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A Skin Rejection Grading System for Vascularized 
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INTRODUCTION
Vascularized composite allotransplantation (VCA) is an 
increasingly utilized reconstructive procedure for patients 
with upper extremity amputation or devastating facial tis-
sue defects. Although the skin component has been con-
sidered an obstacle for widespread application of VCA 
due to its high antigenicity and thus requiring the use of 
high-dose multidrug maintenance immunosuppression,1-3 

it also offers a unique opportunity for rejection monitoring 
as clinical visualization and biopsy collection are consider-
ably more facile than in solid organ transplantation.4 As 
of now, along with clinical assessment of the graft, biopsy 
and histologic evaluation of the skin component is the 
gold standard in monitoring for episodes of acute rejec-
tion.5-8 Thus, the ability to grade rejection histologically 
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Original Basic Science—General

Background. The Banff Criteria have been accepted as a system for grading histological rejection in graft skin in human 
vascularized composite allotransplantation (VCA). Preclinical swine hindlimb transplantation models have an important role 
in translational studies in VCA. However, unified grading criteria for rejection in swine skin have not yet been established. 
Methods. Two hundred fourteen swine skin biopsy specimens were reviewed, including 88 native skin biopsies and 126 
specimens from the skin component of heterotopic swine hindlimb transplants. Thorough review was performed in a blinded 
fashion by an expert veterinary pathologist with attention paid to the applicability of the Banff criteria as well as specific 
histologic characteristics and trends. Clinical and histopathologic rejection scores were then directly compared. Results. 
Two hundred fourteen specimens reviewed showed significant similarities between swine and human skin, as previously 
published. Notable swine-specific characteristics, including paucicellular infiltration with rare epidermal cell infiltration or 
necrosis, were accounted for in a proposed grading system that parallels the Banff Criteria. Conclusions. This compre-
hensive grading system, based on the Banff Classification for skin rejection in VCA, provides a standardized system for more 
accurate comparison of rejection in preclinical swine VCA models.
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is of great importance in VCA treatment, monitoring, and 
maintenance. For VCA patients, the Banff 2007 Working 
Classification was formalized to make uniform the path-
ologic grading of rejection in skin biopsies.7 This system 
provides a structure and guideline to human skin patho-
logic diagnosis. Based on a grade of 0 to 4, these crite-
ria outline the histopathologic findings through different 
stages of rejection, as summarized in Table 1.

As VCA is a relatively young field with few human 
patients and studies, preclinical and translational mod-
els are especially important in evaluating outcomes and 
improvements in treatment regimens as well as immuno-
logical monitoring.9 It is well established that swine skin is 
comparable to human skin in clinical and histopathological 
settings.10-18 Anatomically, both pig and human skin have 
similar thickness ratios of dermis to epidermis, density of 
hair follicles, pigmentation (breed dependent), and dermal 
connective tissue composition.18 Pig skin, like human skin, 
is also tightly adherent to the subcutaneous layer, in con-
trast to rodent skin.18 Furthermore, pigs are easy to work 
with as they are easily trained to human contact, and their 
large size, which could be an obstacle in housing and care, 
can be mitigated through the use of minipig breeds rather 
than standard-sized breeds. Specifically, the swine hindlimb 
allotransplantation model is a well-described large-animal 
model that can be used to adequately assess the immuno-
logic aspects of VCA as comparable to human allografts.19 
Despite common use of swine for VCA research, there is 
a need for more detailed histopathologic characterization 
of the unique characteristics of VCA rejection in the skin 
of minipigs compared to humans.20 Given the importance 
of an analogous model, it is vital that we accurately and 
reproducibly classify histologic findings in skin samples 
from swine VCA. Thus, we present here a modified grading 
system, based on the Banff Classification, for acute skin 
rejection in VCA in a preclinical swine model.

MATERIALS AND METHODS
Study Cohort

All studies were performed with approval from the 
Johns Hopkins University Institutional Animal Care and 
Use Committee (IACUC). Hindlimb transplants were 
performed as previously described by our group19 across 
full and partial swine leukocyte anitigen-mismatched 
Massachusetts General Hospital (MGH) minipigs from 

2011 to 2018 under multiple different study protocols. 
One hundred thirty-seven animals were evaluated for 
inclusion into the study, which is, to our knowledge, the 
largest cohort of VCA-model minipigs reported. Biopsies 
included in the review were those with episodes of rejection 
with concurrent biopsy and clinical photograph available. 
Control specimens evaluated were native skin samples 
and ischemic skin without rejection (spontaneous vascular 
thrombosis in the first postoperative week with subsequent 
ischemic graft failure). This ischemia can be differentiated 
from rejection clinically, as they have notably different 
natural history. Animals that we allow to reject immedi-
ately postoperatively (no treatment) follow a reproducible 
pattern of severe edema with erythema, significant graft 
warmth, purple discoloration of the graft increasing in hue 
starting postoperative day 4 or 5, and subsequent bullae 
formation with epidermal sloughing. The grafts lost due 
to ischemia all had immediate pallor and cool tempera-
ture (both on clinical exam and infrared thermography), 
light blue discoloration of the graft with moderate edema 
beginning around postoperative day 5, and subsequent 
blackening/necrosis of the graft to full eschar. Examination 
of graft vasculature for patency was performed at animal 
euthanasia. Biopsies were evaluated at different stages of 
clinical rejection, and the treatment and timing of biopsies 
were specific to the different studies into which the animals 
were enrolled.

Sample Preparation
Cutaneous biopsies were obtained from either the skin 

paddle of a heterotopic hindlimb transplant of a swine or 
native animal skin. Procedures were performed using a 5-mm 
punch biopsy. Specimens were immediately fixed in forma-
lin for a minimum of 24 hours. The more recent samples 
were transitioned into ethanol after 24 hours, but the initial 
samples in the cohort remained in formalin until embed-
ding. All of the specimens were embedded in paraffin and 
then stained using a standard hematoxylin and eosin stain-
ing protocol. Immunohistochemical analysis of the samples 
was performed to identify global trends in infiltrating cel-
lular phenotype. Specimens were evaluated for the presence 
of T cells, B cells, regulatory T cells, and macrophages (CD3: 
Dako A0452; CD20: Biocare ACR3004B; FoxP3: eBiosci-
ence 14-5773-82; AntiS100A9: Thermo MA1-80446). 
Neutrophils and eosinophils were distinguished by morpho-
logic appearance on hematoxylin and eosin.

Clinical Grading Criteria
Clinical rejection scores of the VCA allografts were 

assigned based on the clinical features of the graft skin 
(Figure 1): Grade 0 shows no difference between graft skin 
and native skin; Grade 1 has mild erythema; Grade 2 has 
moderate erythema with the beginning of scaling and scab-
bing; Grade 3 has severe erythema and scabbing with areas 
of epidermolysis; and Grade 4 has full-thickness graft epi-
dermolysis with areas of necrosis.

Histopathologic Grading Criteria
Clinical rejection grading was given at timepoints corre-

sponding to each biopsy, based on the review of prior clini-
cal assessment and photodocumentation. All graft skin 
biopsies were reviewed retrospectively in a blinded fash-
ion by a board-certified veterinary pathologist (S.E.B.) and 

TABLE 1.

The Banff 2007 working classification of skin-containing 
composite tissue allograft pathology7

Grade Findings

Grade 0 No or rare inflammatory infiltrates
Grade 1 Mild; mild perivascular infiltration; no involvement of the 

overlying epidermis
Grade 2 Moderate; moderate-to-severe perivascular inflammation 

with or without mild epidermal and/or adnexal involvement 
(limited to spongiosis and exocytosis); no epidermal 
dyskeratosis or apoptosis

Grade 3 Severe; dense inflammation and epidermal involvement with 
epithelial apoptosis, dyskeratosis, and/or keratinolysis

Grade 4 Necrotizing acute rejection; Frank necrosis of epidermis or 
other skin structures
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assigned a rejection score (Table  2). This rejection score 
takes into account both the amount of dermal inflamma-
tion (Figure 2) and the presence of epidermal inflamma-
tory infiltration and/or necrosis (Figure 3). The full grading 
system is described in detail in the Results section.

Statistical Analysis
Data were collected and maintained in a database cre-

ated using Microsoft Excel (v 16.16.2). All categorical vari-
ables were described as count (percent). Statistical analyses 
were performed using Stata/IC 15.1 (StataCorp LLC). A 
mid-p McNemar test was utilized for data analysis.

RESULTS
Of the swine skin samples included in this study, a cohort 

of 214 samples were evaluated in a blinded fashion by a 
board-certified veterinary pathologist with extensive expe-
rience with swine histology. The cohort included samples 
of VCA graft skin over multiple timepoints and treatment 
regimens, ranging from posttransplant day 0 to posttrans-
plant day 509. Within this group of tissue samples, 88 were 
native skin biopsies taken at the same time as the samples 
biopsied from graft skin. The cohort also included 6 sam-
ples from ischemic controls to account for differences in 
nonrejection inflammatory states (Table  3). The clinical 
rejection scores, based on the presence of severe erythema, 
scaling/scabbing, epidermolysis, or necrosis (Figure  1), 
were assigned to the graft at the timepoint the biopsy was 
taken. Out of the graft biopsies with associated available 
photograph on the corresponding day (n = 126), 37 were 
assigned clinical Grade 0 rejection, 54 assigned Grade 1, 
16 Grade 2, 6 Grade 3, and 13 Grade 4 (Table 4).

The pathologist assessing each of these samples assigned, 
in a blinded fashion, a grade of histologic rejection to the 
sample, based on the Banff grading system with attention to 
the degree of inflammation present. To score inflammation, 

the number of dermal lymphocytic perivascular cuffs 
was averaged over at least three 20× fields. Perivascular 
cuffs were defined as circumferential inflammatory cells 
immediately surrounding a blood vessel. If perivascular 
cuffs were present in the sample, the cuff thickness was 
estimated based on the number of lymphocytes from the 
blood vessel to the outer edge, for which the number was 
also averaged over at least three 20× fields. As perivascular 
cuffs are often not completely symmetrical in nature, the 
thickest portion of the cuff was used to define the degree of 
inflammation present (Table 5). Samples were then given 
an overall inflammation score, based on the following cri-
teria: “none” = no perivascular cuffs; “minimal” = <5 cuffs,  
no more than 2 cells thick; “mild” = <5 cuffs, 3 cells thick or 
more; “moderate” = 5 to 15 cuffs, any thickness; “severe” 
= >15 cuffs, any thickness (Figure 2). Swine-specific his-
tologic findings were correlated with the level of clinical 
rejection in a revised histological grading system.

Of the graft skin sections evaluated (n = 126), 15 were 
given Grade 0, 59 given Grade 1, 28 given Grade 2, 14 
given Grade 3, and 10 given Grade 4 (Table 4). Along with 
inflammation, epidermal inflammatory cell infiltration and 
keratinocyte necrosis were recorded for each sample. With 
review of the samples, it was noted that not all specimens 
fit into the grading system outlined by the Banff criteria. 
Specifically, there were samples with significant inflamma-
tion but without epidermal infiltrates, and conversely, there 
were samples without significant inflammation but that did 
have epidermal infiltration. These characteristics were con-
sidered and stratified into subcategories within Grade 2 and 
Grade 3 of the proposed criteria. After full analysis of all 
of the samples, swine-specific trends and particular cellular 
characteristics were compiled to construct a new grading 
system for the skin component in swine VCA (Table 2).

Rejection Grade 0 consists of normal dermal and epi-
dermal skin without evidence of inflammation. In swine 

FIGURE 1. Examples of each clinical rejection grade in a swine hindlimb transplant performed in a full SLA-mismatch. Grade 0 (A) 
shows no difference between graft skin and native skin; Grade 1 (B) has mild erythema; Grade 2 (C) has moderate erythema with mild 
scaling and scabbing; Grade 3 (D) has severe erythema and scabbing with areas of epidermal sloughing; and Grade 4 (E) has full graft 
epidermolysis and necrosis.

TABLE 2.

Swine VCA skin rejection classification (modified Banff criteria)

Grade Dermal inflammation Epidermal involvement

0 None to minimal None
1 Mild None
2A Moderate None
2B Mild to moderate (may be paucicellular) Infiltrating inflammatory cells (may be few) without keratinocyte necrosis
3A Moderate or severe Multifocal single cell epidermal necrosis, variable infiltrating inflammatory cells
3B Mild to severe (may be paucicellular) Multifocal epidermal necrosis (may be full thickness, not diffuse), infiltrating inflammatory cells
4 Mild to severe (may be paucicellular) Diffuse full thickness necrosis (entire epidermis is necrotic and/or sloughed off)

VCA, vascularized composite allotransplantation.

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



1388 Transplantation  ■  July 2019  ■ Volume 103  ■  Number 7 www.transplantjournal.com

FIGURE 2. Examples of dermal inflammation scoring (a component of the proposed swine skin rejection scoring system). Inflammation 
scores are based on the following criteria: “none” (A), no perivascular cuffs of lymphocytes; “minimal” (B), <5 cuffs, ≤2 cells thick in any 
direction; “mild” (C), <5 cuffs, ≤2 cells thick in any direction; “moderate (D), 5–15 cuffs, any thickness; and “severe” (E), no distinct cuffs 
with diffuse infiltration, any thickness. The number of cuffs is determined by the average of the number of inflammatory cuffs counted 
over three ×20 fields in the dermis. All images are ×200 with 100 μm scale bars.

FIGURE 3. Examples of the proposed swine VCA skin rejection classification. Grade 0 rejection (A) and Grade 1 rejection (B) are 
characterized by none/minimal or mild inflammation (respectively) with no epidermal involvement. For the swine rejection classification, 
Grade 2 is split into 2A (C), characterized by dermal inflammation but no epidermal involvement, and 2B (D), characterized by variable 
inflammation with epidermal infiltrating inflammatory cells (white arrow, inset ×600). Grade 3 rejection is split into 3A (E), characterized 
by variable inflammation with single cell keratinocyte necrosis (black arrows, inset central arrow ×600), and 3B (F), characterized by 
multifocal or segmental full-thickness epidermal necrosis (white skinny arrows) with areas of intact epidermis (black skinny arrow). Grade 
4 rejection (G), like in the original Banff classification, is characterized by diffuse full-thickness epidermal necrosis (white skinny arrows). 
All images are ×200 with 100 μm scale bars. VCA, vascularized composite allotransplantation.
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(as well as human) skin, there are always a small amount 
of perivascular lymphocytic infiltrates present in normal 
skin biopsies, which must be accounted for in giving rejec-
tion grades to allografts.21 However, in Grade 0 rejec-
tion (Figure 3A), no epidermal changes are seen. Grade 1 
(Figure 3B) also does not have epidermal changes; how-
ever, there is a mild perivascular lymphocytic infiltrate pre-
sent, increased from the sparse lymphocytic infiltrate seen 
in normal porcine skin histology.

As previously mentioned, we have stratified Grade 2 
rejection into two subcategories: Grade 2A (Figure  3C) 
and 2B (Figure 3D). This subdividing accounts for speci-
mens that contain paucicellular perivascular inflammation 
but do have some epidermal infiltration without keratino-
cyte necrosis. Grade 2A is defined as moderate perivascular 
infiltrate based on cuff characteristics (Table 5) without epi-
dermal involvement. The defining characteristic of Grade 
2B rejection is the presence of epidermal inflammation; 
although there is often perivascular dermal lymphocytic 
inflammation, it can range from very few lymphocytes to 
moderate lymphocytic cuffing and accounts for up to but 
not necessarily moderate perivascular inflammatory cell 
presence with the aforementioned epidermal infiltration of 
inflammatory cells. Similarly, Grade 3 has been partitioned 
into 3A (Figure 3E) and 3B (Figure 3F). Rejection Grade 
3A is characterized by moderate or severe inflammation 
with multifocal single cell epidermal necrosis. Grade 3B 
is characterized by variable dermal inflammation (up to 
severe) with multifocal, full-thickness, epidermal necrosis. 
Although both 3A and 3B feature epidermal necrosis, the 
key difference between the grades is that 3A has only sin-
gle cell keratinocyte necrosis that does not affect the entire 
thickness of the epidermis (Figure 3E), while 3B has larger, 
multifocal areas of necrosis that involves the entire thick-
ness of the epidermis, resulting in large areas of ulceration. 
However, in Grade 3B there are still areas of intact epider-
mis, while in Grade 4 the rejection is defined by diffuse, 
full-thickness, epidermal necrosis affecting the entire site.

For internal validation, all samples were also scored 
by a trained second independent, blinded party (M.G.), 
using the proposed porcine VCA skin rejection grades. A 

statistical analysis was performed to evaluate the discord-
ance between the histological and clinical assessments of 
each sample. Given the subjectivity and lack of accepted 
standardization in grading of clinical rejection, association 
was evaluated in a dichotomous fashion using low-grade 
rejection, defined as Grades 0, 1, and 2, and high-grade 
rejection, defined as Grade 3 or Grade 4. A McNemar test 
was used to evaluate relationship between the low- and 
high-grade histologic and clinical rejection scores for each 
sample. Because the paired nominal data had few discord-
ant pairs, a mid-p McNemar test was used.22 The analy-
sis resulted in a P value of 0.3, showing no evidence of 
discordance between the histologic and clinical grading 
systems.

Through the review of all specimens, graft capillary 
thrombosis was not appreciated. However, occasional 
occurrences of graft arteriopathy was noted, which were 
retrospectively found to be more frequent in those grafts 
that had been allowed multiple episodes of rejection 
(Figure S1, SDC, http://links.lww.com/TP/B713).

DISCUSSION
Experimental studies using swine models have been a 

staple in the preclinical study of VCA, due in part to the 
similarities between swine and human skin as well as the 
ease in operating on and assessing progress in this par-
ticular large animal model.9 The Banff 2007 Working 
Classification for Vascularized Composite Tissue Allografts 
provided the first unified criteria for the grading of skin 
rejection in VCA in humans.7 This classification greatly 
improved our ability as a field to compare and learn from 
other patients in this relatively rare procedure as well as 
to provide an objective measure to follow individual graft 
progression, assisting in both graft monitoring and titra-
tion of immunosuppressive treatment. However, while 
these criteria were also considered to be fairly applicable 
to the experimental swine models, as the skin is largely 
similar, there has not been an in-depth analysis of grading 
criteria as they pertain to histologic findings in swine skin. 
Given the importance of an accurate comparative model, 
we created these swine-specific grading criteria for skin 
rejection.

By retrospectively studying rejection in a large number 
of VCA transplants in MGH minipigs, we have proposed 
new, more refined rejection criteria specific to the MGH 
minipig, based on the original Banff criteria. Although we 
have highlighted many aspects of the striking similarity 
of pig skin anatomy and healing compared with that of 
human skin,10-18 pigs are different than humans both in 

TABLE 3.

Specimens reviewed

Specimen Number

Ischemic controls 6
Native skin biopsies 88
Graft skin biopsies 120
Total samples reviewed 214

TABLE 4.

Characteristics of graft skin rejection assessments

Histologic grade Clinical grade

Grade 0 15 37
Grade 1 59 54
Grade 2 28 16
Grade 3 14 6
Grade 4 10 13
Total 126 126

TABLE 5.

Inflammation scoring rubric

Grade

Defining criteria: No. of perivascular cuffs of dermal 
lymphocytes ± macrophages and neutrophils/eosinophils 

(average over at least three ×20 fields)

None No perivascular cuffs
Minimal <5 cuffs, no more than 2 cells thick in any direction
Mild <5, more than 2 cells thick in any direction
Moderate 5–15, any thickness
Severe >15, any thickness
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their behavior and in some aspects of their inflammatory 
response. Pigs are more likely to traumatize skin posttrans-
plantation, so small superficial pustules are not uncom-
mon incidental findings. Anecdotally, pigs also have a 
more heavily eosinophilic component to their granulocytic 
inflammatory response compared to humans. However, 
the features of skin rejection, namely lymphocytic perivas-
cular dermal inflammation and epidermal inflammation 
and necrosis, are strikingly similar.

The Banff 2007 Classification of skin rejection in VCA 
stratify the rejection grades by amount of inflammatory 
infiltrate present. Specifically, Grades 0 to 4 histologic rejec-
tion are defined in part by no or rare inflammation, mild 
inflammation, moderate inflammation, severe inflammation, 
and necrosis, respectively.7 In our proposed new grading 
criteria, we have subdivided rejection Grades 2 and 3 into 
2A/2B and 3A/3B. Within Grade 2 rejection, we have distin-
guished between rejection characterized by moderate dermal 
inflammation without epidermal involvement and rejection 
characterized by variable dermal inflammation but inflam-
matory cell infiltration of the epidermis. This delineation is 
important, as in our experience, epidermal cellular involve-
ment tends to correlate better with worse clinical rejection 
when compared to strictly dermal perivascular inflamma-
tion despite paucicellular inflammation that may not corre-
late with the moderately cellular inflammation assigned to 
Grade 2. For Grade 3, we have distinguished between epi-
dermal necrosis that is single cell (3A) versus numerous (3B), 
accounting for the possibility of multifocal epidermal necro-
sis with different levels of inflammatory infiltration. Where 
the Banff 2007 Criteria defines Grade 3 histologic rejection 
by dense inflammation with epidermal involvement, we have 
noted in swine rejection that fairly severe epidermal necrosis 
may be associated with relatively few inflammatory cells in 
the dermis, and yet still quickly progress to Grade 4 rejec-
tion. This necessitated a subdivision of Grade 3 rejection 
that included more severe epidermal necrosis with or with-
out large perivascular lymphocytic cuffs in the dermis. With 
this new definition of Grade 2 and 3 rejection in VCA skin 
in a swine model, we can accurately place histopathological 
grades by biopsy including the details that might otherwise 
have assigned other grades to these specimens.

Using our revised, swine-specific rejection criteria, we 
have drawn several conclusions from acutely rejecting 
animals both in general pattern and in specific details. 
Although granulocytes (neutrophils and eosinophils) as 
well as macrophages were present in rejecting skin samples, 
the vast majority of infiltrating inflammatory cells were 
lymphocytes. Of these, most were T cells, with fewer B cells 
(Figure S2, SDC, http://links.lww.com/TP/B713), consist-
ent with previous findings.5,23,24 While overall inflamma-
tion is a major component of our modified grading criteria, 
the most clinically relevant factor seems to be the extent 
of inflammatory infiltration into the epidermis. Similar to 
human VCA rejection, our group found that swine grafts 
could be rescued up to but not including Grade 4 histo-
pathologic rejection, which is characterized by diffuse epi-
dermal necrosis.7 Notably, even those that had histologic 
Grade 3B rejection—with multifocal epidermal necrosis—
were able to be rescued using standard immunosuppres-
sive treatment (steroid bolus treatment and calcineurin 
inhibitor) due to the ability of the graft to reepithelialize. 
We also found that dermal inflammation could be quite 

significant, but if the epidermis was not involved, the clini-
cal appearance was much less severe with a relatively low 
clinical rejection score (Grade 2 or lower) (Figures 1 and 
3). We also did not include inflammation in the subcutis in 
the rejection scoring system, as subcuticular inflammation 
does not reflect the appearance or behavior of the graft; 
clinically important inflammation is restricted to the der-
mis and epidermis. Neutrophilic inflammation was signifi-
cantly correlated with Grade 4 rejection (Figures 2 and 3). 
However, neutrophilic dermatitis is not considered specific 
to the pathogenesis of rejection; rather, neutrophils are a 
generic response to tissue damage (in this case, epidermal 
necrosis).25,26

Through this extensive review of pathologic specimens, 
it became increasingly evident that the accurate assessment 
of rejection and grading relies not only on a good grading 
system but also on the technical aspects of obtaining, pre-
serving, and staining the biopsy as well. When evaluating 
graft rejection, it is important to interpret the histologic 
appearance in the context of the gross appearance. Ideally, 
multiple biopsies should be obtained from multiple sites. 
Significant differences in histologic appearance can occur 
within the same graft even millimeters apart. The clinical 
rejection of an experimental graft should not necessar-
ily be predicted based on one punch biopsy taken from a 
focal area of epidermal necrosis, as reepithelialization of 
the necrotic area may occur if the rest of the graft survives 
and the necrotic area is small. Specimen preparation is also 
of importance, as the maintenance of tissue architecture is 
relevant to enable slide staining and get high quality, con-
sistent specimens to evaluate pathologically. Though we 
did have some excluded samples for which the biopsy and/
or fixing or embedding provided slides with insufficient 
tissue to adequately assess, the rest of our samples were 
uniform enough that they could be adequately compared. 
However, in our experience, 24 hours of formalin fixation 
followed by placing the sample in ethanol before paraffin 
embedding provided the optimal preparation.

As mentioned previously, it can be difficult to ensure 
that these grafts remain without scratching or traumatic 
injury, as this can cause inflammation unrelated to rejec-
tion that can confound histologic appearance. The grafts 
are insensate, so preventing the animal from injuring the 
graft requires diligence and attention. For this purpose, our 
included animals were all maintained in single-animal runs 
after transplantation to avoid graft damage from another 
pig. The cohort was also housed in specialized runs with 
protective polyethylene paneling that provides smooth 
walls to the enclosure. The animals are seen at least once a 
day to assess graft condition. This prevents the majority of 
animal scratching of the graft in our studies and largely mit-
igates the concern for inflammation unrelated to rejection. 
Furthermore, we do not currently have complete knowl-
edge on the effect of the experimental treatment regimens 
on the skin and histological outcomes. Most of the animals 
received tacrolimus therapy either for a set time period or 
in pulsed dosing, though a few had costimulation blockade 
or cellular therapy. None of the regimens correlated with 
any particular rejection grade, but as our study evaluated 
skin samples only in the context of whether or not they 
were rejecting and independent of the individual treatment 
regimens, we cannot exclude confounding of the different 
experimental treatments on the skin rejection grade.
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The importance of this proposed grading system lies in 
its implications for future studies. As the histologic grading 
system shows correlation to the clinical grading system, it 
can be used in the setting of an acute rejection episode to 
delineate the severity of the episode, often not homogenous 
throughout the graft. However, with accurate grading of 
acute rejection episodes, we can also evaluate the relation-
ship between acute rejection clinical appearance, the grade 
of acute rejection, and the development of chronic rejection 
changes and other long-term outcomes. Graft arteriopathy 
was noted in several specimens, particularly in those that 
experienced multiple episodes of acute rejection (Figure S1, 
SDC, http://links.lww.com/TP/B713), possibly representing 
chronic changes. It has been shown that increased number 
of acute rejection episodes is associated with increased risk 
of chronic rejection27,28; while this has not been studied in 
depth in translational models, an accepted and reproduc-
ible grading system for the acute episodes will prove impor-
tant in a thorough investigation into this topic.

In the current era of rapid medical and surgical advance-
ments, adequate preclinical models are crucial to continued 
medical research and patient safety. Because of the limited 
patient population in the relatively young field of VCA, 
preclinical models are even more critical to our under-
standing of the relevant immunomodulatory processes and 
our discovery of less toxic and more effective treatment 
regimens. These new criteria defined here for histologic 
grading of skin rejection in swine—with the grading crite-
ria paralleling those of the Banff Classification—provide a 
uniformity in histopathological assessment and contribute 
to the ability to analyze findings in swine preclinical mod-
els in the evaluation of VCA rejection.
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