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Abstract

Background: Hereditary alpha-tryptasemia (HaT) is characterized by elevated basal serum
tryptase (BST) due to increased copies of the TPSABL1 gene. Individuals with Ha T

frequently present with multisystem complaints, including anaphylaxis and seemingly functional
gastrointestinal (GI) symptoms.

Objective: To determine the prevalence of HaT in an IBS cohort and associated immunological
characteristics that may distinguish HaT from non-HaT patients.

Methods: Tryptase genotyping by droplet digital PCR, flow cytometry, cytometry by time-of-
flight (CyTOF), Immunohistochemistry, and other molecular biology techniques were employed.

Results: HaT prevalence in an large IBS cohort was 5% (N=X/158). Immunophenotyping of
HaT peripheral blood mononuclear cells (N=27) revealed increased total and class-switched
memory B cells. In the small bowel, expansion of tissue mast cells (MC) with expression of
CD203c, HLA-DR and FceRl, higher intestinal epithelial cell (IEC) pyroptosis, and increased
class-switched memory B cells were observed. 1gG profiles in sera from individuals with HaT
(N=21) significantly differed from quiescent Crohn’s (N=20) and non-Ha T controls (N=19), with
increased antibodies directed against Gl-associated proteins identified in individuals with HaT.

Conclusions: Increased MC number and IEC pyroptosis in the small intestine, and class-
switched memory B cells in both the gut and peripheral blood associated with IgG reactive

to Gl-related proteins distinguish HaT from functional GI disease. These innate and adaptive
immunologic findings identified in association with Ha T are suggestive of subclinical intestinal
inflammation in symptomatic individuals.

Capsule Summary

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 September 01.
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Individuals with Ha T have increased numbers of activated mast cells in the small intestine,
accelerated intestinal epithelial cell pyroptosis, expanded class-switched memory B cells, and
increased Gl-associated antigen-directed antibody production.

Keywords

Mast cells; pyroptosis; mast cell activation; hereditary alpha-tryptasemia; small intestine; memory
B cells; CyTOF; autoantibodies; DN T cells

INTRODUCTION

Hereditary alpha-tryptasemia (Ha T) is an autosomal dominant genetic trait characterized
by elevated basal serum tryptase (BST) resulting from increased copy number of the
TPSABI gene encoding alpha-tryptase [1]. Several studies in the U.S. and Europe have
demonstrated that this is common, present in 4-6% of the general Caucasian population,
affecting an estimated 16 million people in the U.S. Increased 7PSABI gene copy number
and elevated BST are associated with multisystem complaints, including cutaneous flushing
and pruritis [2], anaphylaxis [3, 4], and ostensibly functional gastrointestinal (GI) symptoms
[1, 4-8]. A gene-dosage effect has been reported in otherwise healthy adults [1] as well

as in individuals with systemic mastocytosis (SM) [4], whereby increased 7PSABI copy
number is associated with higher BST and more mast cell mediator-associated symptoms.
HaT has also been shown to be 2-3 times more common among individuals with SM,
where this trait not only augments MC mediator-associated symptoms but is also associated
with increased anaphylaxis severity. However, in the absence of clonal mast cell disease,
increased MC have also been observed in the bone marrow (BM) of individuals with

HaT [5] suggesting that MC homeostasis may be affected by a-tryptase overexpression.
Additionally, Ha T modifies non-clonal mast cell disorders where it is also associated with
more severe anaphylaxis, but the prevalence of Ha T in Gl disorders, such as IBS, where
mast cells have been implicated is currently unknown. Likewise, whether mast cells are
generally increased in tissues other than bone marrow, such as in the GI mucosa, and if
increased how this may contribute to associated Gl symptoms, has not been determined.

To date, the GI manifestations reported in association with Ha T have largely been consistent
with 1BS-like presentations, based upon ROME Il1 criteria [9, 10]. However, there are a
number of observations that raise the possibility that Ha T-associated GI symptoms may
represent a distinct uncharacterized entity. Mast cells have been implicated in certain
individuals with functional GI symptoms [1, 4-6, 8, 11], but this finding has been
inconsistent, raising the possibility that increased mast cells in the gut of a subset of these
individuals may be a finding associated with HaT, and potentially represent a specific
endotype of IBS, or a distinct entity. Moreover, given that Ha T is associated with increased
systemic mast cell activation in the form of anaphylaxis [3, 4], it is possible that local
activation of mast cells may contribute to GI symptoms in a similar manner, particularly if
the number of mast cells in the gut is increased.

To better understand the basis for GI manifestations frequently reported by individuals
with Ha T, we first sought to determine the frequency of this trait among a large cohort

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 September 01.
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of IBS patients. Together with subsequent immunophenotyping of peripheral blood, small
intestinal tissue resident cells, and examination of markers indicative of innate and adaptive
immunologic responses, we have identified unique features — including evidence of sub-
clinical inflammation and breaches in the epithelial integrity resulting from inflammatory
cell death (pyroptosis) — present among individuals with Ha T. Collectively, these findings
demonstrate that GI complaints associated with Ha T are related to distinct immunologic
findings that distinguish these individuals from those with functional GI disorders.

METHODS

Study participants

Informed consent was provided by all study participants on respective IRB-apGI sproved
research protocols at NIAID (NCT01164241, NCT00852943), UF (IRB 201702274),
UMMC (IRB 2019-0082), and Boston Children’s Hospital (BCH) Proband Study (IRB
P00000529). From the approximately 500 or more individuals with HaT followed at
these institutions, 21 were identified who had undergone scope with biopsy, had no other
confounding diagnosis and no evidence of pathology on H&E that would have otherwise
explained their clinical GI symptoms. As part of a validation effort, an additional thirty-five
patients also had immunophenotyping of peripheral blood samples. As disease controls,
patients with quiescent Crohn’s disease (CD) — defined as any subject with a previous CD
diagnosis, who had no evidence of active inflammation on ileal biopsy at the time of the
study [12] — who did not have Ha T, provided informed consent and were enrolled on the
same IRB-approved protocols.

Clinical and histopathological information were collected from the respective electronic
medical record systems at UF, UMMC, or the NIH in accordance with approved human
participant protocols. Patients” symptoms were evaluated using the ROME II1 criteria (note:
at time of study ROME IV had not been released) for IBS, [13] defined as those with at least
12 weeks of abdominal discomfort or pain, which need not be consecutive, in the preceding
12 months with at least 2 of following 3 features: 1. Relieved with defecation, 2. Onset
associated with a change in stool frequency, or 3. Onset associated with a change in stool
form (appearance) [9, 10]. Further, we evaluated the presence of HaT among Caucasians
from a large well-characterized IBS cohort to determine the prevalence of this genetic trait
in IBS patients. Supplementary Table 1 describes the Gl clinical symptoms and targeted
laboratory findings for the Ha T participants whose intestinal tissues were used in this study.

Tryptase genotyping

Droplet digital PCR was performed as described [8] in order to determine tryptase genotypes
of all study participants on a research basis at NIH (JJL) or using a clinical laboratory (Gene
by Gene, Houston, TX).

Flow cytometry

Flow cytometry was performed in a CLIA-certified laboratory as described [14]. Briefly,
EDTA anticoagulated PBMCs were isolated from whole blood using Ficoll (Ficoll-Paque
PLUS; GE Healthcare, Pittsburgh, PA) gradient centrifugation. PBMCs were stained with

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 September 01.
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fluorescent antibodies (anti-CD3, anti- CD4, anti-CD8, anti-CD45RA, anti-CD62L, anti-
CD20, anti-CD19, anti-lgM, anti-CD27, anti-CD16 and anti-CD56). Events were captured
using a FACSCanto Il (Becton Dickinson, San Jose, CA), and analyzed using FCS Express
software (De Novo, Glendale, CA).

Total basal serum tryptase quantification

Total basal serum tryptases (BST) were measured using a commercially available
ImmunoCAP assay (Thermo Fisher Scientific, Phadia AB, Uppsala, Sweden) and performed
in a CLIA-certified laboratory (Mayo Clinic, Rochester, NY).

Isolation of lamina propria mononuclear cells and CyTOF

Lamina propia mononuclear cells (LPMCs) were isolated from endoscopic biopsies from

3 patients with quiescent Crohn’s disease and 4 patients with Ha T [12]. Samples were
collected in 90% FBS with 10% DMSO and slow frozen as described [15]. Thawed ileal
tissue samples were digested overnight on a shaker at 37° C in complete RPMI media with 2
pL of collagenase and 2 L of DNase per 10 mL media. Undigested material was filtered out
using a 100 pM filter. Single cells were resuspended in CyTOF staining buffer and counted.
1 x 10° cells/sample were prepared for CyTOF according to the Fluidigm protocol [16-18]
with minor modifications. Cells were stained with Rh103 for viability, washed, blocked with
Fc-Block and incubated with the cocktail of metal-coupled surface antibody for 30 min.
Cells were then fixed in 1.6% formaldehyde and stained with Ir-DNA intercalator solution.
Cells were resuspended in water containing 1:10 dilution of EQ beads and run on a Helios
CyTOF machine (Fluidigm) at the HMS CyTOF Core. All antibodies were obtained from
either Fluidigm directly conjugated or from the Harvard CyTOF core. Data were analyzed
using premium CyTOBANK cloud-based software. Statistical analysis was performed using
GraphPad Prism 7 software (GraphPad Software, San Diego, CA). See Supplemental Table
2 for antibody and metal list.

Immunohistochemistry

CD117 staining was performed in accordance as part of the standard of care by the hospital
surgical pathology lab at the University of Florida. The mast cell numbers were counted by
the staff GI pathologist in 10 high power fields per patient and each patient’s tissue was cut
with at least 5 sections. The numbers were recorded in the patient’s medical record as part of
their surgical pathology report.

The Molecular Pathology Core at the University of Florida carried out the heat-induced
epitope retrieval method described below. Briefly, 4 um sections were de-paraffinized,

and were treated by Citra Steam (Biogenex #HK086-9K) for 30 minutes. Background
Sniper (Biocare Medical #BS966M) were used for 15 minutes to reduce unspecific
background staining. Sections were incubated with Mouse anti-human FceRI (1:25, Abcam
#ab54411) O/N 4°C. Stain was visualized using Mach 2 Mouse HRP polymer (Biocare
Medical #MHRP520L) and the DAB chromagen (Vector Laboratories #SK-4105) and CAT
hematoxylin counterstain (Biocare Medical #CATHE-M). The number of FceRI positive
cells was counted by 2 independent pathologists. They each counted 5 per High Power Field
(HPF).

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 September 01.
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To detect HLA-DR expression level, the antibody from Abcam (#20181) was used. Sections
were deparaffinized and were treated by Citra Steam (Biogenex #HK086-9K) for 30
minutes. Background Sniper (Biocare Medical #BS966M) was used for 15 minutes to
reduce unspecific background staining. Sections were incubated with Mouse anti-human
HLA-DR (1:3000) for 60 minutes followed by incubation with Mach 2 Mouse HRP polymer
(Biocare Medical #MHRP520L) for 30 minutes, the DAB chromagen (Vector Laboratories
#SK-4105) and CAT hematoxylin counterstain (Biocare Medical #CATHE-M). Images were
obtained under 20X magnification with a Leica DM5500 B microscope system (Leica
Microsystems Inc., Buffalo Grove, IL) running LAS X acquisition software (version 3.3.3).
The optical density of HLA-DR was analyzed using Fiji Image J [19].

Quantification of IEC pyroptosis

Terminal ileal biopsies were collected from disease controls and individuals with Ha T
during colonoscopies and were sectioned at 5 pM. Disease controls were defined as

subjects without history of atopy who underwent a lower endoscopy for other clinical
indications. The slides were stained using Maximus Biological Assay staining kits
(Maximus Diagnostics LLC, Little Rock, AR) for activated caspase and anti-CD3. Samples
with a minimum of 10 intact villi per patient were analyzed for quantitation of ileal intestinal
epithelial cell (IEC) pyroptosis by a gastrointestinal pathologist who was blinded to the
patient’s disease status. Total number of IECs and IECs positive for activated caspase-1 were
manually counted in 10 villi for the quantification. The stained slides were imaged with a
Zeiss LSM 880 confocal microscope equipped with Airyscan (Zeiss USA, Dublin, CA).

Antibody Determination

Plasma samples from 19 non-Ha T controls (37% African American and 63% Caucasian),
21 HaT individuals (100% Caucasian), and 20 Crohn’s patients (40% African American,
55% Caucasian, and 5% Asian) were analyzed using a custom antigen microarray by
GeneCopoeia (Rockville, MD). The 121 1gG and IgM specific self-antigens that were
analyzed are listed in Supplemental Figure 3. The appropriate controls were performed. The
methods described here were provided by GeneCopoeia. A 16-well slide gasket was applied
to one side of a PA0O1 slide. Blocking buffer (100 uL) was added to each array well and
incubated at room temperature for 30 minutes. Following incubation, the slide was washed
2X with PBST (100 uL for each well) for 5 minutes. PBST (90 uL) was added to each
plasma sample or control mix and then added to each well of the slide (100 pL for each
well). The samples were incubated at room temperature for 1 hour and washed with PBST
(100 pL for each well) for 5 min. After washing with PBST, the samples were washed with
the blocking buffer for 5 minutes and again with PBST for 5 minutes. The plasma samples
were incubated with 100 uL of an anti-human IgG and anti-human IgM secondary antibody
at 1:1000 in PBST. After incubation at room temp for 1 h the samples were washed 3X
with PBST for 5 minutes and washed 2X with PBS for 5 minutes. The samples were then
washed with nuclease-free water 2X for 5 minutes. The slide was scanned with GenePix
4000B microarray systems. A 532 nm channel was used to scan Cy3 fluorescence and a
635 nm channel to scan AlexaFluor-647 fluorescence. The fluorescent signals from the array
were analyzed using GenePix Pro v7.0 software to obtain raw data, including foreground
signals, background signals, SNR (signal-to-noise ratio), and Flags (bad data identified

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 September 01.
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by the software). Next, the net fluorescence intensity (NFI) value was calculated NFI =
foreground median - background median. The SNR and flags were filtered out. The net
fluorescence value NFlyopgs Was set after subtracting the value of PBS control and then
normalized using Robust-Linear-Model (RLM) [20].

Principal Component Analysis (PCA) of the log transformed RLM [20] normalized NFI was
performed using the prcomp command in R (version 3.6.3). The difference in the clustering
of the groups based on antibody expression was tested using a linear model with generalized
least squares (gls) (R nlme package version 3.1) of the form: PC ~ group + race + e, where
PC is the first or second principal component, group is Ha.T, non-HaT, or quiescent CD and
race of the patient. The first two components were tested because they explain most of the
variance between the samples [21].

Statistical analysis

RESULTS

Baseline demographics and clinical features were collected and included, respectively:

age, sex, and ethnicity; clinical symptoms, autoimmune disorders, and laboratory findings.
Continuous variables were described using means with standard deviations or medians with
interquartile range; categorical variables were expressed as numbers and proportions.

The comparisons are based on student #test and nonparametric tests (i.e., Wilcoxon signed
rank test, Mann-Whitney ¢test, and Pearson correlation coefficient), with p-values less than
0.05 considered to be significant. Statistical analysis was performed using GraphPad Prism 7
software.

Prevalence of HaT within an IBS cohort

In the initial cohort that defined Ha T, 49 percent of individuals met criteria for IBS [1] by
ROME I11. According to ROME 11, the patient must have at least 12 weeks of abdominal
discomfort or pain, which need not be consecutive, in the preceding 12 months with at least
2 of following 3 features: 1) relieved with defecation; 2) onset associated with a change in
stool frequency; or 3) onset associated with a change in stool form (appearance) [9]. These
patients were referred for elevated serum tryptase or symptoms associated with mast cell
activation. The prevalence of HaT among individuals with IBS had not been determined.
To determine the validity of this association, a large well-characterized IBS cohort was
genotyped. We found that only 5% of Caucasians (8/158) from this IBS cohort had Ha.T,
a prevalence consistent with that of other general Caucasian populations [1, 3, 4, 6] . This
observation strongly argues against Ha.T as a genetic driver of classical IBS and suggests
that the abdominal symptoms associated with Ha.'T may therefore be distinct from IBS.

Immunophenotypic and histopathological findings associated with HaT

As shown in Figure 1A, individuals with Ha T have a normal complete blood count and
differential. Furthermore, standard histology obtained at the time of colonoscopy from
the terminal ileum of an individual with HaT and stained with hematoxylin and eosin
(H&E) was normal. For comparison, representative images of the terminal ileum from a

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 September 01.
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non-HaT control or an individual with quiescent Crohn’s disease are shown (Figure 1B).
There is no active inflammation seen on these three images. Evaluation of peripheral T
and B cell subsets revealed normal T cell populations but expansion of both memory and
class-switched memory B cells in 48% (N=13/27) of individuals with HaT (Figure 1C).

Intestinal MC from individuals with HaT are increased and correlate with elevated BST and
expression of activation markers

We next examined biopsy specimens from a cohort of 21 symptomatic individuals with HaT
who had GI symptoms and required endoscopy. The characteristics of these participants

are described in Supplemental Table 1. Like those described in the original HaT cohorts

[1, 6], these patients reported abdominal pain (90%), diarrhea (61%), constipation (42%),
food sensitivity (23%), gastroesophageal reflux disease (GERD) (19%), and/or had objective
evidence of GI dysmotility (14%). Moreover, more than half of this cohort had evidence of
an overlapping autoimmune disorder (57%). Comparable to what was described in the NIH
index cohort, the average basal serum tryptase (BST) was 14 ng/mL.

Similar to what has been reported in SM, BST levels in affected individuals with Ha T
positively correlated with the number of ileal mast cells per high power field (Pearson
correlation coefficient = 0.1979, £=0.0433) (Figure 2A). Individual tryptase levels,
tryptase genotypes and mast cell numbers are listed in Supplemental Table 4. Further
characterization of mast cells in the terminal ileum of HaT by CyTOF revealed that they
were positive for CD203c, HLA-DR, and confirmed expression of FceRI (Figure 2B).

To corroborate our CyTOF findings in a larger Ha T cohort (N=18), we evaluated the
expression of FceRI and HLA-DR in the duodenum by IHC. Mast cell number in the small
intestine (duodenum or ileum) identified as CD117* cells, averaged 40 per HPF, based
upon five randomly examined fields [1, 5, 22]. In our small subset, we found that the

ileum and duodenum had similar results. These results could be corroborated in a clinical
pathology laboratory performing immunohistochemistry. There were less than 15 mast cells
per HPF for the quiescent CD controls. FceRI and HLA-DR expression was also increased
in HaT samples compared with quiescent CD controls (Figure 3). Increased mast cell
FceRI expression has previously been reported in the foregut of atopic individuals [23],
and increased HLA-DR expression — particularly in the gut epithelium — in these sections
suggests innate and/or adaptive immune activation [24-26].

Increased IEC pyroptosis of the small intestine and distinct immunophenotypic findings in
the terminal ileum of individuals with HaT

Given our findings of symptoms and signs (diarrhea, food sensitivities) suggestive of
increase epithelial cell pyroptosis — a finding associated with gut barrier dysfunction
[27-29], elevated mast cell numbers, and elevated HLA-DR in the small intestine, we set-out
to determine whether innate and/or adaptive immune activation could be ongoing. We first
examined innate immune activation by determining caspase-1 levels in ileal sections as a
surrogate of pyroptosis (Figure 4A-C) [30]. There was a marked elevation of caspase-1
positive cells in HaT tissue sections (34 caspase-1 positive cells/1000 IECs) compared to
sections from control individuals (6 positive cells/1000 IECs). This level of pyroptosis is
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moderately increased relative to published levels in IBS and comparable to those reported in
Crohn’s disease (Figure 4D) [28].

In order to examine immune cells in the gut in greater detail, samples from individuals

with HaT and quiescent Crohn’s disease (CD) were extensively immunophenotyped using
CyTOF (Figure 5A-D). Increased CD4 effector memory and double negative (DN) T

cells were seen in HaT samples compared to quiescent CD samples (Figure 5A and B)
(Supplemental Figure 1). Moreover, similar to the immunophenotyping result in peripheral
blood, class-switched memory (CD27*IgM™) B cells were increased in the ileum of all
individuals with Ha T that were examined (Figure 5C and D) (Supplemental Figure 2).
CyTOF results in quiescent CD samples was consistent with previously published data [31].

A distinct antibody profile with increased Gl tract-associated protein directed IgG in the
peripheral blood of individuals with HaT

Because increased class-switched memory B cells were present in both peripheral blood and
tissue of individuals with Ha T, we sought to identify a potential functional consequence.
Serum from 19 non-Ha T controls who had undergone screening colonoscopy and were
found to have no evidence of IBD, 21 individuals with Ha T, and 20 individuals with
quiescent Crohn’s disease (CD) were examined for the presence of antibodies to 121 self
and disease associated antigens (See Supplemental Figure 3B). Whereas no differences in
IgM against these antigens was observed between the 3 groups (Supplemental Figure 3A,
Top Panel), the IgG profile among individuals with Ha T were distinguished from both
non-Ha T controls and quiescent CD based upon PCA (HaT vs. CD, p=0.02; Ha.T vs. non
HaT, p=0.03; CD vs. non HaT, p=0.86) (Supplemental Figure 3A, Bottom Panel). Race
and ethnicity were accounted for in the analysis, and removing these variables had no effect
on the result. Examination of differences in prevalence of IgG towards specific antigens
revealed that Gl tract-related antibody expression was increased in sera from individuals
with HaT relative to the other groups, and included: LKM1, gliadin, and SP100 (Figure
5E). Of these, LKM1, an autoantibody associated with autoimmune hepatitis, was found to
be most increased in Ha T sera (48%) compared to CD (25%) or (26%) non-Ha T controls
(Figure 5E and Supplemental Table 3).

Summary of Significant Immunological Findings between Individuals with HaT, IBS,
Crohn’s Disease and Non-IBD in the Small Bowel Lamina Propria

Table 1 provides a comparison of the data presented above with published immunologic
findings from healthy individuals compared to those observed in HaT, IBS, and both active
and quiescent Crohn’s disease [22, 32-36]. In summary, mast cells in the small bowel of
individuals with Ha. T are increased similar to that seen in Crohn’s disease. DN T cells and
class switch memory B cells are expanded in Ha T similar to Crohn’s disease.

DISCUSSION

The current study describes several distinguishing immunologic characteristics present in
the peripheral blood and gut of individuals with HaT. Increased numbers of mast cells
— which has also been described in the bone marrow of individuals with Ha T [5] — was
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observed in small intestine, and like systemic mastocytosis [3], positively correlated with
total serum tryptase levels, as well as markers suggestive of mast cell activation. Increased
pyroptosis of intestinal epithelial cells shown to result in reduced expression of epithelial
cell-to-cell adhesion transcripts and in barrier dysfunction /in vitro as demonstrated using
transepithelial electrical resistance (TEER) measured in Ussing chambers [27, 29]. In HaT
patients, pyroptosis was increased to a level comparable to quiescent inflammatory bowel
disease (IBD) [27-29, 37], which may result from local innate immune activation. These
observations were in turn associated with expansion of effector memory T cells as well

as class-switched memory B cells, the latter of which were increased in both the gut and
periphery. The class-switched memory B cell findings in Ha T were distinctly different from
those in clonal mast cell disease or systemic mastocytosis where they were previously noted
to be decreased [14]. Moreover, an associated distinct profile of plasma 1gG production
directed towards Gl-associated antigens was observed compared to healthy and disease
controls and is suggestive of gut barrier impairment. Finally, despite reports that nearly half
of individuals with Ha T meet the ROME 111 diagnostic criteria for IBS, the prevalence of
HaT in a large well-characterized IBS cohort was comparable to the general population.
Taken together these clinical and epidemiologic data indicate that GI symptoms and their
underlying immunopathology are distinct from both IBS and IBD, with evidence of sub-
clinical inflammation placing Ha T-associated symptoms somewhere between the two on the
spectrum of Gl disorders (Table 1 and Supplemental Table 1).

Whether Ha T is the immediate cause for the GI symptoms and immunologic features
observed in symptomatic individuals, or this genetic trait modifies some other environmental
insult or genetic predisposition, remains unknown. However, findings from studies in
multiple cohorts of individuals in the U.S. and Europe have demonstrated Ha T as a major
modifier of clonal and non-clonal mast cell disorders [3, 4]. One hypothesis to explain
potential gut barrier abnormalities associated with Ha T is based upon observations that
PAR-2 is selectively activated by a-tryptase containing heterotetrameric mature tryptases
that are increased in mast cells from individuals with Ha T [2]. Activation of PAR-2 on gut
epithelium has been demonstrated to increase gut permeability and may be a contributing
mechanism for the gut barrier impairment suggested by our data [38].

The observed increase in class I MHC expression in gut epithelia and small intestinal

MCs from individuals with Ha T is intriguing, particularly in the context of increased
class-switched memory B cells in the same tissue and peripheral blood, and increased
Gl-associated antigen directed IgG levels seen in individuals with Ha T. Whether MCs may
be acting as antigen presenting cells locally in tissue, as has been described [23], remains an
area of ongoing investigation but would be one possible explanation for these findings.

The Gl-associated antigen directed 1IgG may not necessarily be pathogenic. Indeed, none

of the individuals in this study had canonical autoimmune hepatitis or primary biliary
cholangitis — though some had previously abnormal liver studies with non-diagnostic work-
ups — and celiac disease had been previously excluded by commercial clinical ELISA and
duodenal biopsies. However, IgG to gliadin has been reported in association with connective
tissue disorders and non-celiac gluten sensitivity [39, 40] and has been proposed as a
biomarker for gut barrier failure [41]. Particularly when viewed in association with the
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identified IEC pyroptosis, these data are suggestive of barrier dysfunction and raise the
question as to whether the increased number of mast cells bearing markers suggestive of
ongoing activation — which are distinguished here from evidence of degranulation that was
not observed — are the result, or cause, for barrier impairment. Certainly, mast cells are
recruited to sites of inflammation and have been demonstrated as capable of contributing to
gut permeability. Whether gut mast cell numbers in asymptomatic individuals with Ha T are
similarly increased remains unknown, but our data indicate that at least among symptomatic
individuals there are increased mast cells in association with evidence of increased activation
and impaired function of adjacent gut epithelia.

In conclusion, findings associated with what has previously been reported as functional
Gl symptoms associated with HaT, demonstrate evidence of immunologic activation and
barrier dysfunction that are distinct from IBS and other functional Gl disorders, and are
instead on the spectrum of quiescent inflammatory Gl disease. The precise role of mast
cells and a-tryptase over-expression in these manifestations is an area of ongoing study,
but increased Gl-associated antigen-directed IgG production, selective PAR-2 activation, and
local antigen presentation are putative contributing mechanisms. As additional functional
insight is gained into the effects of a-tryptase over-expression in humans, the specific
role of mast cells in these clinical and cellular phenotypes will be clarified. However,
targeting mature tryptases has been shown to reduce mast cell activation and may be

of particular utility in mast cell-associated mucosal inflammation [42]. Thus, neutralizing
mature tryptases may be an effective future intervention among individuals with Ha T and
associated Gl manifestations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Messages
. Individuals with Ha T have increased small intestinal MC numbers.

. Intestinal epithelial cell pyroptosis is increased in individuals with HaT at
levels similar to quiescent Crohn’s disease.

. HaT is associated with increased peripheral and tissue class-switched
memory B cells and Gl-associated antibody production.
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Figure 1. Complete blood count, peripheral T and B cell immunophenotype, and small bowel
histology in HaT cohort.

Panel A. Complete blood count (CBC) with differential for individuals with Ha T (n=20).
Panel B. Absence of apoptosis or inflammatory infiltrates on representative hematoxylin and
eosin (H&E)-stained terminal ileum section from control individuals (n=10) (top panel),
quiescent Crohn’s disease (n=3) (center panel), and HaT (n=21) (bottom panel). Controls
were individuals that had a right hemicolectomy due to cancer or diverticulitis and had a
normal ileal margin. Images were obtained under 100x magnification. Scale bar = 50 uM.
Panel C. Peripheral T and B cell subsets were evaluated in human peripheral blood from

27 to 35 individuals with Ha T using flow cytometry. Gray boxes demonstrate the normal
reference range among healthy individuals for this clinical laboratory test.

1duosnuepy Joyiny

1duosnue Joyiny

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Konnikova et al.

A

Intestinal MC Number Correlates with Elevated
BST in Individuals with HaT

150+
=
. N=21
2. 100 . P value =.0433
S R?=.1979
Z L ]
— N .
o 50 ..: L %
L .'
O_TmeTme
0 10 20 30 40
BST (ng/mL)

[r1]

MMI

MMI

MCs

10
g8
Z 4 =
E
=
o
CD203¢ HLA-DR  FegRI
Gated on lin”/ ckit'/ tryptase”
phCs
10 mCD
& HAT
3 s =
£
E s
B
£ 4
£

CD203c HLA-DR _ FezRI
Gated on HLA-DR™/CDI237/CD1Ne /ICING

Page 18

Monocytes

=

(Transform log2)
= e - - >

CD203¢ HLA-DR _ FegRI
Gated on CDI97CDI4T

Figure 2. Small intestinal mast cell number correlates with elevated basal serum tryptase and
express markers for activation and antigen presentation in individuals with HaT.

Panel A. lleal mucosal mast cell (MC) counts by CD117 are significantly correlated (p <
0.05) to the basal serum tryptase levels (BST) in individuals with Ha T (n=21). Pearson
correlation coefficient = 0.1979. Panel B. The mean metal intensity (MMI) of CD203c,
HLA-DR, and FceRI is shown in the terminal ileum of individuals with HaT compared to
patients with quiescent Crohn’s disease (CD), h=3. Summary data shown as mean + SD.
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Figure 3. Increased FceRI and HLA-DR in the duodenum from individuals with HaT.
Panel A. Immunohistochemical staining of FceRI (top panel) and HLA-DR (bottom

panel) from intestinal biopsies of the duodenum from a non-Ha T control and HaT
individual. Scale bar = 50 uM. Panel B. FceRI positive cells per high power field. Non-Ha T
control, n=5 and Ha. T, n=18. Panel C. Optical density of HLA-DR based on IHC using

Fiji ImageJ. Non-Ha T control, n=5 and Ha T, n=18. Summary data shown as mean + SD.
with pvalues determined by Mann-Whitney test. *p<0.05, ***p<0.001. Note: See mast cell
enumeration in Figure 2B.
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Figure 4. Increased ileal IEC pyroptosis in individuals with HaT compared to controls.
Representative images of terminal ileum biopsies from control individuals (Panel A)

and those with HaT (Panel B) demonstrating activated caspase-1 (green), a marker for
pyroptosis. Panel C. The boxed area in B is shown at higher magnification. Cell nuclei

are stained with DAPI (blue); white arrows indicate positive intestinal epithelial cells; white
arrow head indicates an intra-epithelial T lymphocyte stained with anti-CD3 (red). Panel D.
Number of cells positive for activated caspase-1 per 1000 intestinal epithelial cells (IECs) in
control versus Ha T individuals (n=10). *Blue and red lines indicate levels reported in IBS
(20£7) and Crohn’s disease (35+6) [Liu et al., 2016]. Summary data shown as mean + SD
with pvalues determined by Mann-Whitney test. **** /< 0.0001.
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Figure 5. Terminal ileum T cells and B cells phenotype differs between HaT and quiescent CD.
Panel A. tSNE plots of automated clustering by FlowSOM for leukocytes in control

(quiescent CD) and individuals with Ha T. See Supplemental Figure 1A for enlarged picture
of clusters. Panel B. Comparison of percent of total CD3 T cells between quiescent CD
patients (n=3) and individuals with Ha T (n=4). Summary data shown as mean + SEM. with
p values determined by student #test. *p<0.05. Panel C. tSNE plots of automated clustering
by FlowSOM for leukocytes in control (quiescent CD) and individuals with HaT. Memory
B cells (clusters: 2-6, 9 and 13), IgM™~ B cells (clusters: 14-19). See Supplemental Figure
2A for enlarged picture of clusters. Panel D. Comparison of percent of total CD27*IgM~
memory B cells between quiescent CD patients (n=3) and individuals with Ha T (n=4).
Summary data shown as mean + SEM. with pvalues determined by student ¢test. *p<0.05.
Panel E. Antibody production (IgG) in individuals with HaT (h=21), CD (n=20), and
non-HaT controls (n=19) and the Gl significance. Summary data shown as mean + SEM
with pvalues determined by one sample ¢test. **p<0.01 and ***p<0.001.
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