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Porcine xenografts lacking swine leukocyte antigen (SLA) class I are thought to be 
protected from human T cell responses. We have previously shown that SLA class 
I deficiency can be achieved in pigs by CRISPR/Cas9-mediated deletion of β2-
microglobulin (B2M). Here, we characterized another line of genetically modified pigs 
in which targeting of the B2M locus did not result in complete absence of B2M and 
SLA class I but rather in significantly reduced expression levels of both molecules. 
Residual SLA class I was functionally inert, because no proper differentiation of the 
CD8+ T cell subset was observed in B2Mlow pigs. Cells from B2Mlow pigs were less 
capable in triggering proliferation of human peripheral blood mononuclear cells in 
vitro, which was mainly due to the nonresponsiveness of CD8+ T cells. Nevertheless, 
cytotoxic effector cells developing from unaffected cell populations (eg, CD4+ T cells, 
natural killer cells) lysed targets from both SLA class I+ wildtype and SLA class Ilow 
pigs with similar efficiency. These data indicate that the absence of SLA class I is an 
effective approach to prevent the activation of human CD8+ T cells during the induc-
tion phase of an anti-xenograft response. However, cytotoxic activity of cells during 
the effector phase cannot be controlled by this approach.
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1  | INTRODUC TION

A major problem in transplant medicine is the growing imbal-
ance between demand and availability of suitable human donor 
organs. Xenotransplantation, the use of porcine organs, tissues, 
or living cells in human transplantation, has emerged as promis-
ing to overcome the shortage of human organs. However, humans 
elicit a very complex immune response against porcine antigens. 
The complement-mediated early rejection is mainly caused by 
preformed antibodies directed against galactose-α1,3-galac-
tose-β1,4-N-acetylglucosamine-R epitope (αGal)1,2 and other 
non-Gal carbohydrate epitopes such as Neu5Gc3-5 or the glycan 
produced by porcine β1,4-N-acetyl-galactosaminyltransferase 
2 (B4GALNT2)6 on porcine cells, which in turn rapidly destroys 
the porcine graft. The development of pigs deficient in αGal 
(GGTA1-Ko) and Neu5Gc (CMAH-Ko)7,8 and the transgenic ex-
pression of human complement regulatory proteins9-14 helped to 
overcome these barriers and shifted the research focus to the fol-
lowing cellular and late rejection processes against porcine tissue.

Differences in MHC molecules between donor and recipient are 
major inducers of immune responses against allografts. Mismatches 
in the MHC correlate negatively with long-term graft survival in 
solid organ transplantation due to the reactivity of donor-reactive 
anti-HLA antibodies.15,16 In addition, the incompatibility of MHC 
between donor and recipient activates donor-reactive T cells, espe-
cially from the CD8+ subset, which in turn trigger acute inflamma-
tion and destruction of the grafted organ by recognizing donor MHC 
class I molecules.17,18 Accordingly, several concepts are currently 
being tested to achieve immune protection of allogeneic cells by re-
ducing or deleting MHC class I expression.19,20

As in alloreactivity, MHC molecules (swine leukocyte antigen [SLA]) 
of the porcine donor trigger the recipient's T cell responses after xeno-
transplantation.21-24 Furthermore, porcine SLA molecules are targets of 
cross-reacting anti-HLA antibodies.25,26 Because of the possibility to ge-
netically engineer the porcine donor, the generation of immune protected 
organs and tissues via the elimination of MHC molecules might be partic-
ularly beneficial in xenotransplantation rather than in allotransplantation.

MHC class I molecules are expressed on all nucleated cells. They 
are composed of a heavy α-chain, noncovalently bound to the light 
chain, β2-microglobulin (B2M), and the presented peptide. Because 
B2M is required for expression of the MHC class I α-chain, targeting of 
B2M is an effective approach to induce the absence of MHC class I.8,27

SLA class I–deficient pigs have already been generated, either 
by targeting directly the genes encoding for the heavy α-chain28 or 
by knocking out B2M.8,29 Phenotypic studies on the consequences 
of B2M/SLA class I α-chain targeting in pigs have already been de-
scribed. However, so far it is not known to what extent porcine cells 
and tissues are protected against human immune responses by the 
elimination of SLA class I molecules. Using cells from B2M-targeted 
pigs and appropriate in vitro assays, we found that the induction/
proliferation phase of human CD8+ T cells is significantly impaired. 
On the other hand, SLA class I–deficient porcine cells were not pro-
tected from lysis by human cytotoxic effector cells.

2  | MATERIAL S AND METHODS

2.1 | Animals

Animal experiments were approved by the supervisory authority 
(LAVES, AZ 33.19-42502-04-16/2343) and conducted in compli-
ance with the German animal welfare law, the German guidelines 
for animal welfare, and EU Directive 2010/63/EU. German Landrace 
pigs served as recipient animals for genetically modified embryos 
derived via somatic cell nuclear transfer (SCNT). A detailed descrip-
tion of the generation of (GGTA1, CMAH, B2M) triple-modified pigs is 
provided in supplemental Materials and Methods.

2.2 | Isolation of cells and cell culture

Human and porcine peripheral blood mononuclear cells (PBMCs) were 
isolated using Ficoll density gradient centrifugation (Biocoll Separating 
Solution; Biochrom GmbH, Berlin, Germany). Human CD8+ T cells 
were isolated by depletion of HLA-DR+CD14+CD56+CD4+ cells using 
an antibody cocktail and MACS (Miltenyi Biotech GmbH, Bergisch 
Gladbach, Germany).30 Viability of separated cells was determined by 
flow cytometry (forward scatter characteristics) and by microscopic 
evaluation (trypan blue exclusion) and was usually 85% to 90%. PBMCs 
were cultivated at 5% CO2 in RPMI-1640 medium (Lonza, Basel, 
Switzerland), supplemented with 10% FCS, 2 mmol/L l-glutamine, 
100 U/mL penicillin, 100 μg/mL streptomycin, 1 mmol/L sodium pyru-
vate, and 0.05 mmol/L β-mercaptoethanol. Porcine fibroblasts (pFb) 
were isolated and cultured as previously described.31,32

2.3 | Antibodies and flow cytometry

The antibodies used and the staining procedures are described in 
detail in supplemental Materials and Methods. Data were acquired 
on a FACSCalibur flow cytometer (Becton Dickinson, Franklin 
Lakes, NJ) and analyzed with summit 5.1 software (Beckman 
Coulter, Brea, CA).

2.4 | Analysis of immunoglobulin and cytokine 
levels in porcine serum

The enzyme-linked immunosorbent assay (ELISA) is described in de-
tail in supplemental Materials and Methods.

2.5 | Cell proliferation

A total of 1 × 105 human cells (CD8+ T cells/PBMCs) was cocultured 
in triplicate with 2 × 103 irradiated (30 Gy) porcine PBMCs in a total 
of 200 µL in microtiter plates. Tritiated thymidine (3H-TdR; Perkin 
Elmer, Waltham, MA) was added after 5 days. After an additional 
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incubation of 16 hours incorporated 3H-TdR was measured in a 
MicroBeta scintillator counter (Wallac, Victoria, Autralia).

2.6 | Cytotoxicity assay

The 51Cr release assays were conducted as described.30 Briefly, to 
generate anti-pig sensitized effector cells, human PBMCs were co-
cultured with porcine PBMCs (wildtype [wt] or B2Mlow, ratio 1:2) for 
5 to 6 days. pFb were labeled with 100 μCi sodium [51Cr]-chromate 
(GE Healthcare, Buckinghamshire, UK). A total of 1 × 104 porcine pFb 
per well were incubated with human effector cells with increasing 
effector:target ratios. After 4 hours, 25 μL cell supernatant was re-
moved and radioactivity was measured (MicroBeta). Specific lysis was 
calculated as follows: % specific lysis = (experimental 51Cr release − 
spontaneous 51Cr release)/(maximum 51Cr release − spontaneous 51Cr 
release) × 100.

2.7 | CD107a degranulation assay

Human PBMCs were pretreated with 50 ng/mL human interleukin 
(hIL)-2 for 5 to 6 days to generate effector cells. Then, 3 × 104 
wt or B2Mlow pFb was cultivated with 3 × 105 human effector 
cells for 2 hours. Cells were stained with the anti-human mAb 
CD107a-FITC (H4A3), CD3-PE (HIT3a), and CD56-APC (B159, all 
from BD Biosciences, San Diego, CA). Degranulation activity of 
human natural killer (NK) cells was assessed by flow cytometry 
based on the percentage of CD107a+ cells in the CD3−CD56+ cell 
population.

2.8 | Immunohistological staining

Tissue samples were snap-frozen in liquid nitrogen. Cryostat sections 
of 5 μm were stained for SLA class I antibody (74-11-10, provided by A. 
Saalmüller, Vienna, Austria). Stained cells were detected with HRPO-
coupled goat anti-mouse antibody (dianova GmbH, Hamburg, Germany) 
and were visualized with the use of 3-amino-9-ethyl-carbazole (AEC; 
Sigma-Aldrich, St. Louis, MO). Sections were lightly counterstained with 
hematoxylin (Merck, Darmstadt, Germany).

2.9 | Statistics

Statistical analyses were performed using GraphPad Prism 6 soft-
ware (GraphPad Software Inc., San Diego, CA). Significant values 
were determined using repeated-measure 1-way ANOVA when 
comparing 2 different conditions and 2-way ANOVA when com-
paring >2 conditions. For comparison of mean values from dif-
ferent number of donors or when comparing only 1 condition, 
untailed students T tests were performed. P < .05 were assumed 
significant.

3  | RESULTS

3.1 | Generation of B2M, GGTA1, CMAH triple-
modified pigs

Triple-modified pigs were generated by cotransfecting CRISPR/
Cas9 plasmids simultaneously targeting the porcine B2M, CMAH, and 
GGTA1 genes, respectively, into PFFs, followed by counterselection 
for αGal-negative cells and SCNT. In total, 186 reconstructed em-
bryos were transferred into 2 recipient animals. Both recipients be-
came pregnant, were allowed to go to term, and gave birth to 3 and 5 
liveborn piglets, respectively (Table 1). Tissue samples of these piglets 
were taken, and DNA was extracted followed by PCR amplification 
of the targeted loci. Deep sequencing of these amplicons revealed 
indel formation in all animals at the loci of interest, frequently lead-
ing to a frameshift mutation (Table S3). Specifically, 3 different geno-
types could be identified among all animals, including not only 2 but 
4 alleles for B2M as previously described.33 In 4 animals (genotype 
I: 707/1, 707/3, 708/1, 708/2), all 4 B2M, both GGTA1 alleles, and 1 
CMAH allele were modified. Three other animals (genotype II: 707/2, 
708/4, 708/5) showed the same biallelic single-basepair insertion in 
GGTA1 as genotype I. However, the position of the 4-bp deletion in 
B2M differed from genotype I as well as the 20-bp deletion in CMAH. 
Piglet 708/3 displayed a unique genotype, in which all 4 B2M alleles 
showed the same single-basepair deletion, a biallelic single-basepair 
insertion in CMAH and 1 and 3 bp were deleted in the 2 GGTA1 alleles, 
respectively (Table S3). An assignment of animals to the 3 genotypes 
is summarized in Table 2.

To study the effects of gene targeting on the protein and carbo-
hydrate levels, the expression profile of B2M and the presence of car-
bohydrate epitopes αGal and Neu5Gc were analyzed in PBMC. B2M, 
αGal, and Neu5Gc were readily detected on cells from wt control pigs 
(Figure 1A). B2M was significantly reduced in all tested triple-modi-
fied pigs to minimal levels above background but was still detectable. 
αGal epitopes were absent, suggesting a complete knockout (ko) of the 
GGTA1 gene. Analysis of Neu5Gc expression of heterozygous ko piglets 
707/1 and 708/1 showed no difference from wt controls. No Neu5Gc 
could be detected on cells from the homozygous ko piglet 708/5. The 
following characterization of cells and tissues from triple-modified 
pigs focuses on the biological consequences of B2M targeting in these 

TA B L E  1   Embryo transfer of somatic cell nuclear transfer–
derived embryosa

Recipient
Transferred 
embryos (n) Pregnant

Piglets 
liveborn|stillborn

707 95 + 3|1

708 91 + 5|5

Total 186 2/2 (100%) 8 (4.3%)b

aA total of 186 embryos were transferred into 2 synchronized recipient 
sows. Both animals conceived successfully, leading to the birth of 3 and 
5 viable piglets, respectively. 
bOverall cloning efficiency. 
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animals. Because B2M was not completely absent, samples were not 
termed B2M-ko but rather B2Mlow.

3.2 | B2M targeting results in decreased expression 
levels of SLA class I and other cell surface receptors

B2M is not only required for expression of the α-chain of MHC class I 
but also for expression of other proteins such as CD1 and the neonatal 
Fc receptor (FcRn).34-36 To analyze the effects of reduced B2M levels, 
we compared SLA class I and CD1 expression in PBMC from B2Mlow 
pigs and wt controls. All tested B2Mlow pigs showed significantly re-
duced expression levels of SLA class I on PBMCs, whereas complete 
absence was never observed (Figure 1B, left). Quantification of the 
SLA class I expression levels by comparing mean fluorescence intensity 
(MFI) in B2Mlow and wt cells revealed a reduction by ~90% in cells from 
B2M-targeted pigs (Figure 1B, right). CD1 expression was not detected 
in B2Mlow cells (Figure 1C). We did not further evaluate whether this 
was due to the defective expression of CD1 or the absence of the sub-
population of CD1+ dendritic cells.37

3.3 | B2Mlow pigs possess a distorted T cell 
compartment

MHC class I molecules are required for positive selection of 
CD8+ T cells during T cell differentiation in the thymus. We asked 
whether reduced expression of SLA class I in B2Mlow pigs is suf-
ficient to allow normal T cell differentiation. Thus, the relative 
fractions of CD4+ and CD8+ T cell subsets within the T cell popu-
lation (CD3+) were determined in whole blood from B2Mlow and 
wt control animals. All B2Mlow pigs showed a nearly complete 
absence of CD8+ (CD8α+CD8β+) T cells (Figure 2). The remain-
ing 2% might be cells expressing the γδ TcR, because these cells 
can also express the CD8αCD8β heterodimer. As expected from 

the absence of CD8+ T cells, there was an increase in the rela-
tive proportion of CD4+ (CD4+CD8β−) T cells in B2Mlow pigs. NKT 
cells could not be detected in B2Mlow pigs (data not shown). This 
is, most likely, a consequence of the observed CD1 deficiency 
(Figure 1C) because NKT cells depend on CD1d for proper 
development.38

Further evaluation of the immune status of B2Mlow piglets revealed 
strong IgG deficiency during the observation period (Figure 3A). IgM 
and IgA levels showed no differences between B2Mlow and wt pigs 
(data not shown). The FcRn is involved in translocation of maternal IgG 
from piglet gut lumen into the blood.39 Because expression of FcRn 
depends on B2M, this receptor is likely also impaired in B2Mlow pigs, 
which could account for the observed IgG deficiency. We also mon-
itored cytokine levels in serum from B2Mlow and wt control piglets 
within the first 4 weeks of life. As shown for day 26 after birth, sev-
eral cytokines were significantly decreased in serum from B2Mlow pigs 
compared with wt controls (Figure 3B).

3.4 | Priming of human PBMCs with B2Mlow cells 
spares the CD8+ T cell subset

The human TcR can functionally interact with porcine SLA mol-
ecules leading to strong proliferation of human lymphocytes in 
human/pig MLR assays.21,23 Thus, we assumed that reduced levels 
of SLA class I in cells from B2Mlow pigs should affect their stimula-
tory capacity in xenogeneic MLR. Testing this hypothesis, we used 
PBMCs from B2Mlow and wt pigs as stimulators and human PBMCs 
as responder cells. Only a slightly decreased proliferation was ob-
served after stimulation with B2Mlow cells in comparison with wt 
cells (Figure 4A, upper panel). However, when purified human CD8+ 
T cells were used as responders, proliferation to B2Mlow stimula-
tors was nearly abolished (Figure 4A, lower panel). This was true for 
B2Mlow stimulators carrying either genotype I (αGal− Neu5Gc+) or II 
(αGal− Neu5Gc−). We also used cells from a single B2M-modified pig 
expressing normal levels of αGal and Neu5Gc as stimulators. Similar 
to stimulation with triple-modified cells, CD8+ T cell proliferation 
was significantly impaired (Figure 4B). Together, these data suggest 
that the defective stimulatory capacity of triple-modified B2Mlow 
cells mainly results from low-level SLA class I expression. The simul-
taneous absence of αGal and/or Neu5Gc had only marginal effects 
in decreasing the capacity of pig cells to trigger human CD8+ T cell 
responses.

3.5 | B2Mlow cells are not protected from lysis by 
cytotoxic effector cells

We next asked whether in vitro priming of the entire human PBMC 
population with stimulator cells from B2Mlow pigs generates cytotoxic 
activity despite impaired responses of the CD8+ T cell subset. Cells 
from 5-day MLR cultures were harvested and cytotoxicity against pFb 

TA B L E  2   Genotype of somatic cell nuclear transfer–derived pigs 
generated by CRISPR/Cas9-mediated targeting of porcine B2M, 
CMAH, and GGTA1 genesa

Genotype Animal(s)

Gene

B2M CMAH GGTA1

I 707/1 (−1/−1/−3/−4) (−1/wt) (+1/+1)

707/3

708/1

708/2

II 707/2 (−1/−1/−3/−4) (−1/−20) (+1/+1)

708/4

708/5

III 708/3 (−1/−1/−1/−1) (+1/+1) (−1/−3)

aSee Table S3 for more detailed sequencing information. 
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was monitored by 51Cr-release assays. Priming of human PBMCs with 
cells from both wt and B2Mlow pigs resulted in significant cytotoxic ac-
tivity. In wt and B2Mlow targets, the effector population generated by 
priming with B2Mlow cells was slightly less effective than when effec-
tors had been primed by cells from wt pigs (Figure 5A) . Together, these 
data indicate that, despite impaired CD8+ T cell reactivity, cytotoxic 
cells can differentiate in human PBMC cultures primed with B2Mlow 
cells. These effector cells do not require SLA class I expression on tar-
gets to exert their cytotoxic activity.

To study the role of NK cells, we analyzed the reactivity of human 
CD3−CD56+ NK cells to pFb by measuring degranulation via CD107a 
expression. The pFb did not induce CD107a expression in resting NK 
cells (data not shown). When human PBMC, were activated by IL-2, 
approximately 20% of CD3−CD56+ NK cells expressed CD107a after 
being mixed with wt pFb (Figure 5B). The same amount of NK cells 
responded to pFb from B2Mlow pigs, suggesting that decreased levels 
of SLA class I are not associated with enhanced activation of human 
NK cells.

F I G U R E  1   Flow cytometry analysis of peripheral blood mononuclear cells (PBMCs) from wildtype (wt) and triple-modified pigs. A, 
Assessment of β2-microglobulin (B2M), galactose-α1,3-galactose-β1,4-N-acetylglucosamine-R epitope (αGal), and N-glycolylneuraminic acid 
(Neu5Gc) expression by flow cytometry. Porcine PBMCs of a wt pig and b2mlow pigs carrying genotype I (G I, 707/1), genotype II (G II, 708/5), 
or genotype III (G III, 708/3) were analyzed for expression of B2M (anti-B2M FITC, 2M2) and the 2 carbohydrate epitopes αGal (isolectin B4 
Gal FITC) and Neu5Gc (anti-Neu5Gc, polyclonal). B, Assessment of swine leukocyte antigen (SLA) class I expression. Porcine PBMCs were 
stained with mAb PT85A (SLA class I α-chain) and analyzed by flow cytometry. Left, Histograms obtained after staining of cells from a wt pig 
and 3 B2Mlow pigs. The numbers represent mean fluorescence intensity (MFI). Right, Quantification of expression levels. ΔMFI of SLA class 
I expression of B2Mlow PBMCs was evaluated and compared with expression levels in cells from wt PBMCs. ΔMFI = MFI (SLA class I) − MFI 
(isotype mAb). Data are mean values (±SD) obtained with cells from 3 B2Mlow piglets compared with 3 wt pigs. C, Histograms of cells from a 
wt pig and pig and from 3 B2Mlow pigs after staining with biotinylated anti-CD1 mAb 76-7-4. n.d., Neu5Gc could not be determined because 
of low cell yields after separation
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3.6 | SLA class I is almost absent in tissues from 
B2Mlow pigs

To evaluate the effects of B2M targeting on SLA class I expression 
in organs relevant for transplantation, we performed immunohis-
tochemistry of cryosections from heart, kidney, and liver tissue 
(Figure 6). Strong SLA class I expression was observed in samples 

from wt pigs. In heart and kidney, staining of vessels was particu-
larly pronounced, suggesting expression mainly in endothelial cells. 
Staining of liver samples resulted in a more homogeneous pattern. In 
samples from B2Mlow pigs, only weak staining of the anti-SLA class 
I antibody was observed with comparable patterns as in wt samples 
(heart, kidney: mainly endothelium; liver: broad).

4  | DISCUSSION

GGTA1/CMAH/B2M triple-modified pigs were generated to provide 
cells and organs for clinical xenotransplantation. Because the benefi-
cial effects of αGal and Neu5Gc absence on antibody binding/com-
plement activation are well documented,7,14 the current experiments 
focused on the characterization of T cell reactivity. We assume that 
reduced proliferation of human CD8+ T cells mainly results from the 
SLA class Ineg/low phenotype of porcine stimulatory cells. Thus, stimu-
latory cells from a pig with only B2M-ko but normal levels of αGal and 
Neu5Gc showed a similar defect to induce CD8+ T cell activation as 
triple-modified cells (Figure 4B). A minor effect of glycans on human 

F I G U R E  2   Evaluation of T cell subsets in β2-microglobulin 
(B2M)low pigs. Peripheral blood mononuclear cells (PBMCs) 
of B2Mlow and wildtype (wt) pigs were stained with CD3 in 
combination with mAb to CD8α, CD8β, or CD4 and analyzed by 
flow cytometry. After gating on CD3+ T cells, the proportion of 
CD8+ T cells (CD8α+CD8β+) and CD4+ T cells (CD4+CD8β−) was 
determined. Upper panel, Representative dot plots from piglet 
707/1 and 1 wt pig. Numbers represent percentage of CD8+ or 
CD4+ T cells within CD3+ cell population. Lower panel, Percentages 
of CD8+ or CD4+ T cells within CD3+ lymphocytes from all tested 
B2Mlow piglets (n = 3). Data are mean values (±SD) of piglets 707/1, 
708/1, and 708/5 compared with 3 wt pigs. Statistical significance 
was analyzed by 2-way ANOVA with Sidak correction (***P < .001, 
****P < .0001)
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T cells is also supported by the observation that the human anti-pig 
T cell responses to cells from wt pigs and αGal- and/or Neu5Gc-
deficient pigs are comparable.40 Similar to our experiments, porcine 
PBMCs were used as stimulators. However, other researchers using 
porcine endothelial cells as stimulators found that the absence of 
αGal is compatible with a low stimulatory capacity of cells.41

CRISPR/Cas9-mediated inactivation of GGTA and CMAH 
resulted in complete absence of the respective carbohydrate 
epitopes αGal and Neu5Gc (Figure 1). Residual cell surface ex-
pression of B2M, however, was detected in all triple-modified pigs 
(Figure 1) carrying either B2M genotype I, II, or III. B2M genotypes 
I and II have 3-bp deletions, which may leave a truncated protein. 
However, so far it is not clear why an identical B2Mlow phenotype 
was also observed in genotype III, which has a frameshift mutation 

in all B2M alleles. Unknown mutations make it difficult to tell if 
the phenotype observed is due to the known mutation introduced 
via CRISPR or the inadvertent changes caused by nonhomologous 
end joining or CRISPR inefficiency itself. Recently, a new method 
has been reported that can achieve a precise genotype–phenotype 
linkage. CRISPR/Cas9 was followed by laser microdissection and 
single cell genotyping. This protocol makes it possible to find out 
exactly what phenotypic changes the CRISPR-induced mutations 
caused in the cell studied and then to confirm the exact nature of 
the underlying DNA change that produced that phenotype.42

Staining of cells from B2Mlow pigs with mAb PT85A detecting 
the α-chain of SLA class I revealed reduced expression compared 
with wt controls (Figure 1B). Because SLA class I genes were not 
affected by the CRISPR/Cas9 strategies that were used, low-level 

F I G U R E  4   Proliferative responses of 
human lymphocytes after stimulation with 
porcine peripheral blood mononuclear 
cells (PBMCs). A, upper panel, 1 × 105 
human PBMCs were stimulated with 
increasing numbers of irradiated (30 Gy) 
wildtype (wt) or β2-microglobulin 
(B2M)low porcine PBMCs. After 5 days 
of coculture, proliferation was measured 
by 3H-thymidine incorporation for an 
additional 16 hours. Data are mean values 
obtained with samples from 6 different 
blood donors (±SD) stimulated with cells 
from 3 different wt or B2Mlow (707/1, 
708/1, 708/5) pigs. A, lower panel, 1 × 105 
human CD8+ T cells were stimulated 
either with irradiated PBMCs from wt pigs 
or pigs carrying genotype I (Neu5Gc+) or 
genotype II (Neu5Gc−). Data are mean 
values (±SD) obtained in n = 4 (Neu5Gc+ 
group) and n = 2 (Neu5Gc− group) 
independent experiments. B, 1 × 105 
human CD8+ T cells were stimulated 
with increasing numbers of irradiated 
PBMCs from a wt pig or a pig with B2Mko, 
GGTA1wt, CMAHwt genotype. Data are 
from a single experiment and represent 
mean cpm of triplicate cultures ± SEM. 
Similar patterns were observed using 
CD8+ T cells from a second blood donor. 
Statistical significance was analyzed by 
2-way ANOVA with Sidak correction 
(*P < .05, **P < .01, ***P < .001, 
****P < .0001)
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expression can be explained by 2 possible mechanisms. First, the 
number of B2M molecules is too low to provide sufficient partner 
molecules for the association with the existing SLA class I α-chains. 
Second, if B2M indeed is a truncated protein, aberrant association 
with SLA class I α-chain may occur, which in turn affects stability of 
the complex. In any case, the few existing SLA class I α-chain/B2M 
heterodimers expressed in B2Mlow pigs seem to be nonfunctional. 
This conclusion is based on the observation that 2 SLA class I–de-
pendent processes—the development of the CD8+ T cell subset in 
pigs (Figure 2) and the capacity to trigger proliferation of human 
CD8+ T cells (Figure 4)—are significantly disturbed. Thus, B2Mlow 
pigs can be regarded as functional SLA class I ko animals.

It is well known that human CD4+ and CD8+ T cells can directly 
be activated via interaction of their TcR with SLA class II and class I, 
respectively.21,23 Thus, porcine antigen-presenting cells (APCs) that 
express SLA class I and class II will induce activation of both human 
CD4+ and CD8+ T cells during the priming/sensitization phase of 
an antigraft response. It was, therefore, an expected finding that 
stimulatory cells from B2Mlow pigs did not induce proliferation of 
CD8+ T cells (Figure 4). However, one has to keep in mind that the 

stimulating cell population (PBMCs) of these pigs contains cells ex-
pressing normal levels of SLA class II (eg, B cells, monocytes), thus 
facilitating effective activation of the human CD4+ subset. Following 
this line, we assume that cytotoxic CD4+ T cells that develop during 
the priming of human PBMCs with B2Mlow cells are the major effec-
tors in 51Cr-release assays (Figure 5A). This is also supported by ear-
lier data showing that CD4+ T cells play an important role in human 
anti-pig cytotoxicity.43

The pFb that were used as targets in 51Cr-release assays did 
not express detectable levels of SLA class II (data not shown), 
which usually is the restriction element for the TcR of CD4+ T 
cells. Thus, the question arises by which mechanisms porcine 
targets may be lysed. One possibility is that cytolytic activity 
of CD4+ T cells is triggered by cross-reactivity of their TcR with 
low-level SLA class I expressed by pFb from B2Mlow pigs. On the 
other hand, cytotoxic mechanisms, independent from TcR/MHC 
interactions, may be involved. In fact, PFb strongly expressed 
the cell death–inducing CD95 (Fas) receptor (data not shown). 
Usually, CD4+ T cells kill their targets in xenogeneic settings via 
expression of CD95 (Fas) ligand and not via release of perforin/

F I G U R E  5   Susceptibility of B2Mlow 
cells to lysis by human effector cells. A, 
Anti-pig sensitized effector cells were 
generated by in vitro priming (5 d MLR) 
of human peripheral blood mononuclear 
cells (PBMCs) with irradiated PBMCs from 
a wildtype (wt) pig or pig 708/5 carrying 
genotype II (B2Mlow; αGal−, Neu5Gc−). 
Effector cells were harvested and titrated 
on 1 × 104 51Cr-labeled Fb from wt pigs or 
pig 708/5 (B2Mlow; αGal−, Neu5Gc−). After 
4 hours, the amount of radioactivity in the 
supernatant was measured and specific 
lysis was calculated. Data are mean 
values from 2 different experiments. 
B, Degranulation of human natural 
killer (NK) cells. Interleukin-2–activated 
human PBMCs were cocultured with 
wt or B2Mlow pFb for 2 hours. CD107a 
expression of CD3−CD56+ NK cells 
was measured by flow cytometry. 
Left, Representative dot plots of one 
human blood donor. Numbers represent 
percentage of CD107a+ cells. Right, 
Percentages of CD107a+ NK cells from all 
tested individuals are summarized. Data 
are mean values (±SD) from 4 different 
human blood donors stimulated with pFb 
from 2 different wt or 4 different B2Mlow 
(707/1, 707/3, 708/1, 708/5) pigs
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granzyme vesicles.43 Thus, we favor the hypothesis that target 
cells from B2Mlow pigs are lysed in a TcR/MHC–independent 
manner by CD95/CD95 ligand interactions, which is supported 
by previous data pointing to a significant role of this pathway in 
xenogeneic killing of porcine cells.43-45

In an allogeneic setting, MHC class I acts as an inhibitory li-
gand for NK cells.46 If this mechanism is functional also in pig-
to-human xenotransplant, cells from B2Mlow pigs may be highly 
susceptible to lysis by human NK cells. To test this, we compared 
the activity of human NK cells triggered by pFb from B2Mlow and 
wt pigs. We found no difference in the responsiveness of NK cells 
to the 2 stimulator cell types (Figure 5B), which supports earlier 
findings suggesting that SLA class I is not an inhibitory ligand for 
human NK cells and that NK-mediated killing of porcine cells is 
MHC independent.47,48 Sequence comparison between porcine 
and human MHC class I molecules revealed that the binding re-
gions responsible for interaction with NK cells differ between the 
2 species.49

B2Mlow pigs expressed significantly reduced levels of SLA 
class I, which was associated with impaired development of 
CD8+ T cells (Figure 3). Furthermore, CD1 was completely absent 
(Figure 1C), which most likely is the reason for the lack of NK T 
cells in these animals (data not shown). In addition, we assume 
that the IgG deficiency in B2Mlow pigs (Figure 3A) also is some-
what related to B2M targeting. Maternal immunoglobulins are 
usually transported to the suckling blood system via the placenta 
or colostrum, which requires a functional FcRn that can only be 
expressed in association with B2M.39,50,51 Strongly reduced IgG 
levels have also been observed in B2M-deficient mice and hu-
mans.52,53 Thus, targeting B2M affected health and immune sta-
tus of pigs in various ways. Presumably, the massive perturbations 
of the immune system in B2M-targeted pigs are a major reason 
for the development of acute feverish conditions and subsequent 
death, which occurred in 3- to 4-week-old pigs in recent exper-
iments.29 These animals were kept under standard housing con-
ditions. In contrast, the B2Mlow piglets reported here were kept 

F I G U R E  6   Analysis of swine leukocyte antigen (SLA) class I expression in porcine tissues. Cryosections of heart, kidney, and liver from a 
wildtype (wt) pig and β2-microglobulin (B2M)low pig 708/3 (genotype III) were stained with the anti-SLA class I mAb 74-11-10 or an irrelevant 
isotype matched control antibody (mouse IgG2b). Antibody binding was detected by an HRPO-coupled secondary antibody and incubation 
with AEC. Nuclei were counterstained with hematoxylin. Magnification is ×100. Similar patterns were observed using samples from pigs 
carrying B2M genotype I (707/3) or genotype II (708/5). As representative of this series, data obtained with cryosections from kidneys are 
shown in Figure S1
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under strict hygienic housing conditions and were maintained 
completely separate from the rest of the herd. The animals of 
the present study developed normally up to an age of 6 months, 
when they were killed for sample collection. Thus, applying high 
hygienic standards, it is possible to successfully maintain B2M-
deficient pigs for longer periods of time.

The absence of functional SLA class I makes B2Mlow pigs 
promising as donors for clinically used xenografts. However, it 
has to be taken into account that despite effective suppression 
of human CD8+ T cells during the induction phase of an antigraft 
response, the lack of functional SLA class I does not protect por-
cine cells and tissues from cytotoxicity during the effector phase. 
Nevertheless, susceptibility of porcine cells to lysis by human ef-
fector cells could be reduced by transgenic expression of the pro-
tective molecule A20.54 Furthermore, human inhibitory ligands 
like PD-L130,55 or HLA-E56 have been shown to protect porcine 
cells.
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