells. 

After stopping the reaction, the optical density (OD) was measured at 650 nm. Color 

development is proportional to the amount of specific antibodies against PRRSV present in 

the sample. The sample/positive control value (S/P) was calculated for each sample from the 

ODs of the sample, the positive control sera, and the negative control sera. The interpretation 

of the S/P value is based on whether it is below the positive/negative S/P cutoff value 

(0.400). S/P values greater than or equal to 0.400 are interpreted as positive. The IgG level 

was measured as absorbance ratio between sample OD/positive sample OD. One-way 

ANOVA was used to measure the statistical significance of IgG induction between non-

infected and infected groups and the two-way ANOVA was used for the following 

measurements at the three different time points between WT and ATM−/− groups. For the 

Estradiol measurements, three WT and ATM−/− sexually mature females were synchronized 

for estrus by administration of 6.8 mL (15 mg Altrenogest-Matrix ® (Merck 003488) per 

female for 14 days. Blood was collected 4 days after the last dose and sent to UnityPoint 

Health for E2 measurements. Measurement of Estradiol was performed by an 

electrochemiluminescence immunoassay “ECLIA”(Roche Diagnostics).

STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism software version 6.0 (GraphPad La 

Jolla CA, USA). Cleaved caspase 3 staining analysis and comparison of T and B cell flow 

cytometric data were analyzed by two-tailed unpaired t-tests. Differences were considered 

statistically significant when p ≤ 0.05. For the IgG immunological response to PRRS 

infection one- and two-way ANOVAs were used.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The A-T porcine model recapitulates multi-system abnormalities similar to the 

human disease.”

AT porcine model shows infertility associated with a low estradiol level in blood

AT porcine model shows a reduced immunological response to PRRS viral 

infection

Apoptosis and P53 are involved in the thymus pathology in AT pigs

Altered cell cycle is involved in the thymus pathology of AT pigs
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Fig. 1. Structural and functional abnormalities in the reproductive system of ATM−/− female pigs
A) Macroscopic appearance of ovaries and uterus of WT (CTRL) and ATM−/− pigs at 1 

month and 1 year of age. Images were taken at equal magnification. Compared to WT, adult 

(1-year-old) ATM−/− female pigs had smaller ovaries and uterus. B) Haematoxylin and Eosin 

(HE) staining showed that ovaries of both groups at 1 month of age were composed mostly 

of fibrovascular tissue stroma (asterisks), and primordial follicles (insets) were located 

principally in the cortex region (arrows). Scale bars 500μm C) H&E staining of WT and 

ATM−/− ovaries at 1 year showed the overall structure of the ovaries (left images). ATM−/− 
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ovaries were composed of cortical cords/nests (arrows, bottom middle image) on a 

fibrovascular stroma (asterisks) that frequently gave rise to larger cells (arrows, bottom right 

image). These features along with the smaller size of the ATM−/− ovaries were reminiscent 

to prepubertal ovaries. ATM−/− ovaries lacked the extent of primordial follicles that were 

typical in the cortex of WT ovaries (arrows, top right image). Scale bars from the left to right 

figures: 500μm-100μm-25μm D) Table and graph show the quantification of estradiol (E2) in 

the blood of sexually mature WT and ATM−/− females. ND: none detected.
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Fig. 2. Thymic abnormalities in ATM−/− pigs
A) Representative images of thymus lobules by H&E staining and morphometric analysis of 

thymi from 3 ATM−/− and 3 WT female pigs at 1 year of age. The thymic lobules were 

characterized by a cortex (C) surrounding a medulla (M) with scattered Hassall’s corpuscles 

(arrow). The thymic cortex area was similar for WT and ATM−/− pigs; however, the medulla 

area and the medulla:cortex ratio were both decreased in mutant pigs (p<0.05). The total 

number of Hassall’s corpuscles and the number normalized to thymus area were both 

reduced (p<0.05) in ATM−/− versus WT pigs. The extent of adipose infiltration (asterisk) 

trended higher in ATM−/− versus WT pigs. Scale bars top panel 500μm, bottom panel 100 

μm B) Examination of thymi in ATM−/− and WT pigs at 2.5 years of age. H&E staining 

showed normal structure of the WT thymus. ATM−/− pigs lacked evidence of thymic tissue 

and was replaced by adipose and scattered lymphoid tissue. Note that melanocytes (arrows, 

pigmented cells) were commonly found and expected in the thymus tissue of WT pigs, 

remnant lymphoid tissues had scattered pigmented cells. Thymic morphometry was assessed 

by unpaired t-test with significance placed at * p<0.05. Scale bars: from left to right figures: 

500μm-500μm-50μm-50μm
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Fig. 3. Decreased apoptosis and cell cycle arrest in the ATM−/− thymus
A) Representative Western blots show decreased level of cleaved caspase 3 and 

accumulation of total caspase in the thymus of three different 1-year-old ATM−/− pigs 

compared to age- and gender-matched WT pigs. Cdk2 and p21 expression, markers for cell 

cycle progression, were also reduced in ATM−/− samples. However, total p53 level was 

increased in ATM−/− thymus samples. Actin was used as a loading control. B) 
Immunostaining for cleaved caspase 3 was used to quantify apoptotic cells in the cortex and 

medulla of the thymus (3 ATM−/− and 3 WT pigs at 1 year of age). Each data point in the 

graphs represents the average apoptotic cell number across 5 samples in cortex or medulla 

for each animal. Unpaired t-test was used for statistical analysis (*p=0.02). Scale bar, 100 

μm. M: medulla and C: cortex
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Fig. 4. T and B cell lymphopenia with increased CD4+CD8+ double-positive T and natural killer 
(NK) cells in the peripheral blood of ATM−/− pigs
Graphs represent the percentage of CD8+, CD4+, CD4+CD8+ double-positive, NK cells, and 

B cells in peripheral blood from five WT and four ATM−/− pigs at 2 years of age. Each data 

point represents the average of technical triplicates per pig sample. Analysis was performed 

using FlowJo V10.1 and statistical analysis between the 2 groups was performed by 2-tailed 

t-test with Welch’s correction for the CD3−CD8+ and CD3−CD8− cell populations 

(*p<0.05).
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Fig. 5. Reduced IgG response to PRRS virus infection in ATM−/− pigs
The diagram depicts the steps of PRRS natural infection, vaccinations, and the four time 

points when IgG levels were measured in WT and ATM−/− pigs. IgG levels in serum 

samples were measured by ELISA at four time points: before infection, after infection, after 

the 1st dose of vaccination and after the 2nd dose of vaccination. IgG levels were graphed as 

an absorbance ratio of the sample OD/positive control OD. Each data point represents an 

animal, and statistical analysis was performed by one-way ANOVA for the IgG levels 

between the non-infected group and the infected group, showing statistically significant 

induction of IgG in WT and ATM−/− pigs (*** p<0.0001 and ** p<0.001). Two-way 

ANOVA was used to compare the WT and ATM−/− groups across the 3 time points (## 

p<0.01; #### p<0.0001; ### p<0.001).
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