:' frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

Helen Louisa Leavis,
University Medical Center Utrecht,
Netherlands

Deniz N. Cagdas Ayvaz,

Hacettepe University Medical School, Turkiye
Helen Baxendale,

Royal Papworth Hospital NHS Foundation
Trust, United Kingdom

Jason L. Kubinak
Jason.Kubinak@uscmed.sc.edu

These authors share first authorship

15 August 2023
28 March 2024
13 May 2024

Mohammed AD, Ball RAW, Jolly A,
Nagarkatti P, Nagarkatti M and Kubinak JL
(2024) Studying the cellular basis of small
bowel enteropathy using high-parameter
flow cytometry in mouse models of primary
antibody deficiency.

Front. Immunol. 15:1278197.

doi: 10.3389/fimmu.2024.1278197

© 2024 Mohammed, Ball, Jolly, Nagarkatti,
Nagarkatti and Kubinak. This is an open-access
article distributed under the terms of the

Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

Original Research
13 May 2024
10.3389/fimmu.2024.1278197

Studying the cellular basis of
small bowel enteropathy using
high-parameter flow cytometry
in mouse models of primary
antibody deficiency

Ahmed D. Mohammed?, Ryan A. W. Ball', Amy Jolly,
Prakash Nagarkatti, Mitzi Nagarkatti and Jason L. Kubinak*

Pathology, Microbiology, and Immunology Department, University of South Carolina School of
Medicine, Columbia, SC, United States

Background: Primary immunodeficiencies are heritable defects in immune
system function. Antibody deficiency is the most common form of primary
immunodeficiency in humans, can be caused by abnormalities in both the
development and activation of B cells, and may result from B-cell-intrinsic
defects or defective responses by other cells relevant to humoral immunity.
Inflammatory gastrointestinal complications are commonly observed in
antibody-deficient patients, but the underlying immune mechanisms driving
this are largely undefined.

Methods: In this study, several mouse strains reflecting a spectrum of primary
antibody deficiency (IgA™", Aicda™", CD19”" and Ji;") were used to generate a
functional small-bowel-specific cellular atlas using a novel high-parameter flow
cytometry approach that allows for the enumeration of 59 unique cell subsets.
Using this cellular atlas, we generated a direct and quantifiable estimate of
immune dysregulation. This estimate was then used to identify specific
immune factors most predictive of the severity of inflammatory disease of the
small bowel (small bowel enteropathy).

Results: Results from our experiments indicate that the severity of primary
antibody deficiency positively correlates with the degree of immune
dysregulation that can be expected to develop in an individual. In the SI of
mice, immune dysregulation is primarily explained by defective homeostatic
responses in T cell and invariant natural killer-like T (iNKT) cell subsets. These
defects are strongly correlated with abnormalities in the balance between
protein (MHCII-mediated) versus lipid (CD1d-mediated) antigen presentation
by intestinal epithelial cells (IECs) and intestinal stem cells (ISCs), respectively.

Conclusions: Multivariate statistical approaches can be used to obtain
quantifiable estimates of immune dysregulation based on high-parameter
flow cytometry readouts of immune function. Using one such estimate, we
reveal a previously unrecognized tradeoff between iNKT cell activation and
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type 1 immunity that underlies disease in the small bowel. The balance
between protein/lipid antigen presentation by ISCs may play a crucial role
in regulating this balance and thereby suppressing inflammatory disease in the

small bowel.
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humoral immunity, primary antibody deficiency, high-dimensional flow cytometry,
immune dysregulation, small intestine

Introduction

There are over 300 clinically recognized forms of primary
immunodeficiency, which are heritable disorders of immune
system function. The most common manifestation is a deficiency
in the production of antibodies (primary antibody deficiencies
(PADs) (1, 2). Over two dozen susceptibility genes have been
identified that may contribute to primary antibody deficiency,
with most being associated with defects in B cell receptor (BCR)
signaling or co-stimulatory pathways (1-4). The degree of antibody
deficiency covaries with both the incidence and severity of potential
clinical complications. Specifically, gene defects impacting a single
antibody class tend to result in less clinically severe phenotypes,
while those negatively impacting two or more antibody classes
result in the most clinically-severe complications (1, 4). For
example, selective IgA deficiency (IgA-deficient only) is generally
considered a clinically benign form of antibody deficiency, whereas
common variable immunodeficiency (CVID)(deficient in IgA and
IgG, and sometimes IgM) results in higher incidence and severity of
clinical complications.

Primary immunodeficiency results in immune dysregulation,
which is broadly defined as an abnormal immune phenotype.
However, this definition is inadequate for three reasons. First, it is
an ambiguous phenotype that provides little information regarding
underlying defect(s) and no information on their pleiotropic effects.
Immunity is an emergent property of dynamic interactions between
cells and our understanding of it requires the development of
diagnostic techniques that better capture this complexity. Second, it
is generally assumed that the degree of immune dysregulation
positively correlates with the incidence and/or severity of clinical
complication. Empirical support for this assumption is lacking. Third,
if immune dysregulation is predictive of disease incidence and/or
severity then it would be a valuable biomarker to assess risk in patients.
Development of a formal method to comprehensively estimate
immune dysregulation would fill these gaps in our knowledge.

The mucosa of the gastrointestinal tract serves as a primary
physical and immunological barrier to environmental antigens.
Because of the tremendous antigenic load in the gut, immune
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cells are found in their highest abundance in these tissues (5, 6).
Enteropathies are commonly observed in antibody-deficient
patients (7, 8), with up to 50% developing clinically significant
gastrointestinal symptoms (9). While much attention has been
given to understanding mechanisms of inflammatory disease of
the colon, mechanisms of inflammatory pathogenesis in the small
bowel (hereafter termed ‘small bowel enteropathy’) are poorly
understood. This is a major gap in our knowledge as several
inflammatory diseases with small-bowel-specific involvement,
including Crohn’s disease (CD) (10) and celiac disease (11), have
been associated with defects in humoral immunity (8, 12, 13).
Notably, CVID may also be associated with small-bowel-specific
involvement termed “CVID enteropathy” (9, 14-16).

Understanding the cellular basis of inflammatory gastrointestinal
disease in humans has been hampered by the difficulties in obtaining
sufficient materials to study from patients. Thus, it is imperative that
assays be developed that maximize the amount of information that can
be gleaned from them. Recent advances in flow cytometry, specifically
the development of spectrally-equipped flow cytometers, have
dramatically increased the number of cellular parameters that can be
simultaneously detected in a single tissue sample allowing investigators
to generate high-dimensional datasets of functional immune readouts
in a tissue-specific manner.

Here, we sought to demonstrate the utility of this technology by
exploring the cellular drivers of small bowel enteropathy in mouse models
of antibody deficiency. To do this, we developed a small-bowel-specific
high-parameter flow cytometry assay incorporating the use of spectrally-
and non-spectrally-equipped BD FACSymphony A5 cell analyzers
available to us at the University of South Carolina School of Medicine.
Using this assay, we describe the initial attempt by our group to construct
a small-bowel-specific cellular atlas of immune cell, intestinal epithelial cell
(IEC), and intestinal stem cell (ISC) phenotypes. Using this small-bowel-
specific cellular atlas, we then compare variation in immune responses
and IEC/ISC phenotypes across a series of antibody-deficient mouse
models. From these analyses, we outline a novel strategy for quantifying
and characterizing immune dysregulation among immunodeficient
individuals and highlight a potentially novel axis of disease that may
contribute to the pathogenesis of small bowel enteropathy.
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Materials and methods
Mouse models

A long-term breeding colony of C57BL/6 isogenic strains of
WT, CD197", Jy ", Aicda”", Ragl™", IgA”", and MHCIT”" mice has
been maintained by the Kubinak lab at the University of South
Carolina. All animals used in the experiments described here are
derived from this colony and were comprised of age-matched (8-
week-old) male and female animals from each strain. A total of 30
mice were used for this study (n=6 per genotype and divided equally
between males (n=15 total males used) and females (n=15 total
females used)). Animals were reared and maintained under
identical SPF conditions in a single room used to house the
Kubinak mouse colony. All animals were maintained under
constant environmental conditions (70°F, 50% relative humidity,
12:12 light: dark cycles) and were given ad libitum access to
autoclaved drinking water and an irradiated soy-free mouse chow
(Envigo; diet#2920X). All animal use strictly adhered to federal
regulations and guidelines set forth by the University of South
Carolina Institutional Animal Care and Use Committee
(Approved Protocol#101580).

Cell isolations

(Small bowel sample collection) Animals were sacrificed and a
15cm section of small bowel (mid-jejunum to ileocecal valve) was
collected in 15mL conical tubes containing 1X phosphate-buffered
saline (PBS) and placed on ice. (Tissue dissociation and IEC/ISC
isolation) The small bowel samples were placed on ice-cold 1X PBS-
soaked paper towels, and Peyer’s patches were removed prior to
downstream processing. Next, the tissue was flushed of luminal
contents using 1X PBS and any connected mesenteric tissue and/or
fat was removed. The cleaned tissue was washed by swirling in ice-
cold 1X PBS, cut into small segments (~1cm), and then transferred
to a sterile 50mL conical tube containing 15mL of cell dissociation
buffer (1X HBSS with no Ca*™" (GIBCO, 14175-095), 0.5M of EDTA
(Invitrogen, 15575-038), 1 mM DTT (Thermofisher, J1539706), and
5% FBS (Corning, 35-011-CV). Segments were incubated at 37°C
for 30 minutes with shaking at 200 revolutions per minute
(rpm).After incubation, samples were briefly vortexed (5-10
seconds) and passed through a 100um cell strainer into a new
50mL conical tube. The flow-through (containing IECs and ISCs)
was centrifuged at 1500rpm for 10 minutes and the cell pellets were
then resuspended in 500uL of complete RPMI media (RPMI 1640
supplemented with FBS, sodium pyruvate, non-essential amino
acids, L-glutamine, penicillin-streptomycin, and B-ME). Cell
counts were performed on isolated IECs. (Enzymatic digestion
and immune cell isolation) The remaining tissue on the 100pm
cell strainer was collected and transferred to a fresh 50mL conical
tube containing 10mL of digestion buffer (1X HBSS with Ca™
(GIBCO, 14025-092), 5% of FBS (Corning, 35-011-CV), 1 unit/mL
Dispase (Worthington-biochem, 4942078001), 0.5mg/mL of
Collagenase D (Roche, 11088882001), and 50pug/mL of DNase I
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(Worthington-biochem, LS002139). Samples were briefly vortexed
to mix and were then incubated at 37°C for 20 minutes with shaking
at 200rpm. Following incubation, samples were vortexed for 30-60
seconds (until no tissue was visible). Samples were then passed
through a 40puM cell strainer into a fresh 50mL conical tube. A
subsequent rinse with 5ml of ice-cold 1X PBS was swirled in the
previous conical and passed through the strainer to collect and wash
through any residual cells. Next, the samples were centrifuged at
2500rpm for 10 minutes, and the supernatant was discarded. The
cell pellets were then resuspended in 40% Percoll (Cytiva,
17544501) and transferred to a fresh 15mL conical tube. Gently,
80% Percoll was pipetted underneath the 40% Percoll layer
maintaining a distinct separation between layers. Subsequently,
the samples were centrifuged at 2500rpm for 20 minutes without
brake and acceleration. The samples were removed from the
centrifuge and a pipette was used to remove the top ImL of
solution containing debris. Cells located at the 40%/80% interface
were then transferred by pipette into a new 50mL conical tube.
50mL of ice cold 1X PBS was then added to the conical tube to wash
cells. Samples were then centrifuged at 2500rpm for 10 minutes.
Supernatant was discarded and cell pellets were resuspended in
500puL of complete RPMI. Cell counts were performed on isolated
tissue-resident immune cells.

Cell staining

(Cell activation) From each immune cell isolation, samples were
divided into equal halves (250pL). One half was used to perform our
33-marker surface stain, and the other half was used to perform our
17-color T cell stain. Prior to staining for T cells, cells underwent
activation. For the activation step, cells were suspended in complete
RPMI media containing cell activation cocktail (Biolegend, 423303)
and subsequently incubated at 37°C in a CO, incubator for 4 hours.
After incubation, cells were washed twice with column bufter (1X
HBSS, 5mM EDTA, 5% FBS). To wash, cells were resuspended in
250uL of column buffer, mixed by gentle pipetting, and then spun at
1350rpm for 5 minutes. (Fc-receptor blocking) All immune cell
stains incorporated an Fc-receptor block prior to staining. To do
this, cells were incubated in 100uL of Fc-blocker reagent (Biolegend,
156603) for 10 minutes. (Cell viability staining) For live/dead cell
discrimination, viability staining was performed using the Zombie-
Aqua viability dye (live=ZombieAqua’; dead=ZombieAqua®). To
do this, cells were washed with 1X PBS and subsequently
resuspended in 100uL of 1X PBS containing the viability dye at a
concentration of 1:500. Following a 15 minute incubation at room
temperature, the cells were centrifuged at 1350rpm for 5 minutes
and washed with column buffer (1X HBSS, 5% FBS, and 0.5 M
EDTA). (Surface markers staining) Cells were resuspended in
100pL volumes of column buffer containing antibodies against
relevant cell surface markers and incubated at room temperature
in the dark for 20 minutes. After staining, cells were washed twice
with column buffer (1X HBSS, 5mM EDTA, 5% FBS). To wash, cells
were resuspended in 250ul of column buffer, mixed by gentle
pipetting, and then spun at 1350rpm for 5 minutes. Cells used for
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the IEC/ISC panel and 33-marker immune panel were washed in
staining buffer and then fixed in 500ul of a 1:1 ratio of column
buffer and 4% paraformaldehyde (PFA). Fixed and stained cells
were then kept in the dark at 4° C until analysis. Cells requiring
intracellular staining (our T cell panel) were washed with
permeabilization buffer (Biolegend, 421002) after surface staining
and prior to fixation. (Intracellular staining) Cells were resuspended
in 100uL volumes of intracellular fixation buffer (Biolegend,
420801) and incubated at RT for 20 minutes in the dark. Next,
cells were centrifuged at 1350rpm for 5 minutes and the
supernatant was discarded. Fixed cells were washed with
permeabilization buffer twice, and then cells were resuspended in
permeabilization buffer containing antibodies against relevant
intracellular markers. After 30 minutes of room temperature
incubation in the dark, cells were spun at 1350rpm for 5 minutes,
supernatant was discarded, and pellets were washed twice with
column buffer. After the final wash, cells were then fixed in 500uL of
a 1:1 ratio of column buffer and 4% PFA. Fixed and stained cells
were then kept in the dark at 4° C until ready to analyze.
Supplementary Table 1 contains detailed information regarding
the flow cytometry reagents and antibodies utilized in this study.

Raw flow cytometry data handling

Flow cytometry analysis of prepared cells was conducted using a
high-parameter BD FACSymphony A5 cell analyzer (IECs/ISCs)
and a high-parameter spectrally-equipped BD FACSymphony
A5SE cell analyzer (immune cells). Spectral compensation, t-
distributed stochastic neighbor embedding (tSNE) data
dimensionality reduction, and manual gating to define cellular
subsets was performed on flow cytometry data using Flow]Jo
Software (version 10.8.2, BD Biosciences). Briefly, a single
compensated spectral spillover-spread-matrix was generated and
applied to all sample data files. Manual gating to eliminate doublets
and dead cells, and to identify major cellular lineages (erythroid
(ter1197), endothelial (CD317), epithelial (epithelial cell adhesion
molecule (EpCAM™)), and immune (CD45")) was performed and
applied to all samples. For immune cell enumeration using our 33-
marker general immunophenotyping panel, the liveCD45"ter119"
CD31'EpCAM’ populations from all samples were concatenated
into a single.fcs file for tSNE data dimensionality reduction. For
immune cell enumeration using our 17-marker T cell panel, the
liveCD45"CD3e"NK1.1" populations from all samples were
concatenated into a single.fcs file for tSNE data dimensionality
reduction. For IEC/ISC enumeration using our 10-marker IEC/ISC
cell panel, the liveCD45 EpCAM" populations from all samples
were concatenated into a single.fcs file for tSNE data dimensionality
reduction. Prior to dimensionality reduction of concatenated
dataset, event-downsampling was performed to ensure equal
contribution of events from each sample for tSNE construction.
Manual gating was used to identify all cell subsets and were mapped
onto constructed tSNE plots. An identical gating rubric was applied
to all samples. Mouse models of primary antibody deficiency (IgA™
, Ju", CD197, Aicda™) and primary immunodeficiencies
(MHCII™", Ragl™") served as important biological controls to
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validate gating strategies. Gating rubrics used to define each of
the cellular subsets shown in this study are provided in
Supplementary Figures S1-S6 and Supplementary Table 2.

Small bowel enteropathy scoring

From each mouse, lcm of the distal ileum was removed from
mice during tissue collection from sacrificed animals. This tissue
was cleaned as described above to remove luminal contents,
mesenteric tissues, and fat, and was then subsequently placed in a
15mL conical tube containing 10% buffered-formalin for 48 hours.
Tissue was submitted for processing to the USC Instrumentation
Resource Facility Histology Core for embedding and H&E staining.
Tissues were embedded in paraffin, sectioned, and H&E stained.
Ileal sections were imaged with an EVOS microscope at 20X
magnification. Areas of inflammation were scored blindly and
based on three scoring metrics according to Erben et al. (17):
leukocytosis, mucosal architecture and overall extent of
inflammation throughout the section. Multiple inflamed areas per
section were selected for scoring based on clear orientation and
quality of sectioning and staining. Leukocytosis was scored based on
a combined metric of density (percent of cells per area of 4-5 well
oriented villi and crypts) and severity (extent of expansion to
various types of tissue, Le. epithelial, mucosa, submucosa,
muscularis scored 0-3). Mucosal architecture was scored based on
a combined metric of villus to crypt ratios (scored 0-4) and
structural damage (qualitatively given a score based on epithelial
damage, abscesses, and irregularity shaped villi and crypts scored 0-
4). A final disease score was calculated by adding the combined
metrics described above (Leukocytosis + Mucosal architecture) and
then multiplying by the extent of inflammation or the percentage of
inflamed tissue throughout the entire 1cm section.

Statistical analysis

Prism9.0 (GraphPad) was used for univariate pairwise statistical
comparisons. Normality was assessed using the Shapiro-Wilk’s test.
Means were used to indicate our measure of central tendency. For
normally-distributed datasets involving comparisons between three
or more groups, multiple hypothesis testing (with correction) was
performed by applying a Dunnett test using the WT cohort as
control (“all vs. WT” comparisons). For non-normally-distributed
datasets, multiple hypothesis testing was performed by applying a
Kruskal-Wallis test. All significant effects shown in figures with
multiple comparisons reflect FDR-corrected p-values. For
comparisons between two groups, a Student’s t-test was used for
normally-distributed datasets and a Mann-Whitney U test was used
for non-normally-distributed datasets. All multivariate statistics
were performed using JMP16 Software (SAS). To minimize the
effect of non-normally distributed datasets, all data analyses were
performed on log;(-transformed data. To obtain a numeric estimate
of immune dysregulation (what we term as our “Immune
Dysregulation Index (IDI)”) we calculated how dissimilar each
antibody-deficient mouse strain is from the WT condition. We
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did this by comparing Mahalanobis distances generated by
performing linear discriminant analysis (LDA) of all 55 cellular
phenotypes using “mouse strain” as the response variable.
Mabhalanobis distances derived from independent LDAs were also
used to determine the contribution of specific immune responses
(e.g. innate responses, adaptive responses, IEC/ISC phenotypes,
CD1d/MHCII expression, or effector T/INKT cell responses) by
incorporating subsets of relevant cellular phenotypes into respective
LDA models (again using mouse strain (i.e. genotype) as our
response variable). The Response Screening function in SAS
performs multiple linear regressions between single ‘dependent x
independent variable’ comparisons. For these analyses, the IDI was
modelled as the dependent variable against independent cell
phenotypes. False discovery rate (FDR) correction for multiple
comparisons was applied to response screening analyses to
account for multiple hypothesis testing. The Predictor Screening
function in SAS is a method of bootstrap forest partitioning that
involves recursive simultaneous modelling of all variables for
identification of those that maximally explain variance in a
response variable. This analysis was used to identify the relative
contribution of each cellular phenotype in explaining variance in
both immune dysregulation and disease severity. Multidimensional
scaling (MDS) was used to visually represent relationships among
individual animals based on cellular phenotypes and are provided as
MDS plots. MDS plots were constructed in Microsoft Excel.

Results

Development of a cellular atlas of the
murine small bowel using high-
dimensional flow cytometry

From each mouse used in this study, we collected small bowels
for histological analysis of enteropathy and to perform high-
dimensional flow cytometry on isolated immune and epithelial
cell subsets (Figure 1A). From each animal, independent
isolations were conducted to collect cell fractions enriched in
immune cells or epithelial cells. The average total cell counts
obtained for downstream use from each isolation ranged between
2-4x10° cells, with isolations from CD19”" and Ji;/~ mice yielding
more total cells than other strains (Figure 1B). On average, our
cellular isolations yielded greater than 60% viable cells (Figure 1C).
Sex had no effect on the total number or viability of cells obtained
from our isolations (Figure 1D). To eliminate spectral interference
of auto-fluorescent dead cells from our flow cytometry assay we
incorporated the Zombie-Aqua viability dye into our flow panel and
gated out dead/dying cells (Zombie-Aqua®) from downstream
analyses (Figure 1E). To further enhance data quality, we also
incorporate lineage markers in our initial parent gates in order to
eliminate erythroid (ter119") and endothelial (CD31") cell
contaminants from our analysis and to delineate between
epithelial (EpCAM"), and immune (CD45%) cell subsets
(Figure 1E). MDS analysis illustrates that genotype rather sex was
the major driver of differences in the absolute abundance of major
cell lineages (Figure 1F). While the absolute abundances of major
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cell lineages were generally consistent among WT, IgA”", and
Aicda”” mouse strains, significant deviations were observed in
CD19”" and Jy”~ mice. Specifically, CD19"" and Jy mice had
significantly higher numbers of immune, erythroid, and epithelial
cells in their small bowels compared to WT mice (Figure 1G). The
remaining cellular markers were used to develop a cellular atlas of
immune/IEC/ISC phenotypes specific to the small bowel of mice
that allow us to enumerate a total of 55 cell subsets (Figure 1H)
(Supplementary Table 2, Supplementary Figures S1-S6).

PAD-induced immune dysregulation is
associated with enhanced type | immunity
and diminished INKT cell responsiveness

The five mouse strains utilized in this study represent a
spectrum of primary antibody deficiency (Figure 2A), which we
predicted would result in a gradient of immune dysregulation. To
test this prediction, we calculated the phenotypic divergence in
immune responses (hereafter referred to as our immune
dysregulation index (IDI)) between antibody-deficient and WT
mice. The utility of this approach is three-fold. First, it allows us
to generate a quantifiable estimate of immune dysregulation.
Second, it allows us to identify which immunological and
epithelial factors are primary drivers of this phenotype. Third, it
allows us to identify immunological/epithelial factors that are
predictive of disease across a range of underlying genetic
predispositions. Based on this metric, we found that IDI scores
generally agreed with our initial expectations. IgA”" mice
representing a low IDI phenotype, Aicda”" mice an intermediate
IDI phenotype, and Jyz '~ and CD19”" high IDI phenotypes
(Figure 2B). Our flow assay allows us to identify nineteen
immune cell subsets (Figure 2C). Concatenation (pooling) of data
derived from all animals allows us to visually depict shifts in the
relative abundance of cells among mouse genotypes in the form of
density plots (each plot represents an amalgam of events collected
from six different mice of the same strain)(Figure 2D). The
inclusion of knockout mouse strain density plots (RAG1”" and
MHCII™ in this study) are provided to enhance rigor in the gating
rubrics we used to define cell populations and were not included in
any statistical analysis. As expected, significant differences were
observed in the absolute abundance of multiple cell subsets across
our antibody-deficient mouse strains (Supplementary Figure SI,
S2). Collectively, multivariate analysis of these nineteen immune
cell clusters demonstrates that immune dysregulation among
antibody-deficient mouse strains is primarily driven by abnormal
adaptive immune responses (Figure 2E). Specifically, the
abundances of several T cell subsets (CD4" T cells, T cell pre-
cursors, and TCRYS" T cells) were positively correlated with IDI
scores, whereas the abundances of most other cell subsets were not
(Figure 2F). Thus, these latter differences are largely due to strain-
dependent effects that are not shared drivers of immune
dysregulation among mice.

Previous studies from our lab support that primary antibody
deficiency perturbs T cell homeostasis in the small bowel and that
this may drive gut inflammation (18, 19). Results from our analysis
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above are consistent with this. To expand upon this observation, we
designed our flow assay to include 17 cellular markers that allows us
to discriminate T cell subsets. Ten conventional T cells (NK1.1°
CD3e") subsets could be identified with this assay (Figure 3A).
Overall, the relative abundance of cells was generally consistent
among mouse strains with Ji;”~ and CD19”" mice tending to have
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more T cells than other strains (Figure 3B). Notably, significant
enrichment of effector Ty17 cells was found to be a strain-
dependent and CD19" specific effect (Supplementary Figure S3),
whereas enrichment of Ty1 cells is a general observed feature in the
small bowel of all antibody-deficient mouse strains (Figure 3C). The
absolute abundance of all conventional T cell subsets was positively
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FIGURE 2

PAD-induced immune dysregulation is primarily associated with defects in T cell homeostasis in the small bowel. (A) PAD phenotypes and
anticipated degree of immune dysregulation (size of circles) expected in mouse strains utilized in this study. Figure created with Biorender
(Biorender.com). (B) The degree of immune dysregulation (i.e. divergence in immune phenotype from the WT condition) among mouse strains is
shown. Dunnett's Test (“all vs. WT"), *=p<0.05, ****=p<0.0001. (C) A representative tSNE map of cellular subsets identified using our general
immunophenotyping panel is shown. (D) Density tSNE plots highlighting differences in cellular distributions among genotypes are shown (each plot
is generated from concatenated events from six mice per genotype). T and B cell deficient RAG1™" and CD4-deficient MHCII”'~ mice are provided as
gating controls. (E) An MDS plot illustrating immunophenotypic variation among mouse strains (left), and the relative contribution of innate versus
adaptive immune responses in driving immune dysregulation (right) are shown. Mann-Whitney U test, *=p<0.05. (F) The results of response
screening analysis of immune phenotypes that significantly correlate (denoted by red bars) with the degree of immune dysregulation are shown
Significance reflects results of FDR-corrected p-values from multiple linear regression analysis of all 19 general immune cell subsets.

correlated with IDI scores, with Tyl responses having the largest PAD-induced immune dysregulation is

effect (Figure 3D). Ten iNKT cell subsets (NK1.1°CD3g") subsets associated with aberrant antigen

could also be identified with this assay (Figure 3E). IDI scores were ~ PI€Se ntation by ISCs and IEC

positively correlated with the abundance of several effector iNKT

populations (iNKT1, iNKT17, and IL10" iNKT) but were most We (and others) have previously shown that antibody-deficient
strongly correlated with the abundance of quiescent (i.e. inactive) ~ mice have defects in bile acid biochemistry and lipid absorption in
iNKT cell subsets (Figures 3F, G). Multivariate analysis of these  the small bowel (14, 15, 20). While IECs and ISCs are known to
twenty T/iNKT cell clusters demonstrates that immune  present protein antigens via MHCII molecules and lipid antigens
dysregulation is more strongly driven by abnormalities in effector ~ via CD1d molecules, it is currently unknown whether the balance
T cell responses rather than effector iNKT responses (Figure 3H). between protein and lipid antigen presentation influences T cell
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FIGURE 3

PAD-induced immune dysregulation is associated with enhanced type | immunity and diminished iNKT cell responsiveness. (A) A representative tSNE
map of identifiable conventional T cell subsets is shown. (B) Density tSNE plots highlighting differences in absolute T cell subset abundances are
shown (each plot is generated from concatenated events from six mice per genotype). CD4-deficient MHCII-/- mice are provided only as gating
controls. (C) Statistical comparisons of the absolute abundance of Tyl, Tyl7, and T2 cell between WT and PAD mice are shown. Kruskal-Wallis test,
*=p<0.05, ns=p>0.05. (D) The results of response screening analysis of T cell phenotypes that significantly correlate (denoted by red bars (left panel))
with the degree of immune dysregulation are shown. Significance reflects results of FDR-corrected p-values from multiple linear regression analysis
of all 10 T cell subsets (top 5 most significant correlations shown (right panel)). (E) A representative tSNE map of identifiable iNKT cell subsets is
shown. (F) Density tSNE plots highlighting differences in absolute iNKT cell subset abundances are shown (each plot is generated from concatenated
events from six mice). CD4-deficient MHCII-/- mice are provided only as gating controls. (G) The results of response screening analysis of iNKT cell
phenotypes that significantly correlate (denoted by red bars (left panel)) with the degree of immune dysregulation are shown. Significance reflects
results of FDR-corrected p-values from multiple linear regression analysis of all 10 iNKT cell subsets (top 5 most significant correlations shown (right
panel)). (H) An MDS plot illustrating immunophenotypic variation among mouse strains based on T and iNKT cell phenotypes (left), and the relative
contribution of effector T cell and effector iINKT cell responses in driving immune dysregulation (right) are shown. Mann-Whitney U test,
***=p<0.001. Significant correlations (FDR-corrected p-values <0.05) between T cell and iNKT cell subsets with immune dysregulation are shown.
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homeostasis in the small bowel. To assess the relationship between
immune cell homeostasis and epithelial cell antigen presentation we
designed our flow assay to incorporate 10 cell markers that allowed
us to identify MHCII- and CD1d-expressing Paneth cells, fast-
cycling (FC) ISCs, facultative-reserve (FR) ISCs, and differentiated
intestinal epithelial cells (IECs). A total of sixteen cellular
phenotypes can be quantified using this set of markers
(Figure 4A, Supplementary Figure S5). Overall, what we observed
was a general deficiency in antibody-deficient mice in the number of
IECs/ISCs expressing CD1d, and an enrichment in IECs/ISCs
expressing MHCII (Figure 4B, Supplementary Figure S6).
Multivariate analysis also revealed that shifts in the abundance of
IECs/ISCs that expressed either MHCII or CD1d alone (single
positive (SP)) were the strongest drivers of immune dysregulation
compared to CD1d"MHCII" double-negative (DN) or
CD1d"MHCII" double-positive (DP) IECs/ISCs (Figures 4C, D).
Additionally, the abundance of CD1d"MHCII" FC and FR ISCs was
negatively correlated with immune dysregulation, which were the
only two cellular phenotypes to do so (Figure 4D). Collectively, this
data indicates that IECs and ISCs can assume one of four antigen-
presenting phenotypes, that polarization towards MHCII- rather
than or CD1ld-mediated antigen presentation by IECs/ISCs is a
feature of primary antibody deficiency in mice, and that ISCs
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focused on lipid antigen presentation may be central to
maintaining immune homeostasis in the small bowel.

Diminished lipid antigen presentation by
ISCs may allow pathologic type 1 immune
responses to develop in the small bowels
of antibody-deficient mice

Mice from all four antibody-deficient strains develop small
bowel enteropathy (Figure 5A) with the extent of disease similar
between male and female animals (Figure 5B). Among genotypes, a
gradient of disease severity was observed which was that
significantly correlated with IDI scores (Figure 5C). Multivariate
analysis of all 55 cell subsets indicated that disruption to adaptive
immunity was again the most important driver of overall immune
dysregulation in mice, followed by defects in IEC/ISC phenotypes,
and finally innate immune responses (Figure 5D). Additionally,
when all 55 cell subsets were simultaneously compared for their
ability to predict IDI and disease severity, we found that ten cell
subsets were highly predictive of both (Figure 5E). Collectively,
these subsets reflected type 1 immune responses (e.g. the abundance
of Tyl cells, IFNY" CD8" T cells, plasmacytoid DCs), iNKT cell
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FIGURE 4

(logio-transformed)

PAD-induced immune dysregulation is associated with aberrant antigen presentation by ISCs and IECs. (A) A representative tSNE map of identifiable
ISC and IEC subsets is shown. Four lineages (IEC, Paneth cells, FC ISCs, and FR ISCs) were subsequently gated based on their expression of MHCII
and CD1d antigen presenting molecules. Heatmaps of MHCII and CD1d expression are provided to orient the reader to major shifts in the
abundance of antigen-presenting IECs and ISCs shown in 4B. (B) Density tSNE plots highlighting differences in absolute IEC/ISC subset abundances
are shown (each plot is generated from concatenated events from six mice). T and B cell deficient RAG1™" and CD4-deficient MHCII”'~ mice are
provided as gating controls. (C) An MDS plot illustrating immunophenotypic variation among mouse strains based on IEC and ISC antigen-presenting
phenotypes (left), and the relative contribution of differences in the absolute abundances of double-negative (CD1d"MHCII")(DN), double-positive
(CD1d*MHCII*)(DP), and single-positive (CD1d*MHCII™ or CD1d"MHCII*)(SP) cell subsets in driving immune dysregulation (right) are shown. Kruskal-
Wallis test, **=p<0.01, ****=p<0.0001. (D) The results of response screening analysis of immune phenotypes that significantly correlate (denoted by
red bars) with the degree of immune dysregulation are shown. Significance reflects results of FDR-corrected p-values from multiple linear regression

analysis of all 16 IEC/ISC subsets analyzed.
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FIGURE 5
PAD-driven Sl enteropathy is associated with defects in CD1d-mediated regulation of homeostatic iINKT cell responses in the small intestine.

(A) Representative H&E images (20X magnification) of distal ileal sections from PAD mouse models are shown. (B) Radial plots are provided to show
similarity between genders in each disease parameter. Cumulative enteropathy scores are compared between males and females. Student's t-test,
ns=p>0.05. (C) The severity of small bowel enteropathy among mouse strains is shown (upper plot). Dunnett's Test (“all vs. WT"), **=p<0.01,
***=p<0.001. A regression analysis of relationship between immune dysregulation and disease severity is shown. ANOVA. (D) An MDS plot reflecting
divergence among individuals based on their cumulative immunophenotypes is shown (left) and the relative effects of cumulative innate immune
responses, adaptive immune responses, or [EC/ISC antigen presentation in driving immune dysregulation are compared (right). Kruskal-Wallis test,
***=p<0.001, ****=p<0.0001. (E) Results of predictive screening analysis of immune phenotypes that best predict IDI and disease severity scores
among mouse strains are shown. The top 20 significant discriminators for each outcome (IDI or disease) are plotted with overlapping cellular
phenotypes highlighted by connecting lines. “Contribution” reflects the contribution of each variable to variance among mouse strains in IDI or
disease severity. (F) Stacked barplots showing the absolute abundance of antigen presenting phenotypes in IEC/ISC subsets are shown. (G) The
absolute abundance of single positive cells (CD1d*"MHCII™ or CD1d" MHCII*) among the four IEC/ISC subsets is shown. Dunnett's Test or Tukey's test
("all vs. WT"), ns=p>0.05, *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. (H) A correlation matrix summarizing results of multiple linear
regression analysis of relationships between IEC/ISC antigen presentation phenotypes and T cell/iNKT cell subsets identified in (E) is shown.
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quiescence, and CD1ld-mediated lipid antigen presentation
(Figure 5E). As noted above, shifts in the relative abundance of
IECs/ISCs expressing either CD1d or MHCII (single-positive (SP))
were major discriminating phenotypes among mouse strains
(Figure 4C). While the relative abundance of DN, DP, and SP
cells were generally consistent among the four IEC/ISC cell subsets
analyzed, the absolute abundance of CD1d SP cells differed.
Specifically, most of the CD1d SP cells are found in the FC ISC
subset of WT mice (Figures 5F, G). In contrast, antibody-deficient
mice (particularly Aicda™”, CD19” and Ji;") were deficient in these
cells and instead enriched for MHCII SP cells in both their FC ISC
and IEC subsets (Figure 5G). Finally, we analyzed the correlation
between the abundance of ISCs/IECs and T cell/iNKT cell subsets
identified as being predictive of disease in 5E. This analysis revealed
that the abundance of CD1d-expressing ISCs (and especially FC
ISCs) is inversely correlated with type 1 immune responses and
iNKT cell quiescence (Figure 5H). This data suggests that under
normal conditions, polarization towards lipid antigen presentation
in ISCs favors iNKT cell activation that suppresses type 1 immunity
in the SI.

Discussion

The laboratory mouse is an unparalleled tool for studying
inborn errors of immunity as it is a tractable model with the
most comprehensive set of reagents developed to study immune
system function. Given the confounding variables associated with
cohort studies in humans and the oversimplification of in vitro
models, the laboratory mouse is the only experimental system that
can adequately capture the dynamic and multifaceted nature of
vertebrate immunity and the disease consequences of dysregulated
inflammation. Here, we demonstrate a novel application of flow
cytometry, facilitated by recent advancements in this technology,
that may yield novel insights into underlying mechanisms
of disease.

Immune dysregulation is the hallmark feature of primary
immunodeficiency but lacks a generalizable definition because of
the heterogenous nature of this spectrum of immunological
disorders. A quantifiable metric of immune dysregulation based on
a comprehensive set of functional readouts of an individuals’ immune
response would be beneficial for several reasons. It would allow us to
identify what immune responses are dysregulated, quantify the
magnitude of dysregulation, and use these values to determine the
value of each immune biomarker as a predictor of disease risk/
severity. Recent advances in flow cytometry now provide a rapid and
cost-effective approach to acquire composite readouts of immune
function in a tissue-specific manner. This can be utilized (in tandem
with other classical diagnostic tests) to acquire a more complete
understanding of a patients immunophenotype.

In our study, we explicitly defined immune dysregulation as
deviation in the overall immunophenotype of an individual from
baseline. WT mice served as our baseline condition and
Mahalanobis distance was used to estimate deviation in the
immune responses of individual mice. Based on this approach, we
show that immune dysregulation in the small bowel covaries with
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the expected degree of immunodeficiency across a series of mouse
strains and is positively correlated with a physiological outcome
(small bowel enteropathy). Our approach also reveals that defects in
lipid antigen presentation by ISCs may destabilize homeostatic T
cell responses and skew towards inflammation, which highlights a
potentially novel axis of inflammatory disease unique to the small
bowel. Currently, there are over 300 clinically recognized primary
immunodeficiencies that have been associated with numerous
genetic mutations (1, 4). However, variability in penetrance and
pleiotropic effects of these varied mutations diminish the value of
such diagnostics in the identification of potentially generalizable
therapeutic approaches. From this perspective, methods like ours
may be more fruitful as they facilitate rapid screening of genetically-
disparate individuals to identify shared functional responses that
affect disease outcomes.

Chronic non-infectious enteropathies are commonly observed
in patients with several different primary antibody deficiencies. For
instance, chronic diarrhea is a common gastrointestinal
manifestation that is frequently observed in patients with X-
linked agammaglobulinemia (XLA), common variable
immunodeficiency (CVID), selective IgA deficiency (SIgAD), and
IgG subclass deficiency (21, 22). Additionally, in mice, we and
others have shown that several different genetic models of antibody
deficiency develop inflammatory disease in the gut, which may
involve both the small bowel (14, 15, 20, 23) and colon (24, 25).
These animal studies have demonstrated that antibody-deficient
mice share transcriptional, metabolic, and histological features
observed in antibody-deficient patients (19, 20, 26-28). While the
underlying mechanisms driving disease in antibody-deficient
patients are currently undefined, the manifestations of immune
dysregulation have been extensively studied in CVID patients.
Studies restricted to peripheral T and B cell-mediated responses
in CVID patients demonstrated that patients present with fewer
naive CD4" and CD8" T cell in their blood (29-31), and more
activated cells (32). However, these T cell phenotypes were not
observed in less clinically-severe forms of primary antibody
deficiency including IgG-subclass deficiency and selective IgA
deficiency (32), consistent with the degree of immune
dysregulation being less severe in such patients. Collectively,
results from several CVID cohort studies suggest that defects in
homeostatic T cell responses triggered by aberrant molecular
crosstalk between T cells and antigen presenting cells may be
primary driver of gastrointestinal inflammation (28, 33).

IECs and ISCs serve unconventional roles as APCs that can
coordinate T cell responses in the gut (34, 35). Several pieces of
evidence support that regulation of inflammatory Tyl responses
through IEC/ISC MHCII-mediated antigen presentation may be
relevant to the pathogenesis of enteropathy in antibody-deficient
mice and humans. Several studies using in vitro modelling or mouse
models have shown that IFNY can induce MHCII expression by
IECs, and conversely that MHCII expression by IECs can promote
intestinal Ty1-driven inflammation (reviewed in (34)). However,
one study has suggested that MHCII expression by IECs and ISCs
regulates the behavior of antigen-experienced T cells rather than
serve to initially activate naive T cells (36). Previous work in mice
has shown that MHCII-mediated antigen presentation by IECs/
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ISCs can regulate Tyl immune responses, though whether it
positively or negatively regulates this response appears to be
highly context-dependent (37, 38). Conversely, Tyl responses
have also recently been shown to regulate ISC renewal,
differentiation, and pool size (39). For example, it was shown that
ISC MHCII expression resulted in accumulation and activation of
crypt-resident CD4" T cells. Moreover, inflammatory CD4" T cells
(Tyl, Ty2, Tyl7) and their canonical cytokines (IFNY, IL-13, or
IL17) were shown to limit ISC renewal capacity and consequently
pool size, while regulatory T cell abundance was shown to play an
opposing role. In our study, we find that severe antibody deficiency
is associated with enhanced abundance of MHCII-expressing IECs
and elevated Tyl responses. Two studies have shown that Tyl
responses are exacerbated in CVID patients. In a cohort study of 29
CVID patients presenting with non-infectious disease
complications, plasma protein profiling demonstrated that plasma
type 1 cytokine levels (IL-12/IFNy) were associated with more
severe disease outcomes which included enteropathy (40).
Moreover, in an independent study of 13 CVID patients,
observed increases in lamina propria lymphocytosis in CVID
patients presenting with enteropathy was linked to increased
production of type 1 cytokine (IL-12/IFNYy) synthesis by T cells
isolated from these patients and compared to asymptomatic
controls (41). Whether MHCII-mediated antigen presentation by
IECs/ISCs is perturbed in antibody-deficient humans and drives
pathologic Ty1 responses is unknown.

Despite their low contribution to overall immunophenotypic
variation among antibody-deficient mice, iNKT cell responses
appear to be an important driver of immune dysregulation and
disease severity in our model. Specifically, we found a positive
correlation between the number of quiescent iNKT cells and
immune dysregulation, disease severity, and Tyl cells in antibody-
deficient mice. In both mice and humans, iNKT cells are CD1-
restricted T cells whose activation are regulated by lipid antigens (42).
While mice have a single CD1 molecule (CD1d), humans have four
(CD1la-d) (43, 44). INKT cells contribute to homeostatic immunity in
the gut, and play an important role in regulating type 1 immune
responses through their rapid production of immunoregulatory
cytokines (discussed in depth by Crosby & Kronenberg (45)). In
WT mice, we found that most CD1d-expressing cells were found
within the FC ISC subset. Additionally, and in contrast to patterns of
MHCII expression on IECs, results from our experiments indicate
that antibody deficiency is associated with reduced CD1d expression
in FC ISCs. Given the role iNKT cells play in homeostatic barrier
defense, it is possible that defective CD1d-mediated ISC-iINKT cell
interactions lead to iNKT cell quiescence and a resulting
compensatory Tyl response. Disruption to normal lipid
metabolism/absorption by gut ISCs could explain this effect. CVID
patients have known defects in lipid homeostasis (recently reviewed
in (46)), and in two specific studies of CVID patients (that also
included the use of antibody-deficient mouse models), bulk RNA
sequencing of small intestinal tissues revealed a signature of lipid
malabsorption uniquely associated with CVID patients presenting
with small bowel enteropathy (14, 15). Similar effects were observed
in antibody-deficient mouse strains used in these studies. Two
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subsequent studies by our group using CD19”" mice reported a
similar observation and linked this with defects in bile acid
homeostasis in the small bowel (19, 20). Bile acid composition in
the small bowel regulates the absorption of dietary lipids and lipid-
soluble vitamins (A and D), and a recent study has linked CVID with
bile acid malabsorption (though the study was limited in terms of
participants) (47). Collectively, these observations suggest that defects
in lipid metabolism/absorption could destabilize the iNKT-Ty1 cell
axis in the gut to drive enteropathy.

Several factors contribute to difficulties in studying gut mucosal
immune responses in humans, and especially within the small
bowel. First, obtaining samples from patients poses a significant
challenge, leading researchers to rely mainly on inferences drawn
from the cellular makeup of blood samples. Second, previous
studies of the cellular basis of inflammatory disease in antibody-
deficient patients have relied on flow cytometry panels based on a
handful of markers which by necessity require major assumptions
regarding which cell types are worth investigating and whether/how
well inferences drawn from blood peripheral blood phenotyping
reflects tissue-specific inflammatory responses. Our results
highlight the clear benefit of high-parameter flow cytometry for
maximizing the amount of information that can be obtained from
small tissue samples. Additionally, the high-parameter flow
cytometry panel we have developed and described in this study
represents the most comprehensive flow cytometry assay for
assessing SI-specific cellular heterogeneity in mice. The immediate
value of the development of such an assay is three-fold. First, we can
simultaneously acquire physiological readouts (histological disease
assessment in this study) as well as data on 55 cellular phenotypes
from the SI of every mouse, which drastically reduces the number of
animals needed for experimentation; a key ethical consideration in
the design of animal studies. Second, our ability to generate
information on all of these parameters on a per-mouse basis
affords the ability to perform multivariate analyses to quantify
effect sizes of key variables (e.g. sex, genotype, cell type, immune
response) on disease severity, and to quantify the strength of linear
relationships among all continuous variables. Third, high-
parameter flow cytometry is a cost-effective means of quickly
assessing diverse cellular responses, which aids in the refinement
of experiments involving more costly genomics technologies like
single cell RNA sequencing.

Data availability statement
The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was approved by University of South Carolina
IACUC. The study was conducted in accordance with the local
legislation and institutional requirements.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1278197
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mohammed et al.

Author contributions

JK: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization, Writing —
original draft, Writing - review & editing. AM: Conceptualization,
Data curation, Formal analysis, Investigation, Methodology, Project
administration, Writing — original draft, Writing — review & editing.
RB: Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Project administration, Visualization, Writing — original
draft, Writing - review & editing. AJ: Investigation, Resources, Writing
- original draft. PN: Funding acquisition, Resources, Software, Writing
- review & editing. MN: Funding acquisition, Methodology, Resources,
Software, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. JK was
supported by a pilot project award through the University of
South Carolina Center for Alternative Medicine COBRE program
(P20GM103641; awarded to Drs. MN and PN), R21AI142409,
RO1AI155887, R56A1162986, and S100D032271.

References

1. Picard C, Bobby Gaspar H, Al-Herz W, Bousfiha A, Casanova JL, Chatila T, et al.
International union of immunological societies: 2017 primary immunodeficiency
diseases committee report on inborn errors of immunity. J Clin Immunol. (2018)
38:96-128. doi: 10.1007/510875-017-0464-9

2. Durandy A, Kracker S, Fischer A. Primary antibody deficiencies. Nat Rev
Immunol. (2013) 13:519-33. doi: 10.1038/nri3466

3. Bonilla FA, Khan DA, Ballas ZK, Chinen J, Frank MM, Hsu JT, et al. Practice
parameter for the diagnosis and management of primary immunodeficiency. J Allergy
Clin Immunol. (2015) 136:1186-1205.e1181-1178. doi: 10.1016/j.jaci.2015.04.049

4. Smith T, Cunningham-Rundles C. Primary B-cell immunodeficiencies. Hum
Immunol. (2019) 80:351-62. doi: 10.1016/j.humimm.2018.10.015

5. Agarwal S, Cunningham-Rundles C. Gastrointestinal manifestations and
complications of primary immunodeficiency disorders. Immunol Allergy Clin North
Am. (2019) 39:81-94. doi: 10.1016/j.iac.2018.08.006

6. Agarwal S, Mayer L. Pathogenesis and treatment of gastrointestinal disease in
antibody deficiency syndromes. ] Allergy Clin Immunol. (2009) 124:658-64.
doi: 10.1016/j.jaci.2009.06.018

7. Uzzan M, Ko HM, Mehandru S, Cunningham-Rundles C. Gastrointestinal
disorders associated with common variable immune deficiency (CVID) and chronic
granulomatous disease (CGD). Curr Gastroenterol Rep. (2016) 18:17. doi: 10.1007/
s11894-016-0491-3

8. Cunningham-Rundles C. Physiology of igA and igA deficiency. J Clin Immunol.
(2001) 21:303-9. doi: 10.1023/A:1012241117984

9. Malamut G, Verkarre V, Suarez F, Viallard JF, Lascaux AS, Cosnes J, et al. The
enteropathy associated with common variable immunodeficiency: the delineated frontiers
with celiac disease. Am ] Gastroenterol. (2010) 105:2262-75. doi: 10.1038/ajg.2010.214

10. Sanchez-Montes C, Ortiz V, Bastida G, Rodriguez E, Yago M, Beltran B, et al.
Small intestinal bacterial overgrowth in inactive Crohn’s disease: influence of
thiopurine and biological treatment. World J Gastroenterol. (2014) 20:13999-4003.
doi: 10.3748/wjg.v20.i38.13999

11. Losurdo G, Marra A, Shahini E, Girardi B, Giorgio F, Amoruso A, et al. Small
intestinal bacterial overgrowth and celiac disease: A systematic review with pooled-data
analysis. Neurogastroenterol Motil. (2017) 29(6):1-10. doi: 10.1111/nmo.13028

12. Odineal DD, Gershwin ME. The epidemiology and clinical manifestations of
autoimmunity in selective igA deficiency. Clin Rev Allergy Immunol. (2020) 58:107-33.
doi: 10.1007/s12016-019-08756-7

Frontiers in Immunology

10.3389/fimmu.2024.1278197

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1278197/
full#supplementary-material

13. Kumar V, Jarzabek-Chorzelska M, Sulej ], Karnewska K, Farrell T, Jablonska S.
Celiac disease and immunoglobulin a deficiency: how eftective are the serological
methods of diagnosis? Clin Diagn Lab Immunol. (2002) 9(6):1295-300. doi: 10.1128/
CDLI.9.6.1295-1300.2002

14. Shulzhenko N, Dong X, Vyshenska D, Greer RL, Gurung M, Vasquez-Perez S,
et al. CVID enteropathy is characterized by exceeding low mucosal IgA levels and
interferon-driven inflammation possibly related to the presence of a pathobiont. Clin
Immunol. (2018) 197:139-53. doi: 10.1016/j.clim.2018.09.008

15. Shulzhenko N, Morgun A, Hsiao W, Battle M, Yao M, Gavrilova O, et al.
Crosstalk between B lymphocytes, microbiota and the intestinal epithelium governs
immunity versus metabolism in the gut. Nat Med. (2011) 17(12):1585-93. doi: 10.1038/
nm.2505

16. Cunningham-Rundles C. The many faces of common variable
immunodeficiency. Hematol Am Soc Hematol Educ Program. (2012) 2012:301-5.
doi: 10.1182/asheducation-2012.1.301

17. Erben U, Loddenkemper C, Doerfel K, Spieckermann S, Haller D, Heimesaat
MM, et al. A guide to histomorphological evaluation of intestinal inflammation in
mouse models. Int J Clin Exp Pathol. (2014) 7:4557-76.

18. Mohammed AD, Hall N, Chatzistamou I, Jolly A, Kubinak JL. Gluten-free diet
exposure prohibits pathobiont expansion and gluten sensitive enteropathy in B cell
deficient JH-/- mice. PloS One. (2022) 17:¢0264977. doi: 10.1371/journal.pone.0264977

19. Mohammed AD, Khan MAW, Chatzistamou I, Chamseddine D, Williams-Kang
K, Perry M, et al. Gut antibody deficiency in a mouse model of CVID results in
spontaneous development of a gluten-sensitive enteropathy. Front Immunol. (2019)
10:2484. doi: 10.3389/fimmu.2019.02484

20. Mohammed AD, Mohammed Z, Roland MM, Chatzistamou I, Jolly A,
Schoettmer LM, et al. Defective humoral immunity disrupts bile acid homeostasis
which promotes inflammatory disease of the small bowel. Nat Commun. (2022) 13
(1):525. doi: 10.1038/s41467-022-28126-w

21. Atarod L, Raissi A, Aghamohammadi A, Farhoudi A, Khodadad A, Moin M,
et al. A review of gastrointestinal disorders in patients with primary antibody
immunodeficiencies during a 10-year period (1990-2000), in children hospital
medical center. Iran ] Allergy Asthma Immunol. (2003) 2(2):75-9.

22. Diez R, Garcia MJ, Vivas S, Arias L, Rascarachi G, Pozo E, et al. [Gastrointestinal
manifestations in patients with primary immunodeficiencies causing antibody
deficiency]. Gastroenterol Hepatol. (2010) 33(5):347-51. doi: 10.1016/
j.gastrohep.2009.12.012

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1278197/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1278197/full#supplementary-material
https://doi.org/10.1007/s10875-017-0464-9
https://doi.org/10.1038/nri3466
https://doi.org/10.1016/j.jaci.2015.04.049
https://doi.org/10.1016/j.humimm.2018.10.015
https://doi.org/10.1016/j.iac.2018.08.006
https://doi.org/10.1016/j.jaci.2009.06.018
https://doi.org/10.1007/s11894-016-0491-3
https://doi.org/10.1007/s11894-016-0491-3
https://doi.org/10.1023/A:1012241117984
https://doi.org/10.1038/ajg.2010.214
https://doi.org/10.3748/wjg.v20.i38.13999
https://doi.org/10.1111/nmo.13028
https://doi.org/10.1007/s12016-019-08756-7
https://doi.org/10.1128/CDLI.9.6.1295-1300.2002
https://doi.org/10.1128/CDLI.9.6.1295-1300.2002
https://doi.org/10.1016/j.clim.2018.09.008
https://doi.org/10.1038/nm.2505
https://doi.org/10.1038/nm.2505
https://doi.org/10.1182/asheducation-2012.1.301
https://doi.org/10.1371/journal.pone.0264977
https://doi.org/10.3389/fimmu.2019.02484
https://doi.org/10.1038/s41467-022-28126-w
https://doi.org/10.1016/j.gastrohep.2009.12.012
https://doi.org/10.1016/j.gastrohep.2009.12.012
https://doi.org/10.3389/fimmu.2024.1278197
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mohammed et al.

23. Mohammed AD, Khan MAW, Chatzistamou I, Chamseddine D, Williams-Kang
K, Perry M, et al. Gut antibody deficiency in a mouse model of CVID results in
spontaneous development of a gluten-sensitive enteroapthy. Front Immunol. (2019)
10:2484. doi: 10.3389/fimmu.2019.02484

24. Kirkland D, Benson A, Mirpuri ], Pifer R, Hou B, DeFranco AL, et al. B cell-
intrinsic MyD88 signaling prevents the lethal dissemination of commensal bacteria during
colonic damage. Immunity. (2012) 36:228-38. doi: 10.1016/j.immuni.2011.11.019

25. Mirpuri J, Raetz M, Sturge CR, Wilhelm C.L, Benson A, Savani RC, et al.
Proteobacteria-specific IgA regulates maturation of the intestinal microbiota. Gut
Microbes. (2014) 5(1):28-39. doi: 10.4161/gmic.26489

26. Nagaishi T, Watabe T, Kotake K, Kumazawa T, Aida T, Tanaka K, et al.
Immunoglobulin A-specific deficiency induces spontaneous inflammation specifically
in the ileum. Gut. (2022) 71(3):487-96. doi: 10.1136/gutjnl-2020-322873

27. Teahon K, Webster AD, Price AB, Weston ], Bjarnason I Studies on the
enteropathy associated with primary hypogammaglobulinaemia. Gut. (1994) 35
(9):1244-9. doi: 10.1136/gut.35.9.1244

28. Andersen IM, Jorgensen SF. Gut inflammation in CVID: causes and consequences.
Expert Rev Clin Immunol. (2022) 18(1):31-45. doi: 10.1080/1744666X.2021.2008241

29. North ME, Webster AD, Farrant J. Defects in proliferative responses of T cells from
patients with common variable immunodeficiency on direct activation of protein kinase
C. Clin Exp Immunol. (1991) 85(2):198-201. doi: 10.1111/j.1365-2249.1991.tb05704.x

30. Mouillot G, Carmagnat M, Gerard L, Garnier JL, Fieschi C, Vince N, et al. B-cell
and T-cell phenotypes in CVID patients correlate with the clinical phenotype of the
disease. J Clin Immunol. (2010) 30(5):746-55. doi: 10.1007/s10875-010-9424-3

31. Giovannetti A, Pierdominici M, Mazzetta F, Marziali M, Renzi C, Mileo AM, et al.
Unravelling the complexity of T cell abnormalities in common variable
immunodeficiency. J Immunol. (2007) 178(6):3932-43. doi: 10.4049/jimmunol.178.6.3932

32. Bateman EA, Ayers L, Sadler R, Lucas M, Roberts C, Woods A, et al. T cell
phenotypes in patients with common variable immunodeficiency disorders:
associations with clinical phenotypes in comparison with other groups with
recurrent infections. Clin Exp Immunol. (2012) 170(2):202-11. doi: 10.1111/j.1365-
2249.2012.04643.x

33. Bayry J, Hermine O, Webster DA, Levy Y, Kaveri SV. Common variable
immunodeficiency: the immune system in chaos. Trends Mol Med. (2005) 11(8):370-
6. doi: 10.1016/j.molmed.2005.06.005

34. Heuberger C, Pott J, Maloy KJ. Why do intestinal epithelial cells express MHC
class II? Immunology. (2021) 162(4):357-67. doi: 10.1111/imm.13270

35. Wosen JE, Mukhopadhyay D, Macaubas C, Mellins ED. Epithelial MHC class II
expression and its role in antigen presentation in the gastrointestinal and respiratory
tracts. Front Immunol. (2018) 9:2144. doi: 10.3389/fimmu.2018.02144

Frontiers in Immunology

14

10.3389/fimmu.2024.1278197

36. Maggio-Price L, Seamons A, Bielefeldt-Ohmann H, Zeng W, Brabb T, Ware C,
et al. Lineage targeted MHC-II transgenic mice demonstrate the role of dendritic cells
in bacterial-driven colitis. Inflammatory bowel Dis. (2013) 19(1):174-84. doi: 10.1002/
ibd.23000

37. Thelemann C, Eren RO, Coutaz M, Brasseit ], Bouzourene H, Rosa M, et al.
Interferon-gamma induces expression of MHC class II on intestinal epithelial cells and
protects mice from colitis. PloS One. (2014) 9(1):e86844. doi: 10.1371/
journal.pone.0086844

38. Jamwal DR, Laubitz D, Harrison CA, Figliuolo da Paz V, Cox CM, Wong R, et al.
Intestinal epithelial expression of MHCII determines severity of chemical, T-cell-
induced, and infectious colitis in mice. Gastroenterology. (2020) 159:1342-1356.e1346.
doi: 10.1053/j.gastro.2020.06.049

39. Biton M, Haber AL, Rogel N, Burgin G, Beyaz S, Schnell A, et al. T helper cell
cytokines modulate intestinal stem cell renewal and differentiation. Cell. (2018) 175
(5):1307-1320.€1322. doi: 10.1016/j.cell.2018.10.008

40. Hultberg J, Ernerudh J, Larsson M, Nilsdotter-Augustinsson A, Nystrom S.
Plasma protein profiling reflects T(H)1-driven immune dysregulation in common
variable immunodeficiency. J Allergy Clin Immunol. (2020) 146(2):417-28.
doi: 10.1016/j.jaci.2020.01.046

41. Mannon PJ, Fuss IJ, Dill S, Friend ], Groden C, Hornung R, et al. Excess IL-12
but not IL-23 accompanies the inflammatory bowel disease associated with common
variable immunodeficiency. Gastroenterology. (2006) 131(3):748-56. doi: 10.1053/
j.gastro.2006.06.022

42. Nishioka Y, Masuda S, Tomaru U, Ishizu A. CD1d-restricted type II NKT cells
reactive with endogenous hydrophobic peptides. Front Immunol. (2018) 9:548.
doi: 10.3389/fimmu.2018.00548

43. Reinink P, Van Rhijn I. Mammalian CD1 and MRI1 genes. Immunogenetics.
(2016) 68(8):515-23. doi: 10.1007/s00251-016-0926-x

44. Mori L, Lepore M, De Libero G. The immunology of CD1- and MR1-restricted T
cells. Annu Rev Immunol. (2016) 34:479-510. doi: 10.1146/annurev-immunol-032414-
112008

45. Crosby CM, Kronenberg M. Tissue-specific functions of invariant natural killer
T cells. Nat Rev Immunol. (2018) 18(9):559-74. doi: 10.1038/s41577-018-0034-2

46. Jorgensen SF, Macpherson ME, Skarpengland T, Berge RK, Fevang B, Halvorsen
B, et al. Disturbed lipid profile in common variable immunodeficiency - a pathogenic
loop of inflammation and metabolic disturbances. Front Immunol. (2023) 14:1199727.
doi: 10.3389/fimmu.2023.1199727

47. Pikkarainen S, Martelius T, Ristimaki A, Siitonen S, Seppanen MR], Farkkila M. A
high prevalence of gastrointestinal manifestations in common variable immunodeficiency.
Am ] Gastroenterol. (2019) 114(4):648-55. doi: 10.14309/ajg.0000000000000140

frontiersin.org


https://doi.org/10.3389/fimmu.2019.02484
https://doi.org/10.1016/j.immuni.2011.11.019
https://doi.org/10.4161/gmic.26489
https://doi.org/10.1136/gutjnl-2020-322873
https://doi.org/10.1136/gut.35.9.1244
https://doi.org/10.1080/1744666X.2021.2008241
https://doi.org/10.1111/j.1365-2249.1991.tb05704.x
https://doi.org/10.1007/s10875-010-9424-3
https://doi.org/10.4049/jimmunol.178.6.3932
https://doi.org/10.1111/j.1365-2249.2012.04643.x
https://doi.org/10.1111/j.1365-2249.2012.04643.x
https://doi.org/10.1016/j.molmed.2005.06.005
https://doi.org/10.1111/imm.13270
https://doi.org/10.3389/fimmu.2018.02144
https://doi.org/10.1002/ibd.23000
https://doi.org/10.1002/ibd.23000
https://doi.org/10.1371/journal.pone.0086844
https://doi.org/10.1371/journal.pone.0086844
https://doi.org/10.1053/j.gastro.2020.06.049
https://doi.org/10.1016/j.cell.2018.10.008
https://doi.org/10.1016/j.jaci.2020.01.046
https://doi.org/10.1053/j.gastro.2006.06.022
https://doi.org/10.1053/j.gastro.2006.06.022
https://doi.org/10.3389/fimmu.2018.00548
https://doi.org/10.1007/s00251-016-0926-x
https://doi.org/10.1146/annurev-immunol-032414-112008
https://doi.org/10.1146/annurev-immunol-032414-112008
https://doi.org/10.1038/s41577-018-0034-2
https://doi.org/10.3389/fimmu.2023.1199727
https://doi.org/10.14309/ajg.0000000000000140
https://doi.org/10.3389/fimmu.2024.1278197
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Studying the cellular basis of small bowel enteropathy using high-parameter flow cytometry in mouse models of primary antibody deficiency
	Introduction
	Materials and methods
	Mouse models
	Cell isolations
	Cell staining
	Raw flow cytometry data handling
	Small bowel enteropathy scoring
	Statistical analysis

	Results
	Development of a cellular atlas of the murine small bowel using high-dimensional flow cytometry
	PAD-induced immune dysregulation is associated with enhanced type I immunity and diminished iNKT cell responsiveness
	PAD-induced immune dysregulation is associated with aberrant antigen presentation by ISCs and IEC
	Diminished lipid antigen presentation by ISCs may allow pathologic type 1 immune responses to develop in the small bowels of antibody-deficient mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


