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Abstract

We have shown that although the 1gG response in fogo selvagem (FS) is mainly restricted to
desmoglein (Dsg) 1, other keratinocyte cadherins are also targeted by FS patients and healthy
control subjects living in the endemic region of Lim&o Verde, Brazil (endemic controls).
Evaluating nonpathogenic 1gG1 and pathogenic 1gG4 subclass responses to desmosomal proteins
may reveal important differences between pathogenic and nonpathogenic responses, and how these
differences relate to the pathogenic 1gG4 response and resultant FS. In this study, we tested by
ELISA >100 sera from each FS patient, endemic control, and nonendemic control for IgG1 and
1gG4 autoantibodies to keratinocyte cadherins besides Dsgl. 1gG1 and 1gG4 subclass responses in
endemic controls are highly correlated between Dsgl and other keratinocyte cadherins. This
correlation persists in the 1gG1 response among FS patients, but diminishes in 1gG4 response,
suggesting that 1gG1 binds highly conserved linear epitopes among cadherins, whereas 1gG4 binds
mainly specific conformational epitopes on Dsgl. A confirmatory test comparing serum samples
of 11 individuals before and after their FS onset substantiated our findings that 1IgG1 recognizes
primarily linear epitopes on Dsgl both before and after disease onset, whereas 1gG4 recognizes
primarily linear epitopes before disease onset, but recognizes more conformational epitopes on
Dsgl after the onset of disease. This study may provide a mechanism by which a specificity
convergence of the 1gG4 response to unique Dsgl epitopes, most likely conformational pathogenic
epitopes, leads to the onset of FS disease.
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INTRODUCTION

Fogo selvagem (FS) is an endemic form of pemphigus foliaceus (PF) that affects individuals
in certain areas of subtropical rural Brazil, such as Limao Verde (1). FS is similar to
nonendemic PF in that both are characterized by superficial acantholysis of the subcorneal
layer of the epidermis induced by anti—-desmoglein 1 (anti-Dsgl) IgG autoantibodies (2).
Given the geographic clustering of FS cases, it has been suggested that exposure of
genetically susceptible individuals to local environmental stimuli plays a role in the
pathogenesis of FS. Genetically, FS exhibits a strong association with the HLA-
DRB1*0102, 0404, and 1402 alleles (3). A sand fly salivary gland Ag, LIM11, has been
identified as one of the possible environmental triggers for FS because serum autoantibodies
and monoclonal anti-Dsgl autoantibodies from FS patients cross-react to LIM11
environmental Ag (4, 5).

Dsgl is a member of the desmosomal cadherin family, a group of transmembrane
glycoproteins that are essential components of the junctions between keratinocytes in
regions known as desmosomes (6). Within this superfamily are seven proteins that are
important to the function of the desmosome, including Dsgs (Dsg1-4) and desmocollins
(Dscs; Dsc1-3), which have been well characterized in previous studies (7, 8). Also located
in close proximity to the desmosome are adherens junctions that are composed of E-cadherin
(E-cad). E-cad is similar in both structure and function to the desmosomal cadherins (8, 9).

Previous studies by our group have shown that the anti-Dsg1l response in FS patients consists
of 1gG1 anti-Dsgl autoantibodies and 1gG4 anti-Dsgl autoantibodies (10). Whereas the
1gG4 anti-Dsg1l response is pathogenic, the 1gG1 anti-Dsg1 response tends to be
nonpathogenic in passive transfer studies. In addition, we have shown that healthy
individuals living in endemic regions of FS also possess 1gG1 anti-Dsgl autoantibodies, and
that transition from IgG1 anti-Dsg1 to 1gG4 anti-Dsgl occurs during the onset of disease
(11, 12). In fact, the presence of serum IgG4 anti-Dsg1 autoantibodies in healthy individuals
living in the endemic region strongly predicts the development of FS (11, 13).

Our group has previously characterized the total 1gG response to eight keratinocyte
cadherins (Dsgl, Dsg2, Dsg3, Dsg4, Dscl, Dsc2, Dsc3, and E-cad) in FS patients, endemic
controls, and United States controls (14). There are significant differences between the 1gG
responses to most of the keratinocyte cadherins in FS patients, endemic controls, and United
States controls. Interestingly, there was strong correlation between the IgG anti-keratinocyte
cadherin responses in endemic controls, whereas the 1gG responses in FS patients were less
correlated. These findings suggest that a cross-reactive anti-keratinocyte cadherin response
is initiated during the preclinical stage of FS in healthy individuals living in endemic areas
of FS. Those individuals who go on to develop FS show a more specific 1gG response to
Dsgl that is less well correlated to responses against other keratinocyte cadherins (14).

Although the total 1gG responses to the eight keratinocyte cadherins has shed some light on
the differences in these responses between endemic controls and FS patients, more questions
regarding the autoantibody development remain to be answered. For example, the levels of
1gG2 and 1gG3 autoantibodies in FS patients are either very low or nondetectable (15). The
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predominance of 1gG1 and 1gG4 autoantibodies in pemphigus vulgaris (PV) and PF has
been studied extensively (16-27) and widely accepted (28). Thus, the activities of total 1gG
in our previous studies mainly represented those of the IgG1 and 1gG4 subclasses. It has
been demonstrated that 1gG4 anti-Dsgl autoantibodies are pathogenic, whereas 1gG1 anti-
Dsgl autoantibodies are not pathogenic in FS (11, 15). This indicates that the development
of 1IgG1 and IgG4 Abs regarding their specificity or the epitopes they bind are different. In
other words, there must be divergent development of 1IgG1 and 1gG4 autoantibodies in
individual FS patients. To test this hypothesis, this investigation focused on the specificity of
IgG1 and 1gG4 subclass responses among FS patients and normal control individuals living
in FS endemic regions and non-FS endemic regions. We sought to explore whether these
potential pathogenic anti-Dsgl IgG4 Abs in FS cross-react with other keratinocyte adhesion
molecules and whether they differ from other IgG1 subclasses in their specificity evolution
among these different groups of individuals. Therefore, the IgG1 and 1gG4 responses toeight
keratinocytecadherins in FS patients, endemic controls, and United States controls were
determined. Our findings demonstrate that among endemic controls, there is a strong
correlation among the IgG1 and 1gG4 responses to all keratinocyte cadherins. Although the
correlation persists in the IgG1 response among FS patients, it significantly diminishes in
the 1gG4 response against Dsgl. Furthermore, we show that 1gG1 recognizes primarily
linear epitopes on Dsgl both in the preclinical phase of disease and after disease onset. IgG4
primarily recognizes linear epitopes in the preclinical phase of disease, but shifts to
recognition of conformational epitopes on Dsgl after the onset of clinical disease. These
data strongly suggest that there is an increased specificity of the IgG4 immune response to
unique Dsgl epitopes, likely the pathogenic epitopes, at the onset of FS disease.

MATERIALS AND METHODS

Sources of sera

A total of 313 sera from adult donors was tested for IgG1 and 1gG4 autoantibodies against
seven desmosomal cadherins and E-cad (101 sera were obtained from FS patients, 106 from
healthy controls living in the Lim&o Verde endemic area of Brazil [endemic controls], and
106 from healthy controls living in the United States). FS sera were collected from patients
originating from endemic regions, but hospitalized at the time of drawing blood in three
Brazilian hospitals dedicated to treat these patients: Hospital das Clinicas, Sao Paulo (7=
25); Hospital de Doengas Tropicaes, Goiania (n = 31); and Hospital Adventista de Penfigo,
Campo Grande (1= 45). The disease was confirmed by clinical, histological, and
immunofluorescent findings. The patients were in different clinical stages of evolution, and
many were undergoing systemic steroid therapy. However, these factors do not affect the
autoantibody specificity, and thus do not impact the correlation analyses of the IgG1 and
1gG4 responses to different cadherins in this investigation. The indirect immunofluorescence
studies showed anti-epidermal intercellular substance autoantibodies in titers>1:80in
94patients, 1:40 in five patients, 1:20 in one patient, and negative in one patient. Healthy
control sera (defined as complete absence of cutaneous disease) were obtained from blood
bank donors from the University of North Carolina Blood Bank and healthy individuals from
the endemic region of Limao Verde, Brazil. Sera of 11 patients with samples available both
before and after the onset of disease were also used.
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The study was approved by the University of North Carolina Institutional Review Board and
conducted according to the Declaration of Helsinki Principles. Participants gave their written
informed consent.

Construction, production, and purification of recombinant keratinocyte cadherins

We have previously constructed and expressed the entire extracellular domains of human
Dsgl, Dsg2, Dsg3, Dsg4, Dscl, Dsc2, Dsc3, and E-cad using the baculovirus system (14,
29-31). Soluble ectodomains were produced in High Five (Invitrogen, Carlsbad, CA) insect
cells by infection with high-titer recombinant baculovirus stocks. Optimal infection
conditions for each recombinant protein were determined by time-course studies (32). The
average protein yield was 10 pg ml=1 of culture supernatant. The protein was purified by
nickel affinity chromatography using the procedure previously described (30).

ELISA

Immunomicraotiter plates (CoStar, Cambridge, MA) were coated with one of the eight
purified cadherins (200 ng/well for Dsc1, Dsgl, Dsg3, and E-cad; 100 ng/well for Dsg2 and
Dsc2; and 50 ng/well for Dsg4 and Dsc3) at 4°C overnight. After washing five times with
TBS containing 5 mM Ca2* and 0.05% Tween 20 (TBS/Ca2*/T-20), the plate was blocked
with 1% BSA in TBS/Ca2*/T-20 at room temperature for 1 h. The plate was then washed
five times and incubated with duplicate samples of diluted serum for 1 h at room
temperature. After washes, separate plates were incubated with diluted HRP-conjugated goat
anti-human 1gG1 or 1gG4 subclass Ab (Bio-Rad, Hercules, CA) for 1 h (1:1000 for seven
desmosomal Ags and 1: 1500 for E-cad). The color development was achieved with the
peroxidase substrate o-phenylenediamine.

An FS serum (1:100 dilution) that produced consistent and reproducible positive OD values
for each 1gG anti-Dsg1 autoantibody subclass was selected as a positive control. We also
selected a positive control serum (1:100 dilution) for Dsg2, Dsg3, Dsg4, Dscl, Dsc2, Dsc3,
and E-cad. Serum from a healthy control from the United States was used as a negative
control throughout. Results were expressed as index value units as reported (13, 29, 33). The
index value was defined in terms of OD as follows:

Index value: (Test sample OD—Negative control OD)x 100/ (Positive control OD—Negative control OD)

Negative index values occur when the test sample OD is less than the negative control OD.
In case of a logarithmic scaleplot, a simple linear adjustment was made to all index values
for a plot:

Index value=Index value+abs(min(Index values))+1

This linear transformation does not affect the results of statistical inference of the
nonparametric method, and thus the outcomes or the interpretation of the data.

The cut points for IgG1 were: anti-Dsgl = 1 (se:66), anti-Dsg2 = 10 (se:15), ant-Dsg3 = 6
(se:36), anti-Dsg4 = 2 (se:33), anti-Dscl = 1 (se:51), anti-Dsc2 = 1 (se:36), anti-Dsc3 = 1
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(se:44), and anti—-E-cad = 13 (se:25). The cut points for 1gG4 were: anti-Dsgl = 9 (se:92),
anti-Dsg2 = 7 (se:21), ant-Dsg3 = 1 (se:16), anti-Dsg4 = 25 (se:12), anti-Dscl = 26 (se:10),
anti-Dsc2 = 3 (se:51), anti-Dsc3 = 5 (se:15), and anti-E-cad = 3 (se:53).

Testing of IgG1 and IgG4 autoantibodies against native and denatured Dsgl

For native versus denatured Dsgl ELISA studies, ELISA plates were coated with equal
amount of either native recombinant Dsgl or denatured Dsgl (using 8 M urea). Sera from 11
individuals before (pre) and after (post) their onset of FS were tested for IgG1 and 1gG4
against native and denatured Dsgl. Mouse anti-human IgG1 (clone HP6001) and 1gG4
(clone HP 6023) HRP-conjugated mAbs (SouthernBiotech, Birmingham, AL) were used as
secondary Abs. The ratios of Ab levels against native Dsg1 to those against denatured Dsgl
were determined (anti-native Dsgl OD/anti-denatured Dsgl OD). The pvalues were
determined using Wilcoxon rank sum test.

Statistical analysis

To increase the efficiency or power, as well as robustness, of statistical inference for
nonnormal data as found in this study, we used two nonparametric methods: Wilcoxon rank
sum test and Spearman correlation.

The Wilcoxon rank sum test was used to test equality of two distributions. The Wilcoxon
rank sum test was used to analyze the distribution of index values between groups tested.
The Wilcoxon rank sum test (34) is a statistical hypothesis test of equality of two
distributions (the distributions in the two groups). In brief, the test is performed by pooling
the two samples into one sample of /7 observations, ranking the values from smallest (rank =
1) to largest (rank = 77), computing the mean rank in each group, and then comparing the
mean ranks in a formal statistical manner. It is somewhat similar in spirit to the two-sample ¢
test, but it only takes the ordering of the observations into account, not their actual
magnitude. Assumption of normal distributions is not required.

Bonferroni adjustment for multiple comparisons was used. The Bonferroni correction was
applied throughout to adjust for multiple comparisons and control the overall type | error
given the large number of hypothesis tests performed. The Bonferroni method controls the
overall type | error by performing each test at the 0.05/K level, where K is the number of
tests (35).

Spearman correlation was used to assess the strength of correlation among the indices. The
data analysis was done using the R software, version 3.2.2 (36), and the SAS software,
version 9.3 (SAS Institute, Cary, NC).

RESULTS
IgG1 and 1gG4 anti-keratinocyte cadherin responses differ among FS patients, endemic
controls, and United States controls

The sera of 102 FS patients, 102 endemic controls, and 106 United States controls were
tested for the presence of 1gG1 and 1gG4 autoantibodies to Dsgl, Dsg2, Dsg3, Dsg4, Dscl,
Dsc2, Dsc3, and E-cad by ELISA and the results reported as index values. The distribution
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of index values for each response is depicted in box-plot format (Fig. 1). The data were
analyzed using a 48 pairwise comparison (three groups of sera compared against each other
for 16 different responses). A Bonferroni correction was used to adjust for multiple
comparisons among the 48 tests; thus, for an overall a of 0.05, only p< 0.05/48 = 0.001 is
considered significant (Supplemental Table I).

As shown in Fig. 1 (upper panels), the index values of IgG1 anti-Dsg1 autoantibodies are
significantly higher in FS patients compared with both endemic controls and United States
controls (p <0.001 for both). Also, the sera from endemic controls show higher 1gG1 anti-
Dsgl index values than United States controls (p < 0.001) (Supplemental Table I).
Interestingly, all of the IgG1 index values to the eight keratinocyte cadherins are
significantly different between FS patients and United States controls, and between endemic
controls and United States controls (Fig. 1, upper panel, Supplemental Table I).

With regard to the 1gG4 anti-keratinocyte cadherin responses (Fig. 1, lower panel), the index
values of 1gG4 anti-Dsg1 autoantibodies are also higher in FS patients compared with both
endemic and United States controls, as expected (p < 0.001 for both) (Supplemental Table I).
Consistent with our previous report (13), endemic controls show significantly higher 1gG4
anti-Dsgl index values compared with United States controls (p < 0.001). The 1gG4 index
values to all eight keratinocyte cadherins are significantly different between FS patients and
United States controls, and between endemic controls and United States controls
(Supplemental Table ).

It should be noted that the index values of 1gG1 andlgG4 do not need to reflect the relative
titer of the autoantibody levels from these tested individuals. The mean levels of 1gG1
against these different adhesion molecules are lower than that of IgG4 (data not shown),
similar to the report regarding 1gG1 and 1gG4 anti-Dsgl and -Dsg3 levels among PV and PF
patients (37). In addition, we did not find that any tested sera cross-react to other Ags used
as control in this laboratory (data not shown), indicating that the reactivity of these sera to
these adhesion molecules is specific. It is consistent with our previous findings that sera
from FS patients, endemic controls, or nonendemic controls do not cross-react with lupus-
associated autoantigens, such as ribonucleoprotein, Ro/SSA, La/SSB, and Sm (38).

High frequencies of FS patients are serologically positive for IgG1 and IgG4 responses to
keratinocyte cadherins other than Dsgl

For each of the IgG1 and 1gG4 Ab responses, we used the United States control index values
to select a cut point that would generate a specificity of 99%, that is, a false-positive rate of
1% among United States controls. We defined all index values above the cut point as
positive and then determined the frequency of FS patients and endemic controls testing
positive for each of the eight responses.

Among FS patients, 67% are positive for IgG1 anti-Dsgl autoantibodies (Fig. 2A).
Interestingly, FS patients are positive for IgG1 autoantibodies against the other keratinocyte
cadherins, although at lower frequencies ranging from 16% for anti-Dsg2 Abs to 52% for
anti-Dsc1 Abs. Among endemic controls, only 10% of the subjects are positive for IgG1
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anti-Dsgl autoantibodies, with the frequency of positive responses to the other keratinocyte
cadherins ranging from <1% for anti-Dsg2 to 16% for anti-Dsc1.

With regard to the 1gG4 responses (Fig. 2B), 92% of FS patients are positive for IgG4 anti-
Dsgl autoantibodies, as expected. We also find high frequencies of 1gG4 autoantibodies
against E-cad (54%) and Dsc2 (52%) in FS patients. Lower frequencies of positive 1gG4
autoantibodies (<20%) against other keratinocyte cadherins were also detected in the FS
cohort. Among endemic controls, 18% are positive for IgG4 anti-Dsg1 autoantibodies. The
frequencies of positive 1gG4 responses to all other keratinocyte cadherins tested remain low
(<20%).

Correlation of anti-Dsg1 responses to other keratinocyte cadherin responses differs
between IgG1 and IgG4 responses in FS patients

We next explored the correlation among the responses to the eight keratinocyte cadherins
within each group (FS patients, endemic controls, and United States controls). To determine
the correlation among responses, we created scatterplots by plotting index values for one
response against index values for another response. Spearman correlation coefficients were
then computed. For example, FS patients with high index values for IgG1 anti-Dsg1 also
tend to have high index values for 1gG1 anti—E-cad, generating an rvalue of 0.84. Similar
scatterplots were created for IgG1 anti-Dsg1 index values against each of the other 1IgG1
responses (Dsg2, Dsg3, Dsg4, Dscl, Dsc2, and Dsc3) (Fig. 3, upper panels). The rvalues
generated by each of these plots were averaged to give an overall summary of how well the
IgG1 anti-Dsg1 responses correlate to the 1gG1 responses against the other keratinocyte
cadherins in FS patients (average 7= 0.82; Table I). Similarly, average rvalues were
generated for the 1gG1 anti-Dsg2, -Dsg3, -Dsg4, -Dsc1, -Dsc2, -Dsc3, and —E-cad responses
in FS patients to summarize how well they correlate with the other responses within the FS
patient group. These average rvalues are shown in Table I. Following the same method,
average rvalues were generated for each IgG1 response in 22endemic controls and
UnitedStates controls and for each 1gG4 response in FS patients, endemic controls, and
United States controls (Table I). The scatterplots of all pairwise responses and individual r
values are shown in Supplemental Fig. 1 (IgG1 responses) and Supplemental Fig. 2 (1gG4
responses).

IgG1 Abs are found to be nonpathogenic in FS patients (11, 15) and are likely the initial
anti-keratinocyte cadherin subclass response generated in all individuals living in endemic
areas of FS. Among FS patients, the 1gG1 anti-Dsg1 response shows a high degree of
correlation with the 1gG1 responses to each of the other keratinocyte cadherins (Fig. 3, upper
panels) (average r=0.82, Table I). Thus, an FS patient with a high 1gG1 index value to Dsgl
tends to have high index values to the other keratinocyte cadherins as well. Among endemic
controls, the 1gG1 anti-Dsgl response shows slightly lower average correlation to the other
keratinocyte cadherin responses (Supplemental Fig. 1, Table 1) (average r= 0.60). However,
correlation is very low between the IgG1 anti-Dsg1 response and other 1IgG1 responses in
United States controls (Supplemental Fig. 1, Table I) (average r= 0.46). In general, the
average correlations of 1gG1 responses range from 0.58 to 0.82 in FS patients, from 0.55 to
0.74 in endemic controls, and from 0.35 to 0.59 in United States controls (Table I).
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Because 1gG4 responses in FS are known to be pathogenic, we also determined the
correlation of the 1gG4 responses within each of the three groups (FS patients, endemic
controls, and United States controls). As shown in Fig. 3 (lower panels), the 1gG4 anti-Dsgl
response in FS patients shows a lower degree of correlation with each of the other 1gG4
responses (average 7= 0.50, Table I) than the IgG1 anti-Dsg1l response does (average 7=
0.82, Table I). However, the average correlations of the 1gG4 responses to other keratinocyte
cadherins in FS patients remain relatively high, ranging from 0.67 to 0.80 (Table I),
suggesting the specificity convergence of 1gG4 to Dsgl is distinctive in FS patients. Among
endemic controls, the 1gG4 anti-Dsg1 response shows a high degree of correlation with
responses to other keratinocyte cadherins (average 7= 0.79). In fact, all of the IgG4 anti-
keratinocyte cadherin responses in endemic controls show high correlation with each other
(average r=0.60-0.81). Correlation is again low between all IgG4 responses in United
States controls (average r= 0.34-0.65) (Supplemental Fig. 2).

Divergent epitope recognition of IgG1 and IgG4 autoantibodies before and after the onset

of FS

The analyses obtained from the study of a large cohort of the FS patients and normal
controls suggest that there is a divergence between IgG1 and 1gG4 autoantibody
development among FS patients; that is, these 1gG1 autoantibodies remain to be cross-
reactive to multiple cadherin molecules, whereas the specificity of 1gG4 gradually focuses
on Dsgl. To further examine the convergence of the 1gG4 response to unique epitopes on
Dsgl at disease onset, we used sera from a unique cohort of FS patients in which sera are
available before the onset of FS (preclinical phase), which can be considered as normal
controls by these time points of blood draw, and after the onset of clinical disease (FS
patients analogous to the FS patients of the larger cohort present in the first part of this
investigation). The sera from these 11 individuals before (pre) and after (post) their onset of
FS against were tested for IgG1 and 1gG4 reactivity against native (both conformational and
linear epitopes are preserved) and denatured (only linear epitopes can be detected) Dsgl
(Fig. 4, Supplemental Table II). The ratios of Ab levels against native Dsg1 to those against
denatured Dsgl show that 1gG1 recognizes primarily linear epitopes on Dsgl both in the
preclinical phase and after the onset of disease. In contrast, IgG4 recognizes primarily linear
epitopes on Dsgl in the preclinical phase of the disease, but after the onset of clinical
disease recognizes primarily conformational epitopes, corroborating our findings using large
cohorts of FS patients and endemic control individuals.

DISCUSSION

FS provides the unique opportunity to understand the impact of environmental stimuli on the
development of autoimmune disease in genetically predisposed individuals. Study of the
humoral immune responses of FS patients and healthy individuals living in endemic areas of
FS (comprising those who are at risk for developing disease) have revealed the following: 1)
newborns from mothers of these areas show absence of early autoantibody response to Dsgl
of IgM, IgG, and IgG subclasses (39); 2) the IgM anti-Dsg1 autoantibody response is
detected in early childhood and is maintained during adolescence and adult life (29); 3) the
IgG anti-Dsg1l response gradually increases from 2.9% in early childhood to 7.3% in young
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children and reaching 27% in adolescents (29); and 4) a percentage of healthy adults living
in endemic areas of FS possess 1gG anti-Dsgl autoantibodies (10). From this large pool of
individuals, a small fraction will develop FS, which is heralded by the appearance of 1gG4
anti-Dsg1l autoantibodies (13); 5) the 1gG response of patients and endemic controls to other
desmosomal cadherins reveals significant differences among FS patients, endemic controls,
and United States controls (14); 6) there is a parallel response of anti-Dsg1 IgE
autoantibodies in FS patients and endemic controls, which correlates with the 1gG4 response
(40); and 7) monoclonal 1gG4 anti-Dsgl autoantibodies derived from FS patients cross-react
with the salivary protein of Lutzomyia longipalpis LIM11 (5), suggesting an environmental
trigger of FS. It is hypothesized that exposure of genetically susceptible individuals to
salivary Ags delivered by insect bites may be the trigger of autoantibody production in FS
(5, 41), although other environmental triggers may contribute to the development of disease
as well (4).

In this study, we have focused our attention on the IgG1 and IgG4 subclass autoantibody
responses to Dsgl and a panel of seven additional keratinocyte cadherins including Dsg2,
Dsg3, Dsg4, Dscl, Dsc2, Dsc3, and E-cad in three populations: FS patients, endemic
controls, and United States controls. The autoantibody profiles to each of the desmosomal
cadherins in each of the three groups yield important information that gives insight into the
link between initial nonpathogenic autoantibody responses (as seen in healthy individuals
living in endemic areas who are at risk for developing disease, i.e., endemic controls) and
pathogenic autoantibody responses (as seen in FS patients).

This large-scale investigation shows that FS patients have significantly higher IgG1 and
IgG4 index values to Dsgl than endemic controls and United States controls as previously
reported with a limited number of FS patients and healthy controls (11). Endemic controls
have significantly higher 1IgG1 and IgG4 index values to Dsgl than United States controls.
These significant differences between endemic controls and United States controls mirror
our previous findings that endemic controls have significantly higher IgG4 and IgE anti-
LJM11 environmental Ag than United States controls (41). These data further illustrate the
difference between these two geographic regions in immune response among the individuals
and the possible environmental contribution to this difference.

Many FS patients and endemic controls have low-level IgG1 and 1gG4 responses to
keratinocyte cadherins other than Dsgl (Fig. 2). Among FS patients, 67% are positive for
IgG1 anti-Dsg1 autoantibodies. However, FS patients are also positive for 1gG1
autoantibodies against the other keratinocyte cadherins tested, although at lower frequencies
(16-52%). Among endemic controls, the subjects are positive for IgG1 anti-Dsgl
autoantibodies, with the frequencies of positive responses to the other keratinocyte cadherins
remaining low (<1-16%). As expected, 1gG4 responses to Dsgl were found in 92% of FS
patients. We also find high frequencies of 1gG4 autoantibodies against E-cad (54%) and
Dsc2 (52%) in the sera of FS patients. Low frequencies of FS patients positive for 1gG4
autoantibodies (<20%) against other desmosomal cadherins were also detected. The
frequencies of positive 1gG4 responses to these keratinocyte cadherins tested remain low
among endemic controls.
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To determine whether there is any association between the responses to different adhesion
molecules, we evaluated the correlations between the responses within each population of
individuals (FS patients, endemic controls, and United States controls). Even if the
magnitudes of the responses are low, high correlation between or among responses within a
group could suggest cross-reactivity or a common stimulus that induces multiple similar
responses. Correlation coefficients were calculated for each pair of responses in a particular
cohort. For example, 1gG1 response against Dsgl versus IgG1 response against E-cad in FS
patients yields an rvalue of 0.84. To better capture the overall correlation within cohorts, an
average rwas calculated for each response. For example, the average correlation of IgG1
anti-Dsg1 response to other keratinocyte cadherins in the FS patient cohort is 0.82. As
shown in this investigation (Fig. 3, Supplemental Figs. 1, 2, Table I), most of the IgG1 and
1gG4 responses to different cadherins show a high degree of correlation, except 1gG4 anti-
Dsg1l response. It is not surprising because all tested adhesion molecules in this investigation
belong to the desmosomal cadherins superfamily and they share ~30% primary sequence
identity (42). Thus, these correlated responses to different cadherins are more likely caused
by the binding of these autoantibodies to epitopes shared by these molecules. It is also
evident that FS patients have anti-Dsg3 IgG1 and 1gG4 autoantibodies (Fig. 2), but have no
clinical symptoms associated with PV in which Dsg3 is the target of 1gG4 pathogenic
autoantibodies, further suggesting that these possible cross-reactive autoantibodies bind to
shared, but nonpathogenic, epitopes on these molecules. IgG1 and 1gG4 autoantibody
responses among endemic control individuals show correlation against different cadherins,
but these individuals have no FS disease. Thus, it is unlikely that there is a global break in B
cell tolerance among these individuals living in FS endemic regions, but we cannot
completely exclude this possibility. Definitive determination of the cross-reactivity of these
autoantibodies requires the generation of mAbs of both IgG1 and 1gG4 subclasses derived
from FS patients and endemic controls. These mAbs are currently being generated in our
laboratory.

In general, IgG1 responses are similar among FS patients and among endemic controls.
However, as the autoantibody response to Dsgl transitions to the 1gG4 subclass, the
response in FS patients becomes more specific to Dsgl and has much less correlation with
the responses to other cadherins (average r= 0.50), suggesting the transition to unique
epitopes on Dsgl for the majority of the 1gG4 autoantibodies among FS patients. This may
explain, at least in part, the onset of FS. In addition, the average correlation values of these
IgG1 anti-keratinocyte cadherins in both FS and endemic controls are significantly different
from those of United States controls.

These findings show that in endemic controls, the IgG1 and 1gG4 subclass responses are
highly correlated between all keratinocyte cadherins. We speculate that this correlation is
due to cross-reactivity of autoantibodies to shared linear epitopes on the keratinocyte
cadherins. It is well recognized that FS patients’ 1gG autoantibodies are specific for Dsgl (2)
and pathogenic (43, 44). These IgG pathogenic autoantibodies later were found to be of
1gG4 subclass and bind specifically to Dsgl (13, 15), and do not bind other desmosomal
cadherins, such as Dsg2, Dsg3, Dsg4, or Dsc1-3 (14, 45-47). In addition, the binding of
these 1gG4 pathogenic autoantibodies to Dsgl is Ca2* dependent (13, 14, 28). To gain more
direct evidence that the large-cohort data indeed reflect the divergent development of 1gG1
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and 1gG4 autoantibodies among those individuals who eventually developed FS, we took
advantage of the blood bank in which serum samples were collected over the past 30 y. In a
small cohort of patients with serum available both before and after the onset of disease, we
were able to validate the convergence of the 1gG4 response to unique, conformational Dsgl
epitopes. As demonstrated in the Results (Fig. 4, Supplemental Table I1), IgG1 primarily
recognizes linear epitopes both in the preclinical phase of disease and after disease onset.
Although 1gG4 also primarily recognizes linear epitopes in the preclinical phase of disease,
there is a significant increase in the recognition of conformational epitopes after disease
onset. The data confirm our speculation based on the large cohort data that the linear
epitopes recognized by IgG1 and by preclinical IgG4 may be conserved across all
desmosomal cadherins, explaining the correlation of these responses in IgG1 and 1gG4 in
endemic controls and in 1gG1 in FS patients. Conformational epitopes recognized by 1gG4
in FS patients are likely not conserved, explaining the convergence of the 1gG4 response.
Studies to identify the conserved linear epitopes and unique conformational epitopes in
Dsgl are currently under way.

The broad presence of elevated levels of immune responses directed against self and
environmental Ags (5, 41, 48, 49) and different cadherin family proteins in this investigation
suggests the existence of indigenous environmental trigger(s), which shares similar
epitope(s) with these cadherin adhesion molecules and elicits the 1gG responses to these
molecules in individuals living in FS endemic regions. These immune responses may
eventually proceed to the development of pathogenic IgG4 autoantibodies among these
genetically susceptible individuals that are specific to the pathogenic epitope(s) on Dsgl and
result in FS via epitope spreading demonstrated in our previous finding (50).

Collectively, these findings show that among FS patients, the correlation persists in the 1gG1
response, but diminishes in the 1gG4 response. One explanation for these findings is that the
IgG4 response becomes specific to unique conformational or Ca2*-dependent pathogenic
epitopes on Dsgl in FS patients, because the conformational or Ca2*-dependent epitopes are
present only on the native form of Dsg. The Ca2* dependency of the binding between
pathogenic autoantibodies and Dsg is well-established for patients with PV and PF/FS (46,
51-56). Based on these and previous findings, it may be hypothesized that the inciting
environmental Ag(s) may cross-react with shared nonpathogenic linear epitopes on Dsgl
and other keratinocyte cadherins. This nonpathogenic response develops in all individuals
living in the endemic area. In the small cohort who go on to develop disease, the transition to
IgG4 is marked by increased specificity for Dsgl, whereas those who remain healthy have
an 1gG4 response that remains cross-reactive to the other keratinocyte cadherins. This
hypothesis needs to be further tested, but the data presented provide an intriguing glimpse
into the mechanisms by which autoantibody responses to keratinocyte cadherins evolve
among the people living in endemic areas of disease, and specificity convergence of 1gG4
autoantibodies leads to the development of FS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. IgG1 (upper panels) and 1gG4 (lower panels) anti-keratinocyte cadherin responses
differ among FS patients, endemic controls, and United States controls (US)

Sera from FS patients, endemic controls (EC), and United States controls were tested for
1gG1 and 1gG4 reactivity to Dsgl, Dsg2, Dsg3, Dsg4, Dscl, Dsc2, Dsc3, and E-cad by
ELISA. Index values were calculated, and the results for each population are displayed as
box plots. To use a logarithmic scale, we shifted index values in each plot by an amount
specific to that plot to make the lowest value equal 1. Each box extends from the lower to the
upper quartile (25-75%), with the median shown within the box. A significant difference
between paired groups is marked by an asterisk (*).
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FIGURE 2. Frequencies of IgG1 (A) and 1gG4 (B) positive individuals among FS patients and
endemic controls (ECs)

Bar graphs represent positive sera as defined by the cut points. FS patients (black bars) and
ECs (white bars) are shown.
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FIGURE 3. Divergent 1gG1 and 1gG4 anti-ker atinocyte cadherin responses among FS patients
FS patient IgG1 and 1gG4 anti-Dsgl autoantibody response correlations with their

corresponding 1gG1 (upper panels) and 1gG4 responses (lower panels) to other cadherins are
depicted by index value scatterplots. The Spearman correlation coefficient (rvalue) for each
scatterplot is shown in the bottom right corner of each plot.
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FIGURE 4. Serum 1gG1 and 1gG4 Ab levels against native Dsgl in comparison with those

against denatured Dsgl

The 1gG1 and IgG4 Abs sera from these 11 individuals before (pre) and after (post) their
onset of FS against were tested against native and denatured Dsgl. The ratios of Ab levels
against native Dsg1 to those against denatured Dsgl were calculated (anti-native Dsgl OD/
anti-denatured Dsgl OD) and plotted. The pvalues were determined using Wilcoxon rank

sum test.
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