—_—

Microbiome and Inflammation
in Antibody Deficiency

Roualoljag Apogiuy Ul UOIDWWD]IU| PUD 8WOIGOIDIA

siaqiag ullpN-so0y

Roos-Marijn Berbers




Microbiome and Inflammation
in Antibody Deficiency

Roos-Marijn Berbers



Microbiome and Inflammation in Antibody Deficiency
© Roos-Marijn Berbers, 2021
ISBN: 978-94-6423-354-4

Cover design: R.M. Berbers and Vera van Beek. The cover is a digital adaptation of two microscopy im-
ages showing an IgA staining in red (immunofluorescence) and a bacterial 16S rRNA stain in green (flu-
orescence in situ hybridization), and a nuclear stain in blue (DAPI), on a healthy control colon biopsy.
Lay-out: RON Graphic Power || www.ron.nu

Printing: ProefschriftMaken || www.proefschriftmaken.nl

Financial support for the research presented in this thesis was granted by: het Wilhelmina Kinderziek-
enhuis fonds, stichting Zeldzame Ziekten, the UMC Utrecht Infection&lmmunity boost grant, and the
Utrecht Exposome Hub.

The printing of this thesis was financially supported by: CSL Behring, Lamepro, Sanquin and Takeda.
ALL RIGHTS RESERVED. Any authorized reprint or use of this material is prohibited. No part of this thesis

may be reproduced, stored, or transmitted in any form or by any means, without written permission of
the author or, when appropriate, of the publishers of the included scientific publications.



Microbiome and Inflammation
in Antibody Deficiency

Microbioom en Inflammatie
in Antistof Deficientie

(met een samenvatting in het Nederlands)
Proefschrift

ter verkrijging van de graad van doctor aan de
Universiteit Utrecht
op gezag van de
rector magnificus, prof.dr. H.R.B.M. Kummeling,
ingevolge het besluit van het college voor promoties
in het openbaar te verdedigen op

dinsdag 21 september 2021 des middags te 12.15 uur
door
Roos-Marijn Berbers

geboren op 20 april 1991
te Amsterdam



Promotoren:
Prof. dr. R.J.L. Willems
Prof. dr. J.M. van Laar

Copromotoren:
Dr. H.L. Leavis
Dr. P.M. Ellerbroek



Table of contents

Chapter 1
PART |

Chapter 2

Chapter 3

PART Il

Chapter 4

Chapter 5

Chapter 6

Chapter 7

PART Il

Chapter 8

Chapter 9

General introduction
IMMUNE DYSREGULATION IN CVID

Targeted proteomics reveals inflammatory pathways that classify
immune dysregulation in Common Variable Immunodeficiency

Chronically Activated T-cells retain their Inflammatory Properties
in Common Variable Immunodeficiency

THE MICROBIOME IN CVID

Microbial Dysbiosis in Common Variable Immune Deficiencies:
Evidence, Causes and Consequences

Immunoglobulin A and microbiota in primary immunodeficiency
diseases

Low IgA associated with oropharyngeal microbiota changes
and lung disease in primary antibody deficiency

Gut Microbial Dysbiosis and Enterococcus gallinarum in Common
Variable Immunodeficiency with Immune Dysregulation

ANALYSING MICROBIOMES

Handling compositionality and zeros in sparse microbiome data
— is the cure worse than the disease?

General discussion

Appendices

Nederlandse samenvatting
Curriculum Vitae

List of Publications
Dankwoord

15

17

47

75

77

97

113

141

179

181

205

221
222
226
227
228






Chapter 1

General introduction



General introduction

The primary antibody deficiencies (PADs) are a heterogeneous group of diseases that
share a problem with the production of immunoglobulins. One of the most prevalent clin-
ically relevant PADs is a disease called Common Variable Immunodeficiency, or CVID.
Despite its name, CVID is a rare disease with a prevalence in Europe of around 4 cases
per 100.000 inhabitants'3, with local variations such as Finland where CVID is more
common at 6.9 cases per 100.000* CVID is characterized by low serum levels of immu-
noglobulin (Ig) G, and low IgA and/or IgM, and classically manifests either in childhood
or adulthood with recurrent infections caused by encapsulated bacterias”. Treatment with
IgG replacement therapy from healthy donors is effective in ameliorating the infection
load in CVID®, but despite this treatment the mortality of CVID is still higher than the
general population, with long-term survival after diagnosis ranging between 60%?2 and
85%°. Most morbidity and mortality in CVID is caused by immune dysregulation com-
plications® which include autoimmune disease, granulomatous-interstitial lung disease
(GLILD), enteritis, lymphoproliferative disease, and malignancy. Together, these compli-
cations affect an estimated 25% (in children) to 62% (in adults) of CVID patients’, and
patients with CVID and immune dysregulation (CVIDid) have a poorer prognosis than
patients with CVID and infections only (CVIDio)?. In one study, the risk of death in CVI-
Did was 11-fold larger than in CVIDio over a 40-year follow up period?.

Immune dysregulation in CVID

The immune dysregulation phenotype in CVID is a heterogeneous group of inflammatory
complications that can affect CVID patients throughout their lifetime, and are sometimes
already present at diagnosis’. The most common clinical immune dysregulation pheno-
typess78 are autoimmune (thrombo-) cytopenias, GLILD and enteritis. In addition, many
patients with immune dysregulation display signs of generalized inflammation such as
splenomegaly, lymphadenopathy, and polyclonal lymphocytic infiltrations. The etiology of
immune dysregulation in CVID is largely unclear. Known risk factors for the development
of immune dysregulation in CVID include low naive CD4 T cells', increased peripheral
CD21"v B cells™?, and IgA deficiency™. Biopsies of affected tissues show a pleiotropic
infiltrate, with a predominance of CD4+ T-cells, variable numbers of CD8+ T-cells and
B-cells, and an absence of regulatory T-cells’4.

There is no consensus about how to treat immune dysregulation complications in
CVID, with expert opinion-based guidelines varying per country'+’. Generally, CVID-as-
sociated immune dysregulation is treated in the same way in which the specific type of
immune dysregulation is treated in non-CVID patients. However, this may not be the
optimal treatment strategy, which can be illustrated by the observation that a monoclonal
antibody that blocks gut-homing integrin a487, which is very effective in inflammatory
bowel disease, was not effective in a case series of patients with CVID-related enteritis™.

The cause of CVID and immune dysregulation in CVID is poorly understood. The
heritability of CVID is estimated at 20%", and despite great efforts to identify genes caus-
ing CVID, only a minority of CVID cases can currently be explained by monogenetic
diseases’®9. Genes that can result in a CVID phenotype when affected include NFKB12°,
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CTLA4*" and ICOS??, and most monogenetic cases of CVID are accompanied by immune
dysregulation in addition to hypogammaglobulinemia. However, what causes the immune
dysregulation in nongenetic CVID is currently unknown. It is possible that a complex
genetic landscape predisposes to CVID and immune dysregulation, but the low heritabil-
ity suggest that environmental factors likely also contribute.

The microbiome and immune dysregulation

The healthy human body is colonised by a vast number of micro-organisms that occupy
our skin, our respiratory tract, and our gut. This collection of micro-organisms is often
referred to as the microbiota. The human immune system has evolved in response this
microbiota, preventing infections and keeping us healthy. Over the past decade, advances
in next generation sequencing have made it possible to characterize these microbial com-
munities, and it has become increasingly clear that our microbiota have a profound impact
on our immune system and our health?+. The bacterial gut microbiota is currently the
best researched in human disease, and changes in the fecal microbiota have been linked
to diseases ranging from inflammatory bowel disease® to diabetes?®, cancer?, and neuro-
logical disorders®®. Specific bacterial taxa are thought to have the ability to trigger disease
in genetically susceptible individuals (so-called pathobionts), while other bacteria are con-
sidered to provide health benefits (“probiotics”). Mechanisms by which the microbiota can
influence host immunity include production of immunomodulatory metabolites such as
short-chain fatty acids, bacterial products such as lipopolysaccharide (LPS), or direct con-
tact with the epithelium or mucosal immune system?+. In addition, a diverse commensal
bacterial community can provide colonization resistance against pathogens, by occupying
spatial or nutritional niches®9.

Also in human autoimmune disease links with the microbiota have been described,
and clinical trials investigating microbiome-targeting therapies such as feces transplanta-
tion, administration of probiotic bacteria, and antibiotic therapy targeting specific patho-
bionts for autoimmune diseases are currently underways®. For instance, Klebsiella pneumo-
niae can damage the gut epithelial barrier and cause liver inflammation in patients with
primary slcerosing cholangitis®, and translocation of Enterococcus gallinarum to the liver
and lymph nodes is thought to contribute to the formation of auto-antibodies in systemic
lupus erythematosus and autoimmune hepatitiss. It has been hypothesised that similar
mechanisms may be at play in immune dysregulation in primary immunodeficiency dis-
orders such as CVID»34,

Research objectives and outline of this thesis
In this thesis, we study the immune system and the microbiome of patients with CVID
and immune dysregulation. We are particularly interested in the differences between
CVIDio and CVIDid, and investigate the hypothesis that the microbiome contributes to
the pathophysiology of immune dysregulation.

In part 1 of this thesis, we investigate the immune system in CVIDid. In chapter 2,
we broadly characterize the type of inflammation present in CVID patients with immune
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dysregulation by using a targeted proteomics approach to measure cytokines and chemok-
ines in serum. In chapter 3, we extend this analysis by investigating the peripheral blood
T-cell profile using flow cytometry. We focus on whether immune exhaustion occurs in
CVIDid, and assess markers important for regulatory T-cells.

Part 2 of this thesis concerns the microbiome in CVIDid. In chapter 4, we review the
literature relating to the microbiome in antibody deficiencies, and introduce the hypothe-
sis that the microbiome may contribute to the pathophysiology of immune dysregulation
in CVID. We propose that IgA deficiency in CVID may cause microbial dysbiosis, and in
chapter 5 we summarize the currently known effects of IgA deficiency on specific micro-
bial taxa.

Lung damage occurs frequently in clinical antibody deficiencies, despite immuno-
globulin replacement therapy and even in the absence of clinical infections®%. A disturbed
microbiota of the respiratory tract may cause subclinical inflammation that contributes
to lung damage. To investigate this, we characterise the oropharyngeal microbiota in
CVID patients using 16S ribosomal RNA (rRNA) sequencing chapter 6, and relate this
to the severity of lung damage on computed tomography (CT) scans and IgA production.
Next, we investigate the gut microbiota of CVID patients in chapter 7 to identify bacterial
taxa that may be linked to inflammation in CVID with immune dysregulation. We use
microscopy, 16S rRNA sequencing, metagenomics shotgun sequencing and culturing
techniques to identify the localization of the microbiota, characterize the composition of
the microbiota and isolate candidate pro-inflammatory bacterial strains in CVIDid. These
bacterial strains were then exposed to immune cells in order to investigate whether they
were able to cause inflammation in vitro.

Finally, part 3 of this thesis addresses statistical analysis of microbiome data. In chap-
ter 8, we collaborated with the Julius Center for Biostatistics in order to investigate a prob-
lem we encountered during our microbiome data analysis. We assess how a commonly
used transformation technique affects microbiome data structure and statistical analysis,
using our oropharyngeal 16S rRNA sequencing data from chapter 6.

In chapter 9 we provide a summary and discussion of our findings. We integrate the
results of this thesis in order to place it in the context of clinical immune dysregulation
in CVID, and conclude with recommendations for future studies on the role of the micro-
biome in immune dysregulation in CVID.
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ABSTRACT

Patients with common variable immunodeficiency (CVID) can develop immune dysreg-
ulation complications such as autoimmunity, lymphoproliferation, enteritis and malig-
nancy, which cause significant morbidity and mortality. We aimed to (i) assess the poten-
tial of serum proteomics in stratifying patients with immune dysregulation using two
independent cohorts and (ii) identify cytokine and chemokine signaling pathways that
underlie immune dysregulation in CVID.

A panel of 180 markers was measured in two multicenter CVID cohorts using Olink
Protein Extension Assay technology. A total of 37 CVID patients with immune dysregula-
tion (CVIDid), 40 CVID patients with infections only (CVIDio), and 42 healthy controls
(HC) were included. A classification algorithm was trained to distinguish CVIDid from
CVIDio in the training cohort (CVIDid n=14, CVIDio n=16), and validated on a second
testing cohort (CVIDid n=23, CVIDio n=24). Differential expression in both cohorts was
used to determine relevant signaling pathways.

An elastic net classifier using MILR1, LILRB4, IL10, IL12RB1 and CD83 could dis-
criminate between CVIDid and CVIDio patients with a sensitivity of 0.83, specificity of
0.75, and area under the curve of 0.73 in an independent testing cohort. Activated path-
ways (fold change>1.5, FDR-adjusted p <o.05) in CVIDid included Th1 and Thiy-associ-
ated signaling, as well as IL1o and other immune regulatory markers (LAG3, TNFRSFo,
CD83).

Targeted serum proteomics provided an accurate and reproducible tool to discrimi-
nate between patients with CVIDid and CVIDio. Cytokine profiles provided insight into
activation of Tht and Thry pathways and indicate a possible role for chronic inflammation
and exhaustion in immune dysregulation. These findings serve as a first step towards the
development of biomarkers for immune dysregulation in CVID.

Key words
Immune dysregulation, Common Variable Immunodeficiency (CVID), Cytokines, Bio-
markers, Prediction, Primary Immunodeficiency
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INTRODUCTION

Common variable immunodeficiency disorder (CVID) is a primary immunodeficiency
hallmarked by low serum immunoglobulins and impaired production of specific anti-
bodies in response to vaccinations, resulting in increased risk for recurrent bacterial
infections'2. The cause of CVID is assumed to be multifactorial with estimated herita-
bility around 20%3, and while new monogenetic causes are discovered each year, in the
majority of cases a genetic cause remains undefined4. Under adequate immunoglobulin
replacement therapy (IgRT) severe infections can usually be prevented, but over a third
of patients develop additional complications related to immune dysregulation+®. These
complications include autoimmune disease, granuloma formation, lymphoproliferative
disease including increased risk of lymphoma, and enteropathy?, and together they cause
most morbidity and mortality in CVID#s. There is no consensus about how to treat inflam-
matory complications in CVID, with expert opinion-based guidelines varying per country
89, The identification of predictive biomarkers for immune dysregulation, and biomarkers
that can be used to monitor therapeutic response are needed to improve clinical care for
these patients. In addition, better understanding of the underlying immune mechanisms
that cause immune dysregulation can provide new therapeutic targets and aid in bet-
ter selection of novel targeted immunotherapies such as cytokine blockade or JAK/STAT
inhibitors in the clinic.

Known risk factors for the development of immune dysregulation in CVID include low
naive CD4 T cells®, increased peripheral CD21"" B cells™*2, and IgA deficiency''2. These
factors predict long-term risk to develop clinical complications, but do not inform about
a current inflammatory state, and are therefore less suitable to monitor short-term dis-
ease progression or therapeutic response. For those purposes, the use of serum cytokine
and chemokine biomarkers is entering clinical practice in other inflammatory diseases,
for example soluble IL2 receptor in hemophagocytic lymphohistiocytosis’3, CXCL1o in
juvenile dermatomyositis'# and IL18 in adult-onset Still’s disease and systemic juvenile
idiopathic arthritis®.

Previous studies in CVID have frequently reported conflicting results about serum
cytokines (reviewed by Varzaneh et al.’). For example, IL10 is often found to be upreg-
ulated in CVID as compared to healthy controls7®, but in a different cohort a decrease
of serum IL1o was described”. Overall, markers associated with an activated myeloid
compartment are consistently upregulated in CVID®-2°, and the T-helper (Th) serum
cytokine profile observed in immune dysregulation in CVID is mostly found to be Th-1
driven7®2. Varying findings in these studies highlight the need to consider CVID
patients with immune dysregulation (CVIDid) separately from patients with an “infection
only” (CVIDio) -phenotype.

As a first step to the identification of biomarkers for immune dysregulation in CVID,
we used a targeted proteomic approach in two clinically diverse multicenter CVID cohorts
in order to (i) assess the potential of serum proteomics in stratifying patients with immune
dysregulation from patients with infections only using two independent cohorts and (ii)
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identify cytokine and chemokine signaling pathways that underlie immune dysregulation
in CVID.

MATERIALS AND METHODS

Ethics statement

Ethical approval for this study for all Dutch participants was received from the Medi-
cal Ethical Committee of the Erasmus Medical Centre in Rotterdam, the Netherlands
(METC: NL40331.078). Ethical approval for sampling of patients included from Freiburg,
Germany was received from the University of Freiburg Ethics Committee 282/11. Written
informed consent was obtained from all patients and controls according to the Declaration
of Helsinki.

Study population and sample collection

Patients diagnosed with common variable immunodeficiency disease according to the
European Society for Immunodeficiencies criteria' aged 7 or older were included dur-
ing outpatient clinic visits of the University Medical Center Utrecht, the Erasmus Med-
ical Center in Rotterdam and the University Medical Center Groningen, in the Nether-
lands, and the University Medical Center Freiburg, Germany. Healthy controls (HC) were
recruited from household members of patients. Medication use up to 3 months prior to
sampling was recorded. Clinical characteristics were collected from electronic patient files.

Targeted proteomics

Serum samples were stored at -80C within 4 hours of sampling until use. Serum levels
of 180 unique inflammation and immune response related proteins (supplementary table
S1) were measured using proximity extension immunoassay (PEA; Olink Proteomics,
Uppsala, Sweden)??, using the ProSeek Multiplex Inflammation and Immune Response
kits.

Briefly, the proximity extension immunoassay technology is based on dual recogni-
tion of serum proteins by pairs of antibodies coupled to a cDNA-strand that ligates when
brought into proximity by its target. This DNA tag is PCR amplified and detected using a
Biomark HD 96 x 96 dynamic PCR array (Fluidigm, San Francisco, USA). After correc-
tions from DNA extension- and interpolation controls, a normalized protein expression
value (NPX) is generated on a log-2 scale.

Data analysis and statistics
All data analysis was performed in R (version 3.5.1)%, and all scripts used have been made
publicly available on https://gitlab.com/rberbers/cvid_cytokines_olink.

PEA data was analyzed using NPX values (on a log2 scale) unless stated otherwise.
For proteins that were detected below the lower limit of detection (LLOD), the measured
value was replaced by the LLOD value/2. The healthy control samples (training cohort

20
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n=15, testing cohort n=27) were used to correct for batch effects between the first and the
second cohort.

PCA was performed using the package prcomp, and 3D plots displaying the first three
principal components were generated using the packages rgl and car. Differences between
the clinical groups were assessed using pairwise PERMANOVA with correction for false
discovery rate (FDR) using the packages vegan and pairwiseAdonis. Volcano plots were gen-
erated using Mann-Whitney U tests with Benjamini-Hochman correction for FDR and
log2 fold change calculated on the linear scale (2"**). Differential expression was defined
as FDR-adjusted (adj.) p<o.05 and log2 fold change >0.58 (equal to linear fold change of
>L.5).

For the classification model, the following machine learning algorithms were tuned on
the training cohort using the package caret: random forest (package randomForest), elastic
net regression (package glmnet) and extreme gradient boosting (package xgboost), with
five-fold repeated cross-validation. All measured biomarkers with the addition of age and
sex were included in the training of the algorithms. Prediction performance of the final
model on the testing cohort was assessed with area under the curve (AUC) of receiver-op-
erator curves (ROC) using the R-package pROC. The sensitivity and specificity for each
model was calculated for the threshold with maximum Youden’s Index (sensitivity+speci-
ficity -1). Regression coefficients of selected variables were standardized by their standard
deviation.

Pathway analysis was performed using Ingenuity Pathway Analysis (IPA) software
(QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuity-pathway-
analysis)*4, using differentially expressed proteins detected in the volcano plots and the
180 measured proteins as the reference dataset.

RESULTS

Exploratory analysis of the serum protein profile of CVID with immune
dysregulation, CVID with infection only, and healthy controls
In order to evaluate whether serum cytokine profiles could be used to distinguish CVIDio
from CVIDid , 180 serum markers (supplementary table S1) were measured in two inde-
pendent cohorts using a proximity extension assay. Patients were categorized as CVIDid
when they had clinical (history of) autoimmune disease, granulomatous-lymphocytic
interstitial lung disease (GLILD), granulomatous disease other (non-GLILD), lymphopro-
liferation, enteritis and/or malignancy. Splenomegaly was also recorded but splenomeg-
aly alone was not sufficient to be categorized as CVIDid. Patients without any of these
complications were classified as CVIDio. All CVID patients were on IgRT at the time of
sampling.

First, an age- and gender balanced training cohort (table 1) was selected using 45 par-
ticipants (15 healthy controls (HC), 16 CVIDio and 14 CVIDid) from two academic hos-
pitals in the Netherlands. The most common clinical complication in the CVIDid group

21
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Table 1: Characteristics training cohort. * types of autoimmune disease: monoarthritis, rheu-
matoid arthritis, coeliac disease, Sjogren's disease, autoimmune (thrombo-)cytopenias, alo-
pecia, vitiligo, myositis. HC: healthy control, CVIDio: CVID with infections only, CVIDid: CVID
with immune dysregulation, IQR: interquartile range, Al: autoimmune, GLILD: granulomatous
lymphocytic interstitial lung disease, VUS: variant of unknown significance.

HC CVIDio CVIDid
TotalN 5 Jo o
(Age (years) median (lQR) 38 (35-57) .38.5(28.25-50.5) 415 (34-5175)
Male N (%) 7 (47%) 8 (50%) 7 (50%)
Inclusion site N (%)
trecht, the Netherlands 9 (60%) 1(69%) 1007
Rotterdam, the Netherlands 6 (L0%) 5 (31%) 4 (29%)
Clinical phenotype N (%)
Al disease 0 9 (6u%) *
204%) o
204%)
5(35%)
V(7%
2(4%)
Splenomegaly 0 7(50%)
Medication use during 3 months prior to sampling N (%)
Antibiotics O 0. b9
Immune suppressive therapy 0 0
Genetics N (%)
(Geneticsdone .. 16 5654 .
Nothingfound Q ! 0. VR
usfound ) O 0. . 2088
Relevant pathogenic mutation 0 1(6%) 2 (14%)
found

was autoimmune disease, (64%), followed by and enteritis (35%). Splenomegaly was also
highly prevalent at 50% of CVIDid patients in this cohort. Genetic screening had been
performed for clinical care in a minority of patients (6% of CVIDio and 35% CVIDid),
yielding one patient with CTLA 4 haploinsufficiency, one patient with STATI gain-of-func-
tion, and two patients with variants of unknown significance (VUS) in the CVIDid group
(supplementary table S2); one patient with a VUS in UNCi13D and one patient with VUS
in PLCG2 and heterozygosity for JAK3. In the CVIDio group, one TNFRSF13B (TACI)
mutation was found.

Next, 74 participants (27 HC, 24 CVIDio and 23 CVIDid) from four academic hospitals
in the Netherlands and Germany were included in a second independent testing cohort
(table 2). In this cohort, there were more males in the CVIDid group (70% in CVIDid vs
33% in HC and 46% in CVIDio), and the CVIDid group was younger (mean age 36.7 in
CVIDid, 4o0.1 in CVIDio, 44.3 in HC). The most common clinical complications in the
CVIDid group were autoimmune disease (57%) and enteritis (43%), similar to prevalences
in the training cohort. Four patients received immunosuppressive therapy around time
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Table 2: Characteristics testing cohort. * types of autoimmune disease: systemic lupus
erythematosus-like disease, Sjogren's disease, autoimmune (thrombo-)cytopenias, type 1
diabetes, membranous glomerulonephritis, alopecia, hepatitis, vitiligo. HC: healthy control,
CVIDio: CVID with infections only, CVIDid: CVID with immune dysregulation, IQR: interquartile
range, Al: autoimmune, GLILD: granulomatous lymphocytic interstitial lung disease, VUS:
variant of unknown significance.

HC CVIDio CVIDid
JotalN 2T 24 25
(Age (years), median (1QR) .43 37:49) .37(25:57.25) 37.23:49) .
Male N (%) 9 (33%) 1 (L6%) 16 (70%)
Inclusion site N (%)
UMCY 19 (70%) 11667 BSTA)
EMC L L (5%) 1(29%) 3O5%)
UMCG L L (5%) O O
Freiburg 0 6 (24%) 7 (30%)
Clinical phenotype N (%)
Al disease 13(57%)
8(35%) oo
(%)
10(L3%)
6(26%)
V%)
Splenomegaly 10 (43%)
Medication use during 3 months prior to sampling N (%)
Antibiotics O 8 (3% 52%) ...
Immune suppressive therapy 0 0 4 (17%)
Genetics N (%)
Geneticsdone o 7(29%) 7(30%)
...... 0. 7(29%) 2 (9%)
...... O . O 1 (4%)
Relevant pathogenic mutation 0 0 4 (17%)

found

of sampling; two patients used TNF-a blockade, and two prednisone (5 mg and 40 mg/
day, respectively). In this cohort, 30% of CVIDid and 29% of CVIDio patients had been
genetically screened (supplementary table 2), resulting in three TNFRSF13B mutations
and one PIK3R1 mutation found in the CVIDid group. No relevant mutations were found
in CVIDio.

A total of 180 unique inflammation- and immune response related proteins were
quantified in serum of the training and testing cohort. Principal component analysis
(PCA) shows distinct clustering of HC, CVIDio and CVIDid patients in the training
cohort (figure 1A, CVIDid vs CVIDio adj. p = 0.003, CVIDid vs HC adj. p =0.002, CVIDio
vs HC adj. p =0.002). One outlier in the CVIDid group was the patient with a heterozygote
mutation in JAK3 and a VUS in PLCG2. In the testing cohort (figure 1B), PCA showed
significant clustering of CVIDid and CVIDio from HC (CVIDid vs HC adj. p =0.003,
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Figure 1: Principal component analysis of first 3 principal components (PC). Ellipses indicate
95% confidence intervals.

A) Training cohort. CVIDid: CVID with immune dysregulation (n=14), CVIDio: CVID with infec-
tion only (n=16), HC: healthy controls (n=15). FDR-corrected pairwise PERMANOVA using
Euclidean distance: CVIDid vs CVIDio adj. p=0.003; CVIDid vs HC adj. p=0.002; CVIDio vs HC
adj. p=0.002.

B) Testing cohort: CVIDid (n=23), CVIDio (n=24), HC (n=27). FDR-corrected pairwise PER-
MANOVA using Euclidean distance: CVIDid vs CVIDio adj. p=0.144; CVIDid vs HC adj. p= 0.003;
CVIDio vs HC adj. p=0.005.

CVIDio vs HC adj. p =0.005), but there was more overlap between CVIDid and CVIDio
in this cohort (CVIDid vs CVIDio adj. p=0.144), with larger spread of the CVIDid group.

Machine learning approaches reveal a serum protein signature consisting

of MILR1, LILRBA&, IL10, IL12RB1 and CD83 to classify immune dysregulation in
CVID

In order to assess whether the serum protein profiles could be used to classify immune
dysregulation in CVID, three machine learning algorithms (random forest, elastic net and
extreme gradient boosting) were trained on the training cohort, and their performance
was assessed by using the resulting models to predict which patients had immune dys-
regulation in the second independent testing cohort. Given the clinical context in which
detection of patients at risk for immune dysregulation is desirable, a high sensitivity was
deemed more important than a high specificity.

Elastic Net (enet) and Extreme Gradient Boosting (xgb) were the best performing algo-
rithms (supplementary table S3). In order to reduce overfitting on the training cohort
only the markers that were selected as the most important variables by both models were
selected for the final algorithm: mast cell immunoglobulin-like receptor 1 (MILR1I), leuko-
cyte immunoglobulin-like receptor subfamily B member 4 (LILRB4), IL10, IL12 receptor
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subunit beta 1 (IL12RB1), and CD8&3 (an immunoglobulin superfamily receptor expressed
by mature antigen presenting cells®). The elastic net model using these five proteins
yielded the best combination of high area under the curve (AUC) and sensitivity: AUC of
0.73, sensitivity of 0.83 and specificity of 0.75 with threshold selected for maximum Youd-
en’s Index (figure 2A and table 3). Despite being trained only on samples collected in the
Netherlands, this model performed equally well on the samples from the testing cohort
collected in Freiburg (Germany), correctly identifying 12/13 samples. The two patients
receiving TNF-o blockade were grouped correctly as CVIDid, but the patient who was
sampled under 4omg prednisone was misclassified as CVIDio.

While IL10 (training set p<o.oo1, testing set p=0.004), IL12RBI (training set p<o.oo1,
testing set p=0.006) and CD83 (training set p=0.002, testing set p=0.007), were consist-
ently significantly upregulated in CVIDid compared to CVIDio in both the training and
the testing cohort (figure 2B), this was not the case for MILR1 and LILRB4. These two
were significantly upregulated in the training cohort (p<o.oo1 for both) but not in the
testing cohort (p=0.59 and p=0.63, respectively), so the performance of the model with-
out these markers was assessed in a post-hoc analysis (supplementary table S4). A logistic
regression model using only IL1o, IL12RB1 and CD&3 yielded a higher AUC (0.76) than
the original model, but with lower sensitivity (0.79) specificity (0.71) at maximum Youd-
en’s Index on the testing cohort.

Immune dysregulation in CVID is characterized by upregulation of T helper 1,

T helper 17 and immune regulatory proteins

In order to infer which inflammatory pathways were differentially expressed in immune
dysregulation in CVID, the training and testing cohorts were merged. In CVIDid
(n=37), thirteen proteins were differentially upregulated compared to CVIDio (n=40)
with FDR-corrected p-value <o.05 and fold change (FC) >1.5 (figure 3A, supplementary
figure S1A). These markers included cytokine IL1o (adj. p=o.co1, FC=1.82) and recep-
tors LAG3 (adj. p=o.oo1, FC=1.85) and TNFRSFg (also known as 4-1BB, adj. p=0.024,
FC=1.73), all associated with negative regulation of the immune response. Thi activation
was observed in the upregulation of CXCLg (adj. p=0.046, FC=2.05) and CXCL11 (adj.
p=0.047, FC=2.10). In addition, cytokines and chemokines associated with Thr1y activa-
tion were upregulated, including IL17A (adj. p=o.o11, FC=2.44), IL12B (also known as
[L12p4o0, a subunit of IL12 and IL23; adj. p=0.044, FC=1.64) and mucosal tissue homing
chemokine CCL20 (adj. p=0.043, FC=2.39). IL-6 production, which would be consistent
with activated Thry cells, was upregulated in both CVIDid (adj. p<o.oo1, FC=2.34) and
CVIDio (adj. p=0o.oo1, FC=2.14) compared to HC, but not between CVIDid and CVIDio
(adj.p=0.58, FC=1.09) (data not shown).

Natural killer (NK) cell activation marker KLRD1 (adj. p=0.013, FC=1.84) was upregu-
lated in CVIDid and CVIDio, as well as SH2D1A (adj. p=0.024, FC=1.52), which is involved
in NK- T- and B-cell stimulation. Also upregulated in CVIDid were TRANCE (also known
as RANK-L, adj. p=0.023, FC=1.52) which induces monocyte chemotaxis, and CCL19 (adj.
p=0.0006, FC 1.93) which induces lymphocyte homing to secondary lymphoid organs.
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Figure 2

A: Receiver-Operator Curve (ROC) for the classification of CVID with immune dysregulation
(CvIDid) vs CVID with infections only (CVIDio) on the testing cohort (CVIDid n=23, CVIDio
n=24) using the elastic net model using MILRI, LILRB4, IL10, IL12RB1 and CD83 as variables.

B: Distribution of classifying variables selected in the elastic net model. Training cohort
healthy controls (HC, n=15), CVIDio (n=16), CVIDid (n=14), testing cohort HC (n=27), CVIDio
(n=24), CVIDid (n=23). The horizontal line inside the box represents the median. The whiskers
represent the lowest and highest values within 1.5xinterquartile range. P-values: Mann-Whit-

ney U test after false discovery rate correction.
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Table 3: performance of the enet model using MILRT, LILRB4, IL10, IL12RB1 and CD83 as clas-
sifiers. Classification predicted at threshold with maximum Youden's Index. CVIDio: CVID
with infections only, CVIDid: CVID with immune dysregulation. lymphocuytic interstitial lung
disease, VUS: variant of unknown significance.

True
CVIDid CVIDio total predicted
Predicted CVIDid 19 6 25
CVIDio 4 18 22
total true 23 24

One outlier in this analysis was TNF-o, which was not significantly upregulated
(adj. p=0.316) but had a high fold change (FC=9.41) (supplementary figure S2). This was
driven by the two patients who used TNF-a blockade therapy and had high serum levels
of TNF-q, an effect that has previously been observed>°. These two patients did not have
aberrant expression of other proteins and therefore were not excluded from the study (data
not shown). TNF-a levels excluding these two patients were not different between CVI-
Did and CVIDio (adj. p=0.46, FC=1.18), but were upregulated in CVIDid (adj. p=0.00053,
FC=1.45) and CVIDio (adj.p=0.003, FC=1.23) compared to HC.

Autoimmune disease, GLILD and splenomegaly in CVID are associated with a
distinct serum protein profile

CVID with autoimmune disease (n=22) was characterised by upregulation of fifteen pro-
teins as compared to CVID without autoimmune disease (n=55) (figure 3B, supplementary
figure S1B), with much overlap with the upregulated proteins observed in CVIDid. In
this subgroup analysis, cytokines and chemokines associated with Thr signalling were
upregulated: CXCLg (adj. p=0.043, FC=2.41), CXCL10 (adj. p=0.014, FC=2.95), CXCL11
(adj. p=0o.014, FC=2.67), IL18 (adj. p=0.014, FC=1.81), and CD28 (adj. p=0.029, FC=1.54).
Markers of negative immune regulation were also increased in autoimmunity: LAG3 (adj.
p=0.014, FC=1.82) and TNFRSFg (adj. p=0.006, FC=1.98), and CD8&3 (adj. p=0.003,
FC=1.51) which in soluble form is thought to be immunosuppressive’.

In CVID with GLILD (n=10) (figure 3C, supplementary figure S1C), negative regu-
lators CD&3 (adj. p=0.026, FC=1.53) and IL10 (adj. p=0.035, FC=2.30) were again upreg-
ulated as compared to CVID without GLILD (n=67). In addition, LAMP3 (adj. p=0.026,
FC=1.86) was upregulated, which is associated with DC maturation and is especially highly
expressed in type-2 pneumocytes in the lung?. T cell receptor co-receptors CD6 (adj.
p=0.034, FC=1.84) and CD28 (adj. p=0.034, FC=1.75) were also upregulated in GLILD.

In CVID patients with splenomegaly (n=17) (figure 3D, supplementary figure SiD),
nineteen markers were upregulated compared to CVID without splenomegaly (n=60).
These included markers of immune suppression, such as TNFRSFg (adj. p=o.0o01,
FC=2.306), CD8&3 (adj. p=0.002, FC=1.50), LAG3 (adj. p=o0.010, FC=1.99), IL10 (adj.
p=0.0006, FC=1.94), and FC receptor-like protein 3 (FCRL3) (adj. p = 0.001, FC=2.14)°.
Increased Thi-associated proteins were CXCLg9 (adj. p=0.018, FC=2.20), CXCL11
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Figure 3: Volcano plots: Green dots indicate markers with log2 fold change > 0.58 ( = fold
change 1.5) and false discovery rate (FDR)-adjusted p-value <0.05. Red dots indicate markers
with log2 fold change < 0.58 and FDR-adjusted p-value <0.05. Orange dots indicate markers
with log2 fold change > 0.58 and FDR-adjusted p-value >0.05.

A: Differential expression analysis of proteins upregulated in CVID with immune dysregula-
tion (CVIDid, n=37) as compared to CVID with infection only CVIDio, n=40).

B: Differential expression analysis of proteins upregulated in CVID with autoimmunity (n=22)
as compared to CVID without autoimmunity (n=55).

C: Differential expression analysis of proteins upregulated in CVID with granulomatous-lym-
phocytic interstitial lung disease (GLILD) (n=10) as compared to CVID without GLILD (n=67).
D: Differential expression analysis of proteins upregulated in CVID with splenomegaly (n=17)
as compared to CVID without splenomegaly (n=60).

(adj. p=o.013, FC=2.62), IL18 (adj. p=0.024, FC=1.56), CD238 (adj. p=0.020, FC=1.64) and
IL12B (adj. p=o.o10, FC=1.98). Inflammatory markers KLRD1 (adj. p =0.001, FC=1.80),
TNF-B (adj. p <o0.001, FC=2.00), SH2DIA (adj. p=0.001, FC=1.82), CD5 (adj. p=0.001,
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Figure L: Literature-based pathway analysis of differentially expressed proteins upregu-
lated in CVID with immune dysregulation (CVIDid) as compared to CVID with infections only
(CVIDio), using Ingenuity Pathway Analysis software.

FC=1.63), CDG6 (adj. p=0o.0o1, FC=1.90) and one of its ligands CDCP1 (adj. p=0.048,
FC=1.54), and TRANCE (adj. p=0.005, FC=1.76) were also upregulated.

Subgroup analyses of granulomatous disease, lymphoproliferation, enteritis and
malignancy did not yield any differentially expressed proteins, possibly due to smaller
sample size.

In order to integrate these findings, a literature-based pathway analysis was performed
using Ingenuity Pathway Analysis. Of the upregulated proteins in CVIDid, IL1o had the
most connections to the other differentially expressed markers (figure 44), indicating
that IL1o may be a keystone regulator in the inflammatory profile of CVIDid. The same
was observed for pathway analysis of proteins upregulated in autoimmunity, GLILD, and
splenomegaly (data not shown).
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DISCUSSION

We demonstrated that an algorithm using serum biomarkers MILR1, LILRB4, IL10,
IL12RB1 and CD83 identified by targeted serum proteomics could classify immune dys-
regulation in CVID in a discovery cohort and in our independent testing cohort, provi-
ding a first step towards the development of a screening tool for immune dysregulation in
CVID. Of the selected biomarkers, IL1to, IL12RB1 and CD8&3 were consistently upregulated
in the testing and the training cohorts, in contrast to MILR1 and LILRB4 which were not
reproducible in the testing cohort. This may be due to sensitivity of MILR1 and LILRB4
to batch effects or minute differences in sample handling. However, an algorithm using
only IL10, IL12RB1 and CD8&3 performed almost as well as when MILR1 and LILRB4 were
included. This is in accordance with previous findings of upregulated IL1o7®2!, [L128
and CD&3*" in CVID compared to healthy controls.

As a next step towards the application of this screening tool, the dynamics of these
serum markers in early disease need to be monitored, as this cohort included only
patients with current immune dysregulation or immune dysregulation in remission. If
these markers are upregulated before the full clinical phenotype has developed, the algo-
rithm may be used for early detection of disease, and allow for earlier intervention with
immunosuppressive therapy. Moreover, the screening tool may be further improved by
re-training and testing the algorithm on additional cohorts. To simplify the applicability
of the screening tool, further studies may choose to measure the selected biomarkers
using more widely available techniques such as enzyme-linked immunosorbent assays
(ELISA). Possibly, IL12B can substitute IL12RB1 in the model, as IL12B was also differen-
tially expressed in this study and assays may be more widely available. A limitation of the
PEA technology is that the normalized protein expression values were not converted to an
absolute concentration but could only be compared between samples in the same run. In
this study, the healthy control samples were used to correct for batch effects between the
testing and training cohorts, but this is not practical for use in the clinic. A solution would
Dbe to include standard curves for the biomarkers of interest, and/or to use a different tech-
nique such as ELISA in order to quantify these markers and identify cutoff values for the
normal range.

After merging the two cohorts, differentially expressed proteins specific for CVIDid
as a whole, and CVID with autoimmunity, GLILD and splenomegaly were identified. In
our study, IFNy-responsive cytokines CXCLg, -10 and -11 were upregulated in CVIDid,
which are instrumental in Th1 skewing*. This is in line with previous data showing
accumulating support for Thi/T follicular helper (Tfh) 1 skewing in CVIDid patients'3'.
Our data also indicates Thry activation in CVID patients with immune dysregulation,
reflected by upregulation of IL17, IL12B (the subunit for both IL12 and IL23) and CCL20o
in CVIDid, which are associated with Th1y skewing and consistent with reports in other
inflammatory disorderss2. Upregulation of IL6, which may be consistent with Th1y and
Tfh activation, was observed in both CVIDio and CVIDid compared to HC in the present
study. Other Thiy-associated cytokines such as IL21 and IL22 were not measured here.
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However, these findings are in contrast to previous studies reporting a suppression of
IL17/Th1y cells in CVID®3334. A possible alternative source for IL17 production in these
patients are a population of innate lymphoid cells that produce IL1y and IFNy that were
described in the blood of CVID patients with immune dysregulation.

In parallel to the Thi/Thry-associated inflammatory cytokines, we observed an
increase of immune regulatory proteins. The induction of IL1o often accompanies pro-
duction of pro-inflammatory cytokines in both myeloid and T helper cells, suggestive of
an (in this case insufficient) compensatory feedback loop that limits immune pathology°.
While IL1o can be produced by regulatory T cells, there was no co-upregulation of TGF-(
in this cohort, suggesting an alternative source for the IL1o, such as monocytes. Induction
of IL1o due to persistent antigen exposure can result in functional T cell exhaustion¥.
Chronic antigen exposure in CVIDid despite IgRT may be related to bacterial transloca-
tion from the gastrointestinal tract®.

LAG3, TNFRSFg (also known as 4-1BB) and CD8&3 were also upregulated in immune
dysregulation in our cohorts and may reflect a chronically activated immune state and
immune exhaustion. LAG3 is a co-inhibitory receptor that limits the proliferative capacity
of T cells and can confer suppressive properties to other T cells3+°. However, the soluble
form of LAG3 has been shown to be immune potentiating and is being investigated as
a vaccine adjuvant#. TNFRSFg also has complex effects on different cell types+>#, and
increased serum levels of soluble TNFRSFg correlate with disease severity in rheumatoid
arthritis and other autoimmune diseases, suggesting that the soluble form may act as
a decoy receptor preventing TNFSFg-mediated suppression of T cells#. Similar dynam-
ics have been described for antigen presenting cell maturation marker CD83, which is
reported to be immunosuppressive in autoimmune diseases in its soluble form?.

Taken together, the upregulation of ILio, LAG3, TNFRSF9 and CD83 in immune
dysregulation in CVID may indicate a chronic and refractory immune activated state.
Whether functional exhaustion of T cells also occurs in these patients will need to be
assessed on a cellular level. One study that investigated this in a mixed cohort of CVI-
Did and CVIDio patients reported functional exhaustion of CD4 T cells, which correlated
with serum endotoxaemia#. Authors of this study did not find upregulation of mem-
brane-bound LAG3, but do report increased surface expression of PD-14. In our study,
serum levels of PD-L1 (the ligand for PD-1) were significantly increased in CVID with
autoimmunity but did not pass the fold-change criterion (adj. p=0.029, FC=1.32).

To conclude, this study shows a promising first step in the development of a screening
tool for immune dysregulation in CVID using serum proteins IL1o, IL12RB1 and CD83
as biomarker. In addition, the immune dysregulation clinical phenotype was associated
with increased levels of Thi- and Thiy- related serum proteins, and displays a complex
immune regulatory profile that includes IL1o, LAG3, TNFRSFg and CD&3 signaling. Fur-
ther research focusing on the dynamics of these biomarkers longitudinally is necessary to
evaluate its use as an early detection screening tool for immune dysregulation in CVID.
In addition, studying the behavior of these biomarkers under immunosuppressive therapy
will indicate whether these markers can be used to monitor therapeutic response.
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SUPPLEMENTARY DATA SERUM CYTOKINES IN CVID

Differentially expressed proteins in immune dysregulation in CVID
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Supplementary figure S1A: Boxplots of differentially expressed proteins (log2 fold change
>0.58 and false discovery rate (FDR)-adjusted p <0.05) in CVID with immune dysregulation
(CvIDid, n=37) as compared to CVID with infection only CVIDio, n=40). Healthy controls (HC,
n=42) are added as reference. The horizontal line inside the box represents the median. The
whiskers represent the lowest and highest values within 1.5xinterquartile range. P-values:
Mann-Whitney U test after FDR correction.
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Differentially expressed proteins in autoimmunity in CVID
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Supplementary figure S1B: Boxplots of differentially expressed proteins (log2 fold change
>0.58 and false discovery rate (FDR)-adjusted p <0.05) upregulated in CVID with autoim-
munity (n=22) as compared to CVID without autoimmunity (n=55). Healthy controls (HC,
n=42) are added as reference. The horizontal line inside the box represents the median. The
whiskers represent the lowest and highest values within 1.5xinterquartile range. P-values:
Mann-Whitney U test after FDR correction.
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Differentially expressed proteins in GLILD in CVID
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Supplementary figure S1C: Boxplots of differentially expressed proteins (log2 fold change
>0.58 and false discovery rate (FDR)-adjusted p <0.05) upregulated in CVID with granulo-
matous-lymphocytic interstitial lung disease (GLILD) (n=10) as compared to CVID without
GLILD (n=67). Healthy controls (HC, n=42) are added as reference. The horizontal line inside
the box represents the median. The whiskers represent the lowest and highest values within
1.5xinterquartile range. P-values: Mann-Whitney U test after FDR correction.
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Differentially expressed proteins in splenomegaly in CVID
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Supplementary figure S1D: Boxplots of differentially expressed protems (log2 fold change
>0.58 and false discovery rate (FDR)-adjusted p <0.05) upregulated in CVID with splenomeg-
aly (CVID+Spl., n=17) as compared to CVID without splenomegaly (CVID-Spl., n=60). Healthy
controls (HC, n=42) are added as reference. The horizontal line inside the box represents the
median. The whiskers represent the lowest and highest values within 1.5xinterquartile range.
P-values: Mann-Whitney U test after FDR correction.
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TNFa in CVID with immune dysregulation

Patients on adalimumab
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Supplementary figure $2: Boxplots of TNF-o. in CVID with immune dysregulation (CVIDid,
n=37) as compared to CVID with infection only CVIDio, n=40). Healthy controls (HC, n=42)
are added as reference. The horizontal line inside the box represents the median. The

whiskers represent the lowest and highest values within 1.5xinterquartile range. P-values:
Mann-Whitney U test after false discovery rate correction.
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Supplementary table S1: has been added as a separate file.
Simplified biomarker list:

LE-BP1 CLEC4C FAM3B IL-17C LIF-R PTHIR
ADA CLEC4D FCRL3 IL18 LILRB4 SCF
AREG CLEC4LG FCRL6 IL-18R1 LY75 SH2B3
ARNT CLECO6A FGF-19 IL2 MASPI1 SH2D1A
ARTN CLEC7A FGF2 IL-20 MCP-1 SIRT2
AXINIT CNTNAP2 FGF-21 IL-20RA MCP-2 SITI
BACH1 CSF-1 FGF-23 IL-22 RAT MCP-3 SLAMF1
Beta-NGF CSTS FGF-5 IL-24 MCP-4 SPRY2
BIRC2 CX3CL1 FLt3L IL-2RB MGMT SRPK2
BTN3A2 CXADR FXYD5 L33 MILRI STIAI
CASP-8 CXCL1 GALNT3 IL4 MMP-1 STAMPB
CCL1 CXCL10 GDNF ILS MMP-10 STC1
CcLi9 CXCLn GLBI1 IL6 NCR1 TANK
CCL20 CXCL12 HCLS!1 IL7 NF2 TGF-alpha
CCL23 CXCL5 HEXIMI1 IL8 NFATC3 TNF
CCL25 CXCL6 HGF IRAK1 NRTN TNFB
CCL28 CXCL9 HNMT IRAKL NT-3 TNFRSFQ
CCL3 DAPPI HSDI11BI IRF9 NTF4 TNFSF14
CCL4 DCBLD2 ICAT ITGAN OPG TPSABI
CD244 DCTNI IFN-gamma ITGA6 OSM TRAF2
CD28 DDX58 IFNLR1 ITGB6 PADI2 TRAIL
CD4O DFFA IL-1 alpha ITM2A PD-LI TRANCE
CD5 DGKZ IL10 JUN PIK3API TREMI
CDhé6 DNER [L-TORA KLRD1 PLXNAL TRIM21
CD83 DPP10 I[L-TORB KPNAI PPPIR9B TRIMS
CD8A EDAR [L-12B KRT19 PRDX1 TSLP
CDCP1 EGLNI IL12RBI1 LAG3 PRDX3 TWEAK
CDSN EIF4GI IL13 LAMP3 PRDX5 uPA
CKAPL EIFSA IL-15RA LAP TGF-beta-1 PRKCQ VEGFA
CLECLA EN-RAGE IL-17A LIF PSIP1 ZBTB16

Supplementary table $2: results of genetic screening in training and testing cohort. CVI-
Did: CVID with immune dysregulation, CVIDio: CVID with infections only, VUS: variants of
unknown significance.

Pathogenic mutations found in training

VUS found in training cohort cohort

CVIDid: Heterozygote JAK3, VUS in PLCG2 CVIDio: TNFRSFI3B (TACI)

CVIDid: Heterozygote UNC13D CviDid: CTLA
CVIDid: STATI GOF

VUS found in testing cohort Pathogenic mutations found in testing cohort

cviDid: PRKDC CVIDid: TNFRSFI3B(3x)
CVIDid: PIK3RI
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Supplementary table S3A: Performance of random forest, elastic net and extreme gradient
boosting algorithms trained on training data. Area under the curve (AUC) based on Receiv-
er-Operator Curves of classification performance on testing cohort. Sensitivity and specific-

ity based on threshold selected for maximum Youden's Index.

Random Forest ElasticNet ExtremeGradientBoosting
AYC O] 072 . 071
Sensitivity 070 078 . 078
Specificity 0.71 0.71 0.67

Supplementary table S3B: standardized regression coefficients of the elastic net algorithm

ElasticNet

standardized regression coefficients

MILRI1

49.5275225

LILRB4

45.9481322

IL10

39.4471273

IL12RB1

32.5195959

CXCL10

26.8637128

BTN3A2

23.6616556

CD83

22.3648257

ILI7A

221304286

CCL19

20.07503

CXCL5

19.4975474

CLEC6A

18.9570038

LAG3

18.6745838

ILS

18.0662128

FCRL6

17.8391726

CXCLN

16.1581789

CCL20

14.5387933

IL18

13.3605353

SH2D1A

9.0432834

CD28

8.8901486

CKAPL

2.8303555

CXCL9

1.4464496

ITM2A

0.9145627

KLRD1

0.1589813
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Supplementary table $3C: standardized regression coefficients of the extreme gradient
boosting algorithm

ExtremeGradientBoosting standardized regression coefficients

MILRI 46.19873132

cD83 24.38600922
LILRBL 22.3839008T
IL10 16.60761007
CLEC6A 10.40267680
IL12RBI 0 BTS2l
CCL25 8.86002056
DCBLD2 842205401
TRANCE 6.53L58L66
cCL20 O 4H588911
ITM2A S THT85016
SH2DIA 4.86901403

s B.57302688
PSIPI 451630353
BTN3A2 439895158
CD244 3600 Oh S
KLRDI i L
CXCL1O 208361928
CD28 2.02518904

FGF.21 199971728
NCRI LBIT e
NFATC3 LTSI
cxem 10102012
FCRL6 LG0T8
X4E.BP 1279680655
CKAP4 L
KRT19 103650189
MMP. 10180330
HNMT 0 8 Sl
ccL9 084695378
CXADR 0.8U156278
ILS 0.82510050h
ccLun 0.82376997
Beta.NGF 0.8226037L
CD5 O R AN
BACHI 0.787289 05
FGF.19 0.68545008

CLECHG 0. OTHI0116
TNFB 0.64908048
TRIMS 0.6810828
IL17C 0.63148997
IL7 0.61001238
TANK 0.60665911
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ExtremeGradientBoosting

standardized regression coefficients

CXCL5 0.59876505
TGF.alpha 0.53295115
GALNT3 0.53198514
ZBTB16 0.51442105
CCL28 0.4742683
DNER 0.21160083
IFNLR1 0.20355936
MCP.3 0.20194989
GDNF 0.19465451
PIK3API 0.19146449
ITGA6 0.19084172
CDSN 0.18973834
TNF 0.18456823
MASPI 0.18163372
DPPI1O 0.17539809
MCP.2 0.17471131
HEXIMI1 0.17235877
IL.TORA 0.16277171
PTHIR 0.16087889
HSD11B1 0.1604582
EIFLCI 0.16014179
EDAR 0.15683554
CST5 0.15533562
PLXNAL 0.14730777
CLEC7A 0.14674432
LAG3 0.13184895
CXCL9 0.12793841
IFN.gamma 0.1270753
CCL4 0.1263282
MGMT 0.1117052
ITGAN 0.09234367
NT.3 0.0868073
CCL3 0.08641593
LAP.TGF.beta.l 0.08193079
CLEC4A 0.07763499
EN.RAGE 0.07434307
TRAIL 0.07028783
LIF 0.06844958
IL8 0.06356907

4y



Inflammatory pathways in CVID with immune dysregulation

Supplementary table S4: post-hoc analysis assessing the prediction accuracy of reduced
combinations of the classifying model on the testing cohort. AUC: area under the curve

AUC sensitivity specificity
WIHL1O+IL12RBI+CDB3 0.765 0.786 0708
WINL1O+IL12RBI 0.772 79 0O
_IL10+CD83 0.741 670 678
_IL12RB1+CD83 0.748 0739 0625
1L10 0.743 0826 0625
_IL12RB1 0.730 0.870 0500
CD83 0.728 0.826 0.583
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ABSTRACT

Purpose

Immune dysregulation complications cause significant morbidity and mortality in com-
mon variable immunodeficiency (CVID), but the underlying pathophysiology is poorly
understood. While CVID is primarily considered a B-cell defect, resulting in the charac-
teristic hypogammaglobulinemia, T-cells may also contribute to immune dysregulation
complications. Here, we aim to further characterize T-cell activation and regulation in
CVID with immune dysregulation (CVIDid).

Methods

Flow cytometry was performed to investigate T-cell differentiation, activation and intra-
cellular cytokine production, negative regulators of immune activation, regulatory T-cells
(Treg), and homing markers in 12 healthy controls, 12 CVID patients with infections only
(CVIDio) and 20 CVIDid patients.

Results

Both CD4+ and CD8+ T-cells in CVIDid showed an increased activation profile (HLA-DR+,
KiG7y+, IFNy+) when compared to CVIDio, with concomitant upregulation of negative reg-
ulators of immune activation PD1, LAG3, CTLA4, and TIGIT. PD1+ and LAG3+ subpopu-
lations contained equal or increased frequencies of cells with the capacity to produce IFNy,
Ki6Gy, and/or GzmB. The expression of PDr1 correlated with serum levels of CXCLg, 10
and 11. Treg frequencies were normal to high in CVIDid, but CVIDid Tregs had reduced
CTLA-4 expression, especially on CD27+ effector Tregs. Increased migratory capacity to
inflamed and mucosal tissue was also observed in CVIDid T-cells.

Conclusion

CVIDid was characterized by chronic activation of peripheral T-cells with preserved
inflammatory potential rather than functional exhaustion, and increased tissue migratory
capacity. While Treg numbers were normal in CVIDid Tregs low levels of CTLA-4 indicate
possible Treg dysfunction. Combined studies of T-cell dysfunction and circulating inflam-
matory proteins may direct future treatment strategies.

Key words (4-6)

Immune Dysregulation

Common Variable Immunodeficiency (CVID)
T-cells

Immune exhaustion

Regulatory T-cells

Autoimmunity
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INTRODUCTION

Common Variable Immunodeficiency (CVID) is characterized by recurrent infections
caused by low immunoglobulin (Ig)G, and IgA or IgM!, for which patients are treated
with immunoglobulin G replacement therapy (IgRT)?. IgRT has significantly decreased
the risk of infectious complications in CVID, but nonetheless over a third of patients
develop immune dysregulation complications®4, resulting in significant morbidity and
mortality 5. A wide range of immune dysregulation phenomena can be observed in CVID,
including granulomatous-lymphocytic interstitial lung disease (GLILD), enteritis, autoim-
mune cytopenias, lymphoproliferation and hematological malignancies#?. The underlying
pathophysiology of immune dysregulation in CVID is currently poorly understood, which
complicates diagnostics and treatment®9.

While the defining hypogammaglobinemia in CVID is considered to be primarily the
result of B-cell dysfunction, several lines of evidence suggest an additional role for T-cells
in CVID with immune dysregulation (CVIDid). Biopsies of lung granulomas in CVIDid
show predominance of CD4+ T helper (Th) cells*", while regulatory T-cells (Tregs) are
often absent®. In peripheral blood of patients with CVIDid, a decreased CD4/CDS8 ratio
was observed with decrease of naive T-cells'?, Tregs, Thry cells, and follicular helper T (Tfh)
cells™4. Moreover, there are indications that CVID T-cells may be functionally exhausted,
including reduced capacity to respond to bacterial antigens and increased expression of
PD15. Our group and others have previously demonstrated that serum cytokines in CVI-
Did78 are shifted towards a Thi1 phenotype, and we observed an upregulation of proteins
associated with immune regulation — IL1o, LAG3, and 4-1BB. Monogenic primary immu-
nodeficiencies caused by mutations in immune regulation genes such as CTLA4" and
ICOS?° often result in a CVIDid phenotype. However, how the interplay between immune
regulation and immune activation results in CVIDid remains poorly understood.

To further study the balance between immune activation and immune regulation
in CVIDid, we used flow cytometry to evaluate naive T-cell subsets, T-cell activation and
cytokine production, exhaustion, negative regulators of immune activation, regulatory
T-cells, and T-cell homing markers.

METHODS

Ethics statement

Ethical approval for this study for all participants was received from the Medical Ethical
Committee of the Erasmus MC University Medical Center in Rotterdam, the Netherlands
(METC: 2013-026). Written informed consent was obtained from all patients and controls
according to the Declaration of Helsinki.

Study population and sample collection
Patients were diagnosed with CVID according to the European Society for Immunode-
ficiencies criteria' and were included at the outpatient clinics of the UMC Utrecht and
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the Erasmus MC University Medical Center Rotterdam, the Netherlands. Patients were
eligible if they were aged seven or older, and they and/or their legal guardians signed
informed consent. Household members of patients were recruited as healthy controls
(HC). Medication use up to three months prior to sampling was recorded.

Sample processing

Peripheral blood mononuclear cells (PBMC) were isolated from blood by ficoll-density
centrifugation (GE Healthcare-Biosciences, AB), and frozen at -180°C until use. Cells were
subsequently thawed, counted and plated at 1,000,000 live cells per panel per sample. For
the panels including intracellular cytokine measurement, cells were first restimulated
with 20 ng/mL phorbol 12-myristate 13-acetate (PMA, MilliporeSigma) and 1 pg/mL ion-
omycin (MilliporeSigma) for 4 hours at 37°C with addition of Monensin (Golgistop, BD
Biosciences, 1:1500) during the last 3.5 hours. Cell death was stained in all panels using
Fixable Viability Dye eFluor 506 (eBioscience). Next, cells were incubated with the surface
antibodies (Supplementary Table 1) for 20 minutes at 4°C and washed. Cells were then
permeabilized with fixation / permeabilization reagent (eBiobsience) for 30 minutes at
4°C, washed, and incubated with the intracellular antibodies (Supplementary Table 1).
Cells were stored at 4°C until the next day, when they were measured on the LSR Fortessa
(BD Biosciences).

Analysis and statistics

For flow cytometric data, median fluorescence intensities (MFI) and percentages of posi-
tive cells were analyzed in FlowJo. All statistical analyses and graphic representations were
done in R 3.2.0 2'. Continuous variables were compared using the Mann-Whitney rank
test, or paired Wilcoxon-Rank test for paired samples. Correlation was calculated using
Spearman’s correlation. P values below o0.05 were considered statistically significant.

RESULTS

The overall T-cell profile of CVIDid patients differs from CVIDio and HC

To investigate immune activation and regulation in CVID, PBMC were isolated from
12 healthy controls (HC), 12 CVID patients with infections only (CVIDio), and 20 patients
with CVIDid (Table 1). Patients were selected from a cross-sectional Dutch primary immu-
nodeficiency cohort when they received IgRT and did not use any immunomodulatory
medication during and the last 3 months prior to sampling. Three of the CVIDid patients
had a known CVID-associated monogenetic disease (CTLA4 haploinsufficiency, STAT1
gain of function and PIK3R1). Flow cytometry was performed as described in the supple-
mentary information (see also Supplementary Table 1 and Supplementary Figures 1-4).
First, pooled flow cytometry data was analyzed in an unsupervised manner using princi-
pal component analysis (PCA, Figure 1A). CVIDio and HC clustered closely together and
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Table 1: cohort characteristics. HC: healthy control. CVIDio: CVID with infections only. CVI-
Did: CVID with immune dysregulation. I1QR: interquartile range. DMARD: disease modifying
anti-rheumatic drug. VUS: variant of unknown significance.

Summary Statistics HC (n=12) CVIDio (n=12) cVIDid (n=20)

Characteristics

age (median, 1QR) 455'9'”(50.25‘ 52.00) 38.50 (29.00,58.25) 38.50 (35.75, 43.50)
5 (41.67%) 4 (33.33%) n(s5.00%
9 (75.00%) 11 (91.67%) 15(75.00%)
0 (0.00%) 3 (25.00%) 8 (40.00%)

immunosuppressive 0 (0.00%) 0 (0.00%) 0 (0.00%)

T O OO O e

IgA <0.1 g/L 0 (0.00%) 2 (16.67%) 13 (65.00%)

Immune dysregulation complications

Pulmonary 0 (0.00%) 0(0.00%) 8 (4b0.00%)
0 (0.00%) 0(0.00%) 2(10.00%
0 (0.00%) 0 (0.00%) 8 (t0.00%)
0 (0.00%) 0(0.00%) 6(30.00%)
0 (0.00%) 0(0.00%) 4(20.00%)
0 (0.00%) 0(0.00%) 2(10.00%)

Lymphoproliferation (incl 0 (0.00%) 0 (0.00%) 10 (50.00%)

P OGOy ) e
Other 0 (0.00%) 0 (0.00%) 4 (20.00%)
DMARD-naive / subclinical NA NA 12 (60.00%)
disease
Disease in remission NA NA 8 (40.00%)

Genetics
Not done 12 (100.00%) 12 (100.00%) 12 (60.00%)
0 (0.00%) 0(0.00%) 2(10.00%) ...
0 (0.00%) 0(0.00%) 2(10.00%) ...
Pathogenic mutations found 0 (0.00%) 0 (0.00%) 3(15.00%) +
TNFRSF13B (TACI)
mutation

were distinct from most CVIDid samples. This suggests that most variation in the flow
cytometric T-cell data related to immune dysregulation and not to the hypogammaglob-
ulinemia shared by CVID patients. CVIDid patients did not cluster by treatment history
or location of autoimmunity (Supplementary Figure 5), suggesting that peripheral blood
T-cell skewing may be generalized among CVIDid patients.

CVIDid T-cells are Th-1 skewed and chronically activated

Next, the distribution of CD4+ and CD8+ T-cell subsets in CVIDid was assessed. Fre-
quencies in CD4+, CD8+ and naive/memory subsets were similar to that reported in pre-
vious studies>2*: a decreased CD4/CD8 ratio (Figure 1B), and a trend of decreased naive
(CD45RA+CCR7+) CD4+ T-cells in CVIDid compared to CVIDio (p=0.07) (Figure 1C).
In addition, a subset of CVIDid patients showed a high percentage of CD4+ T effector
memory cells, and CD4+ T effector memory cells re-expressing CD45RA (TEMRA), which
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Figure 1: General description of T-cell subsets in CVID. A) Principal component analysis
of FACS data (all panels combined). B) CD4+ and CD8+ T-cells. €) naive (CD45RA+CCR7+),
central memory (CM: CD45RA-CCR7+), effector memory (EM: CD45RA-CCR7-) and terminally
differentiated effector memory cells (TEMRA: CD45RA+CCR7-) in CD4+ T-cells. CVIDid = CVID
with immune dysregulation (n=20), CVIDio = CVID with infections only (n=12), HC = healthy
controls (n=12). Statistics: Mann-Whitney U-test. * p<0.05, ** p<0.01, *** p<0.001.

are associated with chronic activation such as observed in viral infections® (Figure 1C).
Within the naive CD4+ T-cells, CD31+ recent thymic emigrants were more abundant in
CVIDid than the CD31- central naive T-cells (Supplementary Figure 6). No differences in
CD&+ T-cell distribution were observed (Figure 1C).

Within the effector/memory (CD45RO+) subpopulation, proportions of CD4+ T-cells
expressing HLA-DR, Ki67 and IFNy were significantly increased in CVIDid, while IL17a,
IL13, and TNF-a expressing T-cells were not different between CVIDid and CVIDio (Fig-
ure 2A). A similar activation pattern was observed in the CD8+ effector memory popula-
tion for HLA-DR, Ki67 and GzmB (Figure 2B).We previously described” serum cytokine
and chemokine levels in an overlapping cohort, allowing comparison between soluble
serum markers and T-cell characteristics. Pooling the data from HC, CVIDio and CVI-
Did, we observed that the proportion of IFNy+ Th cells correlated with serum levels of
interferon-inducible chemokines CXCLg, 10, and 11 (Figure 2C). While we observed an
increase of serum IL17a in CVIDid, there was no corresponding increase of IL17a-produc-
ing Th cells, and the frequency of these cells did not correlate with the serum IL17a levels
(Supplementary Figure 7).
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Figure 2: Expression of activation markers HLA-DR, Ki67 and GzmB, and of intracel-
lular cytokines after PMA/ionomycin stimulation: IFNg, TNFa, IL-13 and IL-17a. A) in
CDu+CDu5RO+ T-cells, B) in CD8+ CDu45RO+ T-cells. CVIDid = CVID with immune dys-
regulation (n=20), CVIDio CVID with infections only (n=12), HC healthy con-
trols (n=12). Statistics: Mann-Whitney U-test. * p<0.05, ** p<0.01, *** p<0.00l.
C) %IFNg+ CD4+ T-cells correlate with serum levels of CXCL9, CXCLIO and CXCLI1. Statistics:
Spearman correlation.

53



Part | | Chapter 3

30 T s 15 60 B
15 30 % e HC
+20 + . ’140 CVIDio
a G 10 . G © CvIDid
e < 9
< § . § o STATI
. . .
10 5 ' - . 20 A CTLA4
+ PIK3R1
L] ' .
AO 0 | : -+ .
HC CVIDio CVIDid HC CVIDio CVIDid HC CVIDio CVIDid HC CVIDio CVIDid HC CVIDio CVIDid
HC CVIDio CVIDid 30 HC CVIDio CvIDid
P e P ok e *rx
60;
+ 20
Z 40 S
£ °
L x
20 210
0 0
PD1- PDI1+ PD1- PD1+ PD1- PDI1+ PD1- PDI+ PD1- PD1+ PD1- PDI+
100 HC CVIDio CVIDid 30 HC CViDio CviDid
* e
KR *
75
+ +20
£ 50 / 5
<
2 . / -/é g 7= 210 %
g © 0 o é é
LAG3- LAG3+ LAG3- LAG3+ LAG3- LAG3+ LAG3- LAG3+ LAG3- LAG3+ LAG3- LAG3+
"
—
—
“ “
= 20 = 10004
3 3
- = 90{
. 500:
9| 15 & 3l 4 5 %00
212 2 B 2
3|8 . 5] 218 80l S 800
2| 210 : T gl T
x| & . = iy =
5] 400 =y 700
£l s 21 7of
£ . £ 600.
2 et s
[ 0 . 60 H 500. .
HC CVIDio CVIDid HC CVIDio CVIDid HC CVIDio CVIDid HC CVIDio CVIDid
10,
5 12
< £10 g 2
24 2 2l £9
= 2 =4 =
| 9 a0 |
= < 9 8
€3 [eF % g
2 g £9 H
Q
Y2 g 2 57
% L
1 6% o t
R=0.66, p=1.2¢-06 g R=0.74, p=1.3e-08 o R=0.5, p=0.00056 R=0.53, p=0.00027
0 10 20 30 10 20 30 0 10 20 30 0 10 20 30
D %PD1+ CD4+CD45RO+ T-cells %PD1+ CD4+CD45RO+ T-cells %PD1+ CD4+CD45RO+ T-cells %PD1+ CD4+CD45RO+ T-cells

Figure 3: Negative regulators of immune activation in CVID. A) proportions of PDI1, LAG3,
CTLAL, ICOS and TIGIT in CD4+CD45RO+ T-cells B) percentage and median fluorescence
intensity of CD95 (FAS-L) in ndive (CD45R0-) and effector-memory (CD45R0+) CD4+ T-cells
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were included. D) Spearman correlation between PD1 and IL10, CXCL9, CXCLIO or CXCLI1. CVI-
Did = CVID with immune dysregulation (n=20), CVIDio = CVID with infections only (n=12), HC
= healthy controls (n=12). Statistics (A&C): Mann-Whitney U-test. Statistics B: paired Wilcox-
on-Rank test. * p<0.05, ** p<0.01, *** p<0.001.
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T-cells expressing negative regulators of immune activation retain their
inflammatory potential in CVIDid

Next, we investigated whether this immune activation resulted in immune exhaustion in
CVIDid, which is known to happen in the context of chronic inflammation2+. In CVIDid
CD4+-cells, we observed an increased proportion of cells expressing negative regulators of
immune activation PD1, LAG3, CTLA4, ICOS and TIGIT (Figure 3A). In addition, CVIDid
CD4+T-cells expressed higher levels of CDg5 (FAS-L), showing that they are terminally
differentiated and may be more prone to apoptosis (Figure 3B). In CD8+ T-cells, LAG3,
CTLA4, ICOS and TIGIT, but not PD1 and CDgs, were similarly increased in CVIDid
(Supplementary Figure 8).

In order to assess whether the PD1 and LAG3 expressing cells were functionally
exhausted, production of IFNy, GzmB, Ki67 and CD95 was compared between the PD1/
LAG3+ and PD1/LAG3- populations (Figure 3C and Supplementary Figure 9). In CD4+
T-cells, the PD1+ and LAG3+ subpopulations showed equal or increased expression of IFNy,
Ki67, and/or GzmB as the PD1- and LAG3- subpopulations, indicating retained functional
capacity. Expression of PD1 correlated with serum levels of pro-inflammatory CXCL9), 10,
and 11 as well as immune regulatory IL1o (Figure 3D), further illustrating the association
between PD1 and chronic inflammation. In CD8+ T-cells, IFNy and GzmB expression was
also intact in PD1+ and LAG3+ cells, but KiGy+ cells were less frequent in the LAG3+ sub-
population, indicating reduced proliferative capacity (Supplementary Figure 10).

CVIDid regulatory T-cells fail to upregulate CTLAL

In addition to negative regulators of immune activation, regulatory T (Treg) cells also
contribute to limiting inflammation-related pathology. In contrast to previous studies,
we did not observe a decreased proportion of CD25+FOXP3+ Tregs in CVIDid, and a sub-
group of CVIDid patients had even increased Treg frequencies (Figure 4A). ICOS expres-
sion in CVIDid Tregs also indicated normal to increased activation®® of Tregs (Figure 4B),
but CTLA4 expression was reduced in CVIDid Tregs, both in cell frequency as MFI in
the CTLA4 positive population (Figure 4B). The failure to upregulate CTLA4 in CVIDid
Tregs was isolated to the activated and usually highly suppressive*” CD27+ Treg popu-
lation (Figure 4C), and may result in reduced Treg function, as expression of CTLA4 is
important for the suppressive function of Tregs®®. In addition, a subpopulation of CVIDid
patients showed low levels of TIGIT-expressing Tregs, which may impair TIGIT-driven
selective suppression of Thr and Thi?y effector cells®.

Increased migratory capacity in CVIDid T-cells

The immune dysregulation of most CVIDid patients occurs not only in the systemic
immune system, but also locally in affected tissues, which are often mucosal sites
(lung and/or gut). Expression of the mucosal homing marker CCRg was increased on
naive CD4+ and CD8&+ populations of CVIDid T-cells (Figure 5A), but not on non-naive
(CD45RA-) CD4+ T-cells (Figure 5B), suggesting that this upregulation was at least not
entirely antigen-driven. CVIDid CD8+ non-naive (CD45RA-) T-cells (Figure 5C) did also
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Figure 4: regulatory T-cells in CVID A) Gating strategy and proportion of CD25+FOXP3+
T-cells within CD4+ population. B) Expression of CTLAL, ICOS, TIGIT and T-BET in the Treg
population. €) Decreased fraction of CTLA4+ Tregs was confined to the CD27+ population.
CVIDid = CVID with immune dysregulation (n=20), CVIDio = CVID with infections only (n=12),
HC = healthy controls (n=12). Statistics: Mann-Whitney U-test. * p<0.05, ** p<0.01, *** p<0.00]1.

show increased expression of CCRg as well as integrin o4f1, which mediates homing
to inflamed tissues, including the lung. CVIDid FOXP3+CD4+ T-cells (Figure 5D) also
showed increased migratory capacity, as they were enriched for cells expressing integrin
041 and gut-homing marker integrin o4(37.

Patterns of T-cell dysregulation in CVIDid patients with GLILD

Finally, in order to illustrate patterns of T-cell immune dysregulation in individual patients
with varying severity of specific immune dysregulation phenotypes, we selected markers
most strongly associated with (chronic) immune activation in CD4+ T-cells (HLA-DR,
Ki6y, IFNy, and IFNy in PD1+ and LAG3+, PD1+, LAG3+, TEMRA and CDgs5) and immune
regulation (Tregs, CTLA4 in Tregs, MFI of CTLA4 in Tregs, TIGIT in Tregs, ICOS in
Tregs, and CTLA4 in CD4+ T-cells) in CVIDid. We investigated these in five patients
with GLILD (Figure 6), ranging from stably mild radiographic GLILD without lung func-
tion deterioration (patients 1 and 2), to clinical GLILD that required immunosuppressive
treatment shortly after sampling (patients 4 and s5). In patients 1-4, immune activation
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Figure 5: Migratory capacity in CVID: A) in CCR7+CD45RA+ naive CD4 and CD8+ T-cells. B) in
non-naive CD45RA- CD4+ T-cells, €) in non-naive CD45RA- CD8+ T-cells, D) in FOXP3+ CDL4+
T-cells. CVIDid = CVID with immune dysregulation (n=20), CVIDio = CVID with infections only
(n=12), HC = healthy controls (n=12). Statistics: Mann-Whitney U-test. * p<0.05, ** p<0.01, ***

p<0.001.
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Figure 6: Patterns of CD4+ T-cell activation: % of HLA-DR, Ki6é7, IFNg, IFNg in the PD1+ popula-
tion and the LAG3+ population, %PD1, %LAG3, %CDL45RA+CCR7- (TEMRA) cells and % of CD95.
And patterns of T-cell regulation:%CD25+FOXP3+ Treg, %CTLAL in Treg, MFI of CTLAL in Treg,
%TIGIT in Treg, %ICOS in Treg, %CTLAL4 in CD4+ T-cells in five patients with GLILD. Red line
indicates individual patient legends, gray shaded area indicates the median for the CVIDio
group. Axis ranges are the minimum and the maximum for that marker for the entire cohort.

MFI: median fluorescence intensity. GLILD: granulomatous-lymphocytic interstitial lung dis-
ease, VUS: variant of unknown significance. ITP: idiopathic thrombocytopenia purpura. RTX:
rituximab. AZA: azathioprine. MMF: mycofenolate mofetil, SCT: stem-cell transplantation.
GOF: gain of function.

increased with severity of disease. In patient 3, who at time of sampling had subclinical
GLILD that exacerbated three years later, as well as patients 4 and 5, the median fluores-
cence intensity of CTLA4 on Tregs was decreased, which was not observed for the two
subclinical GLILD patients that remained stable (1 and 2). Patient 4 with STATI GoF,
who required treatment for GLILD shortly after sampling, showed high levels of immune
activation and PDr1 expression, and low Treg functional markers. Finally, patient 5 with
CTLA4 haploinsufficiency demonstrated low CTLA 4 expression on Tregs as expected, but
also low T-cell activation (HLA-DR, KiG7 and IFNy) in peripheral blood, despite progres-
sive GLILD and the need for treatment shortly after sampling.

DISCUSSION

In this study, we showed that T-cells in patients with CVIDid were more often activated, pro-
liferating and Thi-skewed than those of patients with CVIDio. In addition, more CVIDid
T-cells expressed immune co-inhibitory receptors PD1, LAG3, CTLA4, ICOS and TIGIT,
and these cells retained their inflammatory properties. Chronic activation was observed
in both the CD4+ and CD8+ compartment. In the Treg compartment we observed low
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CTLA4 expression in CVIDid, while ICOS expression remained intact. Finally, CVIDid
T-cells showed increased migratory capacities to mucosal tissues.

High T-cell activation and Th-1 skewing in CVIDid were consistent with previous
studies™>*®. In addition, we did not observe increased frequencies of IL17-producing T-cells,
despite our previous finding of increased IL-17a in serum of the same patients sampled at
the same time. This supports the hypothesis for an alternative source of IL17a production
in CVIDid, such as type-3 ILCs3°.

Previous studies have also reported increased PD1 expression in CVID, and inter-
preted this as a sign of functional exhaustion and impaired T-cell function’™3, However,
we observed that the PD1- and LAG3- expressing cells in CVIDid retained the capacity
to produce pro-inflammatory cytokines and to proliferate, and thus were not function-
ally exhausted. Upregulation of negative regulators of co-stimulation has been sug-
gested to be a mechanism to limit inflammation-related damage to tissues in settings
of chronic inflammation, while maintaining the ability to respond to pathogens 2. In
CVIDid, however, it is possible that this compensatory response is insufficient in severe
states of immune dysregulation and that these chronically activated cells still contribute
to immune dysregulation-related pathology.

In addition to this chronically activated T-cell state, we observed a decreased ability of
Tregs to upregulate CTLA4, while CTLA4 expression was increased in the whole CD4+
population. Expression of CTLA4 by Tregs is an important mechanism by which Tregs
mediate their suppressive function®. Clinical CTLA4 haploinsufficiency often results in
a CVIDid phenotype with hypogammaglobulinemia and autoimmune disease, and func-
tional Treg dysfunction has been described®. In this study, the T-cell profile of the patient
with CTLA4 haploinsufficiency was often not very different from the other non-genetic
CVIDid patients. Therefore, the expression of CTLA4 in Tregs of non-genetic CVIDid
patients may be relevant to the overall underlying pathophysiology of CVIDid and war-
rants further research. A recent study shows that abatacept, a CTLA4 fusion protein, was
safe and effective in the treatment of CVIDid with interstitial lung disease34. As the popu-
lation of CVIDid patients with low CTLA4+CD27+Tregs represented a mix of patients with
pulmonary inflammation but also other organ-specific autoimmunity (data not shown),
abatacept may be efficacious in other CVIDid patients as well. In addition, longitudinal
monitoring of CTLA4 Treg expression in CVIDid may indicate whether it can be used as
a biomarker for disease exacerbation and/or therapeutic response.

Despite these overall differences between CVIDid and CVIDio, the heterogeneity
within the CVIDid group was substantial. Subgroup analyses of patients with organ-spe-
cificautoimmunity did not yield insightful patterns, except that GLILD patients were often
more extreme in all observed differences (data not shown). In addition, disease severity
did not always reflect immune activation. For example, the patient with CTLA4 haplo-
insufficiency did not show an inflammatory state in peripheral blood, while the patient
that had the strongest IFNy signature combined with low immune regulation markers
(Supplementary Figure 11) was clinically sTable and did not require immunosuppressive
therapy. It is possible that the peripheral blood immune phenotype only gives limited
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information thatis clinically relevant, as T-cells may have migrated to the inflamed tissues
in the sickest patients. In addition, this study may be limited by sample size to detect dif-
ferences between subgroups of CVIDid. One other aspect that this study does not address
is differences in absolute T-cell numbers. A recent study showed that while absolute T-cells
are often lower in CVID, they do not differ between CVIDio and CVIDid5.

To conclude, these results indicate that CVIDid Th cells are highly activated, and
that, unlike in classically exhausted cells such as originally described in chronic viral
infection and cancer®?, PD1 and LAG3 expression in CVIDid CD4+ T-cells reflects chronic
activation with preserved inflammatory potential rather than functional exhaustion, sim-
ilar to previous findings in human auto-immune inflammation?+. Combined studies of
T-cell dysfunction and circulating inflammatory proteins in peripheral blood may help
predict response to T-cell targeted therapies in individual CVIDid patients. Moreover, loss
of CTLA4 upregulation in activated CVIDid Tregs may be mechanistically important in
maintaining the inflammatory loop in CVIDid, and warrants further research.
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Supplementary Figure 8: Proportions of negative regulators of immune activation PDI1, LAG3,
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U-test. * p<0.05, ** p<0.01, *** p<0.001.
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Supplementary Figure 9: Comparison of percentage of GzmB+ and CD95+ cells in PD1 and
LAG3 positive and negative populations in CD4+CD45R0O+ T-cells. Only samples with >50
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healthy controls (n=12). Statistics: paired Wilcoxon-Rank test. * p<0.05, ** p<0.01, *** p<0.001.
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Supplementary Figure 10: Comparison of percentage of IFNy+, GzmB+, Ki67+ and CD95+
cells in PD1 and LAG3 positive and negative populations in CD8+CD45RO+ T-cells. Only
samples with >50 events in the PDI/LAG3 positive and PDI/LAG3 negative populations were
included. CVIDid = CVID with immune dysregulation (n=20), CVIDio = CVID with infections
only (n=12), HC = healthy controls (n=12). Statistics: paired Wilcoxon-Rank test. * p<0.05, **
p<0.01, *** p<0.001.
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Supplementary Figure 11: Patterns of CD4+ T-cell activation and T-cell regulation in a patient
with high immune activation markers but mild clinical phenotype. Coeliac disease, Sjogren-
like disease, autoimmune gastritis, not requiring immunosuppressive therapy. Genetics
were done but no relevant mutations were found. MFI: median fluorescence intensity.
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Supplementary Table 1: FACS staining antibody list

Fluoro-
Antibody chrome Company Panel
Surface
CCR7 PE eBioscience Homing/naive
CCRO APC Biolegend Homing/naive
CD137 (4-1BB) APC BD Exhaustion
cbz2s PE-Cy7 BD Treg
CcD27 APC-eF780 eBioscience Treg
CD3 AF700 Biolegend Exhaustion, Treg
¢cos BV605 Biolegend Th skewing, Homing/Naive
co3r FITC BD Homing/naive
CD4 BV785 Biolegend Exhaustion, Th skewing, Homing/Naive
"""""" Treg
CD45RA BV71 Biolegend Homing/naive
CD45RO ECD Beckman Coulter Exhaustion, Th skewing
¢cbsg APC-Cy7 BD Th skewing, Homing/Naive
CDh8a PerCP-Cy5.5 Biolegend Exhaustion
eFluor450 eBioscience Exhaustion
BVL421 Biolegend Th skewing
AF6L7 eBioscience Treg
PE-Cy7 Biolegend Homing/naive
AF700 Biolegend Homing/naive
PerCP-Cy5.5 Biolegend Homing/naive
PE R&D Systems Exhaustion
BV71 BD Exhaustion
PerCP-eF710 eBioscience Treg
TNF APC Biolegend Th skewing
Intracellular
CTLA-4 PE BD Treg
FOXps eFL450 eBioscience Homing/naive, Treg
GzmB APC-Fire750 Biolegend Exhaustion
IFNy PE-Cy7 BD Exhaustion
s PerCP-Cy5.5 Sony Biotechnology Th skewing
i-17a PE eBioscience Th skewing
Kie7 FITC Dako (Agilent) Exhaustion, Th skewing, Treg
T-BET PE-CF594 BD Treg
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ABSTRACT

Common variable immunodeficiency (CVID) is an immune disorder that not only causes
increased susceptibility to infection, but also to inflammatory complications such as
autoimmunity, lymphoid proliferation, malignancy and granulomatous disease. Recent
findings implicate the microbiome as a driver of this systemic immune dysregulation.
Here, we critically review the current evidence for a role of the microbiome in the patho-
genesis of CVID immune dysregulation, and describe the possible immunologic mecha-
nisms behind causes and consequences of microbial dysbiosis in CVID. We will integrate
this evidence into a model describing a role for the gut microbiota in the maintenance
of inflammation and immune dysregulation in CVID, and suggest research strategies to
contribute to the development of new diagnostic tools and therapeutic targets.
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COMMON VARIABLE IMMUNODEFICIENCY AND THE MICROBIOME

Common variable immunodeficiency (CVID) is the most common symptomatic primary
immunodeficiency and classically manifests either in childhood or adulthood with recur-
rent respiratory tract infections that often result in structural pulmonary damage'. The
diagnostic criteria (see box 1) for this clinically heterogeneous primary immune deficiency
include a marked decrease in multiple classes of immunoglobulins, as well as impaired
vaccination responses®. Alternative diagnostic criteria are also in use3, reflecting the heter-
ogeneity of the disease and complicating the comparability of research. Similar to autoim-
mune and autoinflammatory diseases, genetic susceptibility loci have been identified (in
less than 10% of cases*. Although these cases provide genetic insights into disease patho-
genesis, the role of environmental factors is possibly critical and still largely unclears.

In addition to immunodeficiency, more than half of all CVID patients develop non-in-
fectious complications such as lymphoproliferative disease, granulomatous disease,
malignancies, or autoimmunity (see box 2)°, causing significant morbidity and mortal-
ity7®. These complications suggest an underlying state of immune dysregulation that may
result from chronic systemic immune activation, which has been suggested to be a conse-
quence of increased microbial translocation in CVID972,

In the gut, the mucus layer reduces contact between microorganisms, epithelial cells
and the immune cells that patrol the gastrointestinal system®. The relative compartmen-
talization allows the immune system to interact with the gut microbiota through regular
sampling®. This communication between the two compartments occurs bi-directionally:
the immune system influences the composition of the microbiota'4, and the gut microbi-
ota directs immune maturation and is necessary for immune tolerance and homeostasis®.

In case of dysbalance in immune function, the resulting impaired surveillance of
the gut could result in increased microbial translocation across the gut barrier. In turn,
microbial translocation can cause dysregulation of the systemic immune response, lead-
ing to a vicious cycle in which the immune system and the microbiota move further away
from homeostasis. In addition, (local) inflammation may further exacerbate gut leaki-
ness™, causing more translocation and resulting inflammation. The process by which
impaired immunosurveillance can lead to systemic immune activation through microbial
translocation was first shown in patients with chronic human immunodeficiency virus
(HIV) infections”, but has been suspected to play a role in other immunodeficiency syn-
dromes as well, including CVID9". However, shifts in human microbiota composition
mediated by immune deficiencies such as CVID, and the possible role for microbiome in
the pathogenesis of this disease are still poorly understood processes. In this review, we
discuss by which mechanisms CVID may lead to microbial dysbiosis, and how this can
result in immune dysregulation. In this model,an individual prone to develop CVID can
progress to disease when impaired immunosurveillance of the gut leads to an unbalanced
gut microbiome and/or increased bacterial translocation (see figure 1). This can drive sys-
temic immune activation, leading to immune dysregulation and the associated clinical
complications.
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Box 1: CVID diagnostic criteria: Diagnostic criteria of CVID as defined by the European Society for
Immunodeficiencies (ESID) and the Pan-American Group for Immunodeficiency (PAGID) %

Onset of immunodeficiency at greater than 2 years of age
Absent isohemagglutinins and/or poor response to vaccines
Defined causes of hypogammaglobulinemia have been excluded
and

Marked decrease of IgG AND IgM or IgA: probable CVID

Marked decrease of IgG OR IgM OR IgA: possible CVID

These criteria are the most widely accepted and are used in the studies discussed in this
article. However, there is some discussion in the field as to whether these criteria are up-to
date. The ESID criteria have been revised in 2014 to reflect the immune dysregulation pheno-
type as part of CVID®.

Alternative criteria have been proposed by Ameratunga et al.?, which are more extensive,
providing additional diagnostic tests that can be used to support the diagnosis of CVID.
These include reduced memory B cell subsets and/or increased CD21low subsets, IgG3 defi-
ciency, serological evidence of significant autoimmunity (e.g. Coombs test) and sequence
variations of genes predisposing to CVID*.

Box 2: CVID immune dysregulation phenotype (prevalence) ¢779-8

CVID with one of the following (total: 51-72% of patients with CVID):
Autoimmune disease (23-48%)

- autoimmune hemolytic anemia, autoimmune thrombocytopenia, vitiligo, pernicious
anemia, systemic lupus erythematosus, rheumatoid arthritis, antiphospholipid syn-
drome, anti IgA antibody disease, juvenile idiopathic arthritis, Sjogren's disease, psoria-
sis, thyroiditis, uveitis, vasculitis

Lymphoproliferative (<20-28%) and granulomatous disease (8-33%)
- systemic: polyclonal lymphoid infiltration, granulomatous inflammation
- lung (granulomatous lymphocytic interstitial lung disease)
- splenohepatomegaly
- gastrointestinal tract (lymphocytic enteropathy)

Malignancy (7%)
- lymphoid malignancy
- Other

EVIDENCE FOR A POTENTIAL ROLE OF THE HUMAN MICROBIOME IN
PATHOGENESIS OF CVID

The human microbiome interacts with the systemic immune system broadly in two ways
3; 1. the microbial community is regularly sampled by immune cells; 2. bacteria cross the
gut epithelium and can expose the systemic immune system to microbial components
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Figure 1: control of the microbiota in health and CVID

Normal control of the microbiota (above):

(1) Presence of IgA in the gut lumen is important in maintaining a diverse and balanced
microbiome.***' (2) IgA promotes expulsion of pathogenic bacteria®® and confers immuno-
logical tolerance to commensals**“. (3) IgA helps keep the gut barrier intact by protecting
against infections. (4) in the absence of inflammation and the presence of an intact gut
barrier, microbial translocation is limited but still occurs'®?°(5) IgA against commensals is
induced in Peyer's patches, where live bacteria transported in dendritic cells are presented
to Tand B cells*.

Reduced control of the microbiome in CVID (below): (1) Patients with CVID often have low
or absent IgA. (2) In the absence of IgA, the composition of the microbiome may change,
possibly allowing more invasive and pro-inflammatory species to proliferate, leaving less
room for beneficial anti-inflammatory commensals®®-*. (3) IgA deficiency is associated with
higher gastrointestinal tract infection-load®’, and this may lead to disruption of the gut
barrier, allowing more bacteria and bacterial products to cross. (4) Crossing of microbes and
their products is called microbial translocation”. (5) Impaired clearance of microbial products
may lead to local inflammation". Moreover, IgA can dampen the inflammatory response to
beneficial commensals*®“¢. Without this mechanism, the increased local inflammation may
lead to further disruption of the gut barrier, making it more leaky. (6) IgA is important for
the sampling of bacteria and their transport to Peyer's patches, where normally specific IgA
would be induced*. In the absence of IgA, and given the observed immunological impair-
ments in CVID such as B cell dysfunction but also DC hyporesponsivenss and T cell exhaus-
tion, the generation of specific immunoglobulin is reduced. (7) Finally, microbial products
may reach the circulation, where they may contribute to immune dysregulation.

(microbial translocation). Bacterial products such as lipopolysaccharide (LPS), peptido-
glycan, flagellin, RNA and DNA can activate the immune response through recognition
of microbe-associated molecular patterns by the innate immune system7'®. Although
immune sampling and microbial translocation co-occur in healthy individuals as well*¢,
increased translocation as a consequence of diminished barrier function may result in
chronic inflammation and immune dysregulation”. Also, microbial dysbiosis may lead
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to overgrowth of pro-inflammatory bacteria or a decrease of anti-inflammatory bacteria
which subsequently leads to further imbalance of the immune system™. We hypothesise
that this may contribute to increased (mucosal) inflammation and immune dysregulation.
There is evidence that both translocation and dysbiosis are likely to play a role in CVID, as
discussed in the following paragraphs.

Microbial Translocation in CVID

Microbial translocation has been shown to regularly occur in healthy individuals® and is
known to increase in a broad range of diseases, including inflammatory diseases of the
gut such as inflammatory bowel disease?°, but also chronic infections such as HIV*, and
hepatitis B and C22. Presence of lipopolysaccharide in the systemic circulation can indicate
increased microbial translocation of gram negative bacteria. LPS is therefore commonly
used as a marker for endotoxaemia in these studies. Other markers often used in the
context of microbial translocation are soluble CD14 and soluble CD25. sSCD14 is a marker
expressed by monocytes that can directly bind LPS in the presence of LPS-binding pro-
tein®. sIL2R is a generic marker of T cell activation, and was shown to correlate closely
with microbiome dysbiosis®. Both sCD14 and sCD2j5 are therefore used as markers of
immune activation that have been closely linked to microbial translocation.

When markers for endotoxemia are compared between CVID patients with and
without complications from immune dysregulation, higher levels of LPS and soluble
IL-2 receptor (sIL2R) are associated with the former group®>. When looking at CVID as a
whole, the largest study conducted (n=104) reports increased levels of LPS compared to
healthy controls ™. This result is reproduced in a study that investigates endotoxaemia in
untreated CVID patients with serum IgG levels below 4,9 (n=8), while two other stud-
ies (n=35 and n=31, respectively) find normal levels of LPS with high levels of sIL2R and
sCD1493. Notably, the large study reporting increased endotoxaemia consisted for 80% of
patients with immune dysregulation symptoms and shows significantly higher LPS lev-
els in this group than in the patients without immune dysregulation symptoms. Normal
levels of LPS were found in one study with 55% immune dysregulation, unfortunately the
other smaller study did not fully report immune dysregulation symptoms. Other factors
that may explain differences in measured levels of LPS are the assays themselves, which
are known to be highly variable, making it difficult to compare between different exper-
imental methods (e.g. serum vs plasma, different dilutions). Additional larger studies of
treated CVID patients will be needed to assess the true extent of endotoxemia and whether
it is indeed associated with immune dysregulation symptoms. Moreover, since most stud-
ies do not investigate markers for gram positive or anaerobic bacteria, their role has been
overlooked so far. Components of gram positive bacteria such as lipoteichoic acid and
peptidoglycan are known to contribute significantly to immune activation in sepsis*# and,
as important activators of the innate immune system?, are worth investigating in CVID.
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Microbiome Composition in CVID

The composition of the microbial community in the gut has in recent years become
increasingly implicated in the pathogenesis of a variety of immune-mediated diseases.
For example, next generation 16S-based sequencing of fecal samples from patients with
rheumatoid arthritis revealed that Prevotella copri is much more prevalent in patients with
new-onset untreated disease than in healthy controls, and this may reflect true causality,
since P.copri caused increased inflammation in a colitis mouse model*®. Using an alter-
native approach, Palm et al. showed that fecal commensal bacteria eliciting a high IgA
gut response are colitogenic in inflammatory bowel disease, which was confirmed when
germ-free mice exposed to these bacteria developed colitis more frequently than unex-
posed mice?.

In addition to identifying specific groups of commensal bacteria that can be proin-
flammatory, the diversity and stability of the microbiome may play a role in the patho-
genesis of a disease. Microbial diversity within a community can be described by alpha
diversity, a measure for the amount of different bacteria present in a single sample that
takes into account the number of observed operational taxonomic units (OTUs) (richness)
and the relative abundances of OTUs (evenness). Microbial diversity between two com-
munities is described by beta diversity. A highly diverse microbiome is generally associ-
ated with health, inducing resilience, stability and prevention of overgrowth and invasion
by proinflammatory species?®. In HIV, microbial dysbiosis has been linked to increased
markers of microbial translocation?.

To our knowledge, there is one published study that has investigated the composition
of the gut microbiome in CVID, and it was also the first analysis of the gut microbi-
ome of a primary immunodeficiency. Jergensen et al.’> compared 44 CVID patients with
45 patients with inflammatory bowel disease and 263 healthy controls. Their findings
include reduced alpha diversity in CVID patients, which correlated with increased levels
of serum endotoxemia and reduced levels of IgA. This effect could solely be attributed
to those patients within the CVID cohort that had complications from immune dysreg-
ulation, as LPS levels and alpha diversity were comparable between healthy controls and
CVID patients without immune dysregulation. Interestingly, alpha diversity in CVID
patients did not differ from that in IBD patients, but there were differences in taxonomic
profile between the two diseases. Also, within IBD patients, alpha diversity did not corre-
late with endotoxemia markers, as was the case in CVID patients. This may suggest that
specific bacteria lead to increased microbial translocation in CVID rather than broad dif-
ferences in diversity. Antibiotic use within the last year was also investigated, but no obvi-
ous associations with alpha diversity were found in CVID patients. The specific effect of
long-term antibiotic use on the diversity of the human microbiome is still not sufficiently
understood, especially not in relation to immune dysregulation. Some studies do describe
long-term effects of antibiotic use on the microbiome in immune competent individu-
als?°32 and antibiotic use has to be considered as a potential confounder when studying
the microbiome in immunodeficiency.
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This evidence suggests a link between the microbiome and immune dysregulation,
in particular given the differences between CVID patients with immune dysregulation
and CVID patients without immune dysregulation. Additional studies into CVID and the
microbiome are ongoing to further investigate this link. Furthermore, there is clear evi-
dence that increased microbial translocation occurs in CVID. Nevertheless, attributing
causality to microbial changes remains a challenge. Does CVID or CVID immune dys-
regulation lead to differences in the microbiome, does the microbiome cause the disease
itself, or are any changes in the microbiome simply a bystander effect of another process
that leads to immune dysregulation in CVID? Definitive answers to this question will
need to come from additional longitudinal studies complemented with mechanistic stud-
ies, but indirect evidence that may aid in this issue is discussed below.

IMMUNOLOGICAL CAUSES OF MICROBIOME DYSBIOSIS IN CVID

Immunoglobulin Deficiency

The main hallmark of CVID is hypo(gamma)globulinemia combined with impaired pol-
ysaccharide-specific vaccine responses. In a minority of cases, this can be explained by
mutations in genes necessary for B cell function®3¢. The remaining cases are thought
to be caused by complex polygenetic inheritance and interaction with environmental fac-
tors¥ that eventually lead to a disability to produce immunoglobulin G, and IgA or IgM.
IgA is especially of interest in this setting, as secretory IgA plays a key role in shaping
and maintenance of the intestinal microbiota (reviewed by Pabst et al.3%). IgA deficiency in
CVID is measured in serum, and serum levels of IgA are known to correlate with soluble
IgA secreted in the lumen of the gut in antibody deficient patients.

IgA is secreted into the mucus layer of the gastrointestinal tract and limits growth and
microbial invasion by blocking bacterial adhesion to the gut epithelial cells and promoting
their expulsion from the lumen(reviewed by Mantis et al. +°). Presence of IgA is a crucial
determinant of the composition of the microbiome#, illustrated by the finding that mice
lacking IgA have much lower microbial diversity in their gut than their wildtype litter-
mates+, and that IgA deficiency in mice allows expansion of segmented filamentous bac-
teria resulting in systemic immune activation® . IgA against commensals is induced in
Peyer’s patches, where live bacteria transported in dendritic cells are presented to T and B
cells#4. In addition, IgA stimulates the uptake of IgA-bound antigens by M cells, transport-
ing the complexes to Peyer’s Patches, thereby forming a positive feedback loop#. Without
IgA, non-penetrative species do not reach the Peyer’s patches, preventing the induction of
specific IgA. Tt has been proposed that polyreactive IgA, produced by innate-like B1a cells,
play an important role in the initial targeting of the microbiome by facilitating the uptake
of new bacteria and their presentation to the immune system#°. The direct effect of IgA in
the gut lumen is multifactorial and not yet completely understood. Aside from promoting
the clearance of inflammatory bacteria, IgA has also been shown to limit the pro-inflam-
matory response to the bacteria it coats. This is thought to occur for commensals+4® as
well for pathogenic bacteria such as Shigella spp. 4°.
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The effects of IgA deficiency on the CVID microbiome can be threefold: Firstly, low
IgA is associated with increased susceptibility to gastrointestinal tract viral infection and
attendant mucosal inflammation3. High (gastrointestinal-) infection load can directly per-
turb the normal gut microbiotas®, and repeated infections can lead to damage to the intes-
tinal epithelium and thereby to increased microbial translocation. Secondly, poor control
of the gut microbiome and increased expansion of specific groups of bacteria can lead to
systemic immune activation, as described in mice#. Thirdly, due to the anti-inflammatory
effects of IgA, loss of IgA could lead to increased local inflammation in response to com-
mensal species. Through these functions, IgA deficiency not only leads to alterations in
microbiome composition and increased opportunities for microbial translocation, it can
also directly lead to local mucosal inflammation.

Overall, IgA deficiency may be an important factor in the systemic inflammation that
leads to immune dysregulation in CVID. In CVID, low IgA is one of the clinical param-
eters most strongly associated with increased morbidity from inflammations’. Immuno-
globulin substitution therapy restores IgG levels but not IgA or IgM, largely resolving the
specific immune deficiency but generally not improving immune dysregulation symp-
toms®. Isolated IgA deficiency is often asymptomatic, but in the context of other genetic
factors and/or hypogammaglobulinaemia such as in CVID, it is likely to contribute to a
severe imbalance in the microbiota as well as in the immune system. Although many
patients with isolated IgA deficiency do not experience any symptoms, it is associated epi-
demiologically with an increased risk of autoimmunity, including Graves’ disease, rheu-
matoid arthritis, systemic lupus erythematosus and type-1 diabetes (reviewed by Wang
et al5?). A possible explanation for these findings is that there is redundancy in the IgA
system when it comes to control of the microbiota and concomitant inflammation, and
that these cases of autoimmunity illustrate instances where additional genetic or envi-
ronmental factors lead to loss of redundancy. IgM and IgG also play a role in mucosal
immunity#, and it is possible that their presence compensates for loss of IgA. In the case
of CVID where IgG and sometimes also IgM production are impaired, this compensatory
mechanism may be lost. IgG supplementation is not specifically tailored to an individual’s
microbiome composition, and it is currently unknown how much of supplemented IgG is
secreted into the gut lumen.

Impaired Epithelial Gut Barrier

Evidence for physical damage of the gut epithelium in CVID is well documented, and this
damage may be a direct result of the primary immune defect which permits mucus inva-
sion and epithelial infection %7, as well as be a result of persistent systemic inflammation
due to immune dysregulation. Damage to the epithelium can lead to disruption of the
physical barrier between the immune system and the microbiota.

Involvement of the gut does not seem to be rare in CVID: many CVID patients suf-
fer from abdominal complaints®s54, and GI tract pathology is highly prevalentss. Histolog-
ical defects observed in CVID include celiac-like disease, reduction of plasma cells and
nodular lymphoid hyperplasia®. Interestingly, these histological defects are much more
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common than abdominal complaints in CVID patients. Plasma cell reduction in the lam-
ina propria, which is the most frequently found histological anomaly, is associated with
nonspecific markers of immune activation or microbial translocation, sCD14 and sCD255%.
Therefore plasma cell aberrations in CVID may cause subclinical enteropathy that con-
tributes to systemic inflammation. As plasma cells are producers of immunoglobulins,
this association may well mirror the effects of IgA described above.

IMMUNOLOGICAL CONSEQUENCES OF MICROBIAL DYSBIOSIS IN CVID

Expansion of Pro-inflammatory Innate Immune Cells

CVID patients have an expansion of pro-inflammatory CD14*#"*CD16* monocytess® in
their peripheral blood? in a cohort that primarily consists of patients with immune dys-
regulation, lacking a non-dysregulatory group as a control. It is plausible that this mono-
cyte expansion causes the high levels of sCD14 seen in microbial translocation, as the
monocyte subset expansion correlated with sCD149. In addition, activation of B and T cells
correlated with this pro-inflammatory subset?, suggesting that microbial translocation
may independently lead to monocyte and B and T cell activation, or that the monocytes
themselves activate the adaptive compartment.

Moreover this pro-inflammatory monocyte subset has been shown to be expanded in
other immune dysregulation syndromes, including sepsis”, rheumatoid arthritis®, and
Sjogren’s syndrome®. In addition, CVID monocytes were shown to have an increased
tendency to fuse, forming giant cells that may lead to granuloma formation®. Monocyte
activation, which can be associated with microbial translocation™, may therefore play an
important role in the development of immune dysregulation, perhaps by driving a state of
sustained immune activation.

Dendritic Cell Hyporesponsiveness
The total number of circulating CD11c+CD123— myeloid dendritic cells (myDC) was
found to be decreased in CVID patients compared to healthy controls in two studies® 2.
Poor differentiation from peripheral monocytes to dendritic cells was seen in vitro®?, and
the dendritic cells that did mature had reduced capacity to stimulate T helper cell differen-
tiation due to poor CD40 expression and failure to express HLA-DR on their surface®°4,
This impaired ability to upregulate maturation markers was not related to any specific
genetic defects, and suggests dendritic cell exhaustion or hyporesponsiveness. In sup-
port of this, I multiple studies report that CVID plasmacytoid dendritic cells produce less
interferon (IFN)-o in response to Toll-like receptors (TLR) 7 and 9 ligation in vitro®-7,
while others report no differences between CVID and healthy cells®. It is probable that
these discrepant results reflect different states of dendritic cell exhaustion, rather than an
intrinsic TLR signalling defect.

Correlation of myDCs and CVID with the immune dysregulation phenotype has been
described indirectly. CVID patients with granulomatous disease have fewer circulating
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dendritic cells than those without®2. In addition, the two studies that reported signifi-
cantly low dendritic cells in CVID had a high percentage of patients with immune dys-
regulation symptoms in their cohorts® 2, and, in a study describing impaired dendritic
cell maturation, all patients suffered from autoimmune disease, granulomatous disease
and/or chronic diarrhoea®. It is therefore possible that dendritic cell hyporesponsiveness
is especially pronounced in patients with immune dysregulation. Dendritic cells play an
important role in regulating the systemic immune response as well as the local mucosal
response. For instance, dendritic cells are necessary to induce commensal-specific IgA+4,
and reduced IgA responses may contribute to microbial dysbalance in CVID. This illus-
trates the circular process in CVID in which impaired immunity leads to increased anti-
genic exposure to the gut microbiome, causing DC hyporesponsiveness, which further
impairs mucosal immunity by hampering IgA production.

T cell Activation and Exhaustion

Classical T helper cell dysregulation in CVID® includes low naive T helper cell frac-
tions with high T cell activation levels and a limited T-cell receptor (TCR) repertoires'.
Despite increased overall T-cell activation levels, the production of cytokines associated
with Thi, Th2 and Thiy cells (among which I[FN-y, IL-2, -9, -13, -17) is much lower than
in healthy controls’®, and T cell-related transcripts are down-regulated on gene expression
level”’. A subgroup of patients with extremely low naive T cell numbers, high T cell acti-
vation and TCR repertoire disruption show severe clinical immunodeficiency, generally
associated with lymphoproliferative diseases7>.

These defects may reflect a state of T cell exhaustion, as more CVID CD4+ T cells
expressed the exhaustion marker PD-1 than healthy control CD4+ T cells"7. CVID CD4+
T cells had reduced proliferation capacity upon exposure to common bacterial and viral
antigens and this effect was restored upon blocking of the PD-1 pathway in vitro. PD-1
expression on T cells correlated with serum LPS levels”, suggesting that this may be
related to microbial translocation.

Loss of Regulatory T cells

CVID patients have lower numbers of regulatory T (Treg) cells compared to healthy con-
trols in their peripheral blood'*7475, with reduced suppressive capacity towards autologous
cells?. Interestingly, low frequencies of Treg cells were also found in a small cohort of
patients with an isolated IgA deficiency, and were especially low in those patients who
also suffered from autoimmunity’®. This may mean that the microbial changes that occur
in CVID as a result of IgA deficiency lead to reduced Treg cells, or alternatively that IgA
deficiency directly leads to reduced Treg cells and that the resulting inflammation causes
microbiome alterations. Kawamoto et al. describe a regulatory feedback loop by which
a healthy microbiota stimulates regulatory T cell expansion, and formation of germinal
centers and IgA, which in turn maintains the diversity and stability of the microbiota+.
Disruption of this feed-back loop in CVID through a combination of IgA deficiency and a
disturbed microbiota can thereby have a profound effect on regulatory T cells. Moreover,
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Figure 2: schematic representation of the proposed mechanism : Susceptibility to CVID in
combination with other factors may lead to microbial dysbiosis. These other factors have
not yet been identified, but suggested influences include infection (bacterial or viral), anti-
biotic use, other susceptibility factors. The resulting systemic inflammation can lead to
immune dysregulation and can further amplify immune deficiency through exhaustion.

specific bacterial species and metabolites such as Clostridum species’” and distinct short-
chain fatty acids”® are known to induce regulatory T cells in the gut of mice. Given their
central role in the prevention of immune dysregulation, disruption of regulatory T cells
may be essential to the development of the dysregulation phenotype in CVID. The sup-
pression of the Treg subset is also not alleviated by immunoglobulin substitution ther-
apy’®, just as the phenotype does not resolve with this therapy.

CONCLUDING REMARKS: FUTURE DIRECTIONS
AND CLINICAL OPPORTUNITIES

To summarize (see figure 2), there is evidence of increased microbial translocation and
differences in the diversity of the microbiome in CVID. Although a major aim of micro-
biome research is to distinguish cause and consequence, in CVID continuous interplay
between immune system and microbiota demonstrates that addressing the matter this
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way may be an oversimplification. Viewing immunodeficiency and microbiome dysbiosis
as a vicious cycle leaves room for the complexity of both systems and allows for the con-
sideration of all possible mechanisms, including causes, consequences, and bystander
effects. An alternative explanation to the idea that we have presented here is that micro-
bial translocation and/or dysbiosis in CVID are a result of localized inflammation and do
not further influence the disease itself. However, the intimate relationship between the
microbiome and the immune system, especially considering the impaired resilience of
the immune system in CVID, make it unlikely that the one can change without the other.

We have shown that the link between CVID and the microbiome is especially strong
in patients with complications from immune dysregulation and have illustrated the sev-
eral mechanisms by which immune deficiency can lead to changes in the microbiome,
which drive systemic inflammation and immune dysregulation. This has yielded several
unresolved questions and directions for future research (see Outstanding Questions).
Identification of pathogenic microbial species and key pro-inflammatory modulators can
help improve CVID patient care in two main ways: by providing new methods to predict at
an early stage which patients are susceptible to immune dysregulation, and by indicating
novel therapeutic targets that specifically interfere in the relevant (immune-) pathways or
the microbiome itself. Given the intimate relationship between the microbiome and the
immune system, changes in the microbiome may lead to improvement of inflammatory
complication and aspects of the immune deficiency itself, as illustrated by the findings
that a balanced microbiome may restore regulatory T cell control and perhaps even some
IgA production in the gut.

GLOSSARY

Alpha diversity: A measure for the diversity of a microbial population. Takes into account
the number of different OTUs as well as their respective prevalence. In other words, a
high diversity represents a large number of species of roughly even abundances.

Beta diversity: A measure for the diversity the microbial population between two separate
communities. Beta diversity also takes into account number of different OTUs as well as
their abundances. If two communities (for instance two different patient groups) have a
high beta diversity, this means there is little overlap between the OTUs they host.

CVID: common variable immunodeficiency disorder. A primary immunodeficiency that
is characterized by low IgG, low IgA or IgM, and insufficient vaccination responses. Clin-
ically, untreated patients primarily suffer from recurrent respiratory tract and gastrointes-
tinal tract infections.

HLA-DR: Human Leukocyte Antigen, or a type-II Major Histocompatibility Complex pro-
tein, a surface protein that presents antigens to other immune cells.

LPS: Lipopolysaccharide. A cell wall component of Gram-negative bacteria. Upon recog-
nition by innate immune receptors such as toll-like receptor 4, LPS has potent immunos-
timulatory effects.
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Next generation 16S rRNA sequencing: a sequencing approach that uses the gene for the
16S ribosomal subunit as a method for the clustering of sequences of closely related
culturable and non-culturable bacteria in operational taxonomic units (OTUs), to study
bacterial composition of different samples.

Operational Taxonomic Unit: reflects sequence variation of a specific taxonomic marker
gene. As such, itis used as a pragmatic approximation of the identity of a bacterial species,
in the absence of the classical criteria for species identification (such as culture character-
istics or biochemical approaches).
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ABSTRACT

Purpose of review

With the emergence of the microbiota as a potential driver of host inflammation, the role
of immunoglobulin (Ig)A is becoming increasingly important. This review discusses the
current evidence regarding the effects of clinical IgA deficiency on the microbiota, and
the possible role of microbial dysbiosis in driving inflammation in primary immunodefi-
ciency disease (PID) patients.

Recent findings

The gut microbiota has been investigated in selective IgA deficiency and common variable
immunodeficiency, revealing an important role for IgA in maintaining gut microbiota
homeostasis, with disparate effects of IgA on symbionts and pathobionts. While IgA defi-
ciency is associated with microbial translocation and systemic inflammation, this may be
partially compensated by adequate IgG and IgM induction in IgA deficiency but not in
common variable immunodeficiency. Therapeutic strategies aimed at correction of the
microbiota mostly focus on fecal microbiota transplantation. Whether this may reduce
systemic inflammation in PID is currently unknown.

Summary

Clinical IgA deficiency is associated with microbial dysbiosis and systemic inflammation.
The evidence for microbiota-targeted therapies in PID is scarce, but indicates that IgA-
based therapies may be beneficial, and that fecal microbiota transplantation is safe in
patients with antibody deficiency.

Key words
IgA, antibody deficiency, microbiota, inflammation, PID

Key message

—  Microbiota profiling in patients with primary immunodeficiencies has revealed an
important role for IgA in modulating gut microbiota homeostasis.

— IgA deficiency and microbial dysbiosis are associated with systemic inflammation
in PID and endotoxemia.

— IgA-enriched immunoglobulin substitution therapy and microbiota-targeted ther-
apies should be investigated as promising options for PID patients with systemic
inflammation.
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INTRODUCTION

IgA is considered to be one of the main host factors regulating microbiota homeosta-
sis"?, but the effects of clinical IgA deficiency on the microbiota and its consequences are
still poorly understood. Many patients with primary immunodeficiency diseases (PID)
have reduced or absent IgA production, often in combination with other humoral or cellu-
lar defects. PIDs that involve IgA deficiency include the predominantly humoral immune
defects selective IgA deficiency (sIgAD), common variable immunodeficiency (CVID),
X-linked agammaglobulinemia (XLA), hyper IgM syndromes3, and all (severe) combined
immunodeficiencies, but also other PID. For instance, low IgA levels are part of the diag-
nostic criteria for Ataxia-Telangiectasia and Nijmegen breakage syndrome#, and IgA defi-
ciency has been reported in DiGeorge syndromes, WHIM® (warts, hypogammaglobuline-
mia, infections and myelokathexis syndrome), and ADA2 deficiency’. While IgG can be
supplemented in case of hypogammaglobulinemia, IgA deficiency remains untreated.

In PID, immunodeficiency and autoimmune disease often co-exist®. Dysbiosis of
the microbiota is increasingly investigated as a potential cause in the pathogenesis of
inflammatory disorders such as inflammatory bowel disease (IBD), rheumatoid arthritis,
multiple sclerosis and type-1 diabetes?. As IgA is an important regulator of the microbi-
ota, microbial dysbiosis in PID may mediate immunodeficiency with autoimmune dis-
ease. Clinically, low IgA in CVID is associated with immune dysregulation’", and sIgAD
is associated with increased prevalence of autoimmune disease'*. In one study, the
increased risk of juvenile idiopathic arthritis, systemic lupus erythematosus, and IBD was
found to be 8.9, 8.9 and 5.0 respectively in sIgAD compared to the general population’.

As the recent developments in the field of microbiota have renewed the interest in
the role of IgA in maintaining microbiota homeostasis, special attention has gone out
to PIDs with antibody deficiency as a natural model for IgA deficiency (IgAD). Here, we
aim to integrate recent findings of microbiota studies in clinical antibody deficiency with
experimental data on the functions of IgA in order to specify which bacteria are affected
in IgAD and to evaluate the evidence for inflammatory consequences of microbial dysbio-
sis in PID. In addition, we highlight novel therapeutic strategies that target the microbiota
and discuss their potential role in PID treatment.

Role of IgA in orchestrating mucosal immunity

Each individual is colonized with a distinct community of microbiota, which is shaped
after birth by intrinsic and extrinsic factors, such as the immune response, host genet-
ics, exposure to microbes, medication and diet. Of all microbial communities hosted by
the human body, the gut microbiota harbors the largest and most diverse community
of approximately 1.000 bacterial species per individual«.The intestinal microbiota con-
tributes to the maturation of the mucosal immune system, including the development
of gut-associated lymphoid tissues’ and the secretion of IgA™®. IgA, in turn, is thought
to modulate the intestinal microbiota through various different mechanisms, including
immune exclusion, neutralization, and modulation of bacterial gene expression™.
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IgA can be induced broadly by two immunological mechanisms, distinguishing
T-cell independent and T-cell dependent IgA production®. T-cell independent IgA does
not undergo somatic hypermutation or affinity maturation and has been suggested to
be a type of “innate” or naturally occurring antibody that targets mainly commensals
and/or self-antigens”7'. This IgA has been shown to be polyreactive, with monoclonal
IgAs recognizing various taxonomically distinct bacteria®. T-cell deficient mice displayed
similar levels of IgA-coated bacteria as wildtype mice*°, but the microbiota composition
of IgAD mice differed*'. T-cell dependent IgA has higher affinity and avidity than T-cell
independent IgA, and is thought to mainly target pathogens?**. T-independent and T-de-
pendent IgA may have distinct roles in homeostasis and disease®, which could reflect
the diverse findings of IgA-coating studies. In addition, this implies that also PID with a
dominant T-cell defect and seemingly intact IgA titers may still result in gut dysbiosis due
to impaired induction of T-dependent high affinity IgA.

IgA can exert different functions in different contexts. For instance, IgA can both
protect the intestinal barrier from bacterial attachment, and promote bacterial association
to the epithelium?+. For instance, the symbiotic immunoregulatory> Bacteroides fragilis
synthesizes phase-variable polysaccharides, not to evade® but to promote IgA mediated
binding to the intestinal epithelium®+. Compartmentalization between the mucosa and
the gut lumen is reduced in IgA deficiency, illustrating the role of IgA mediating the
location of bacteria?®-2%. As a result, [gA may orchestrate antigen exposure and systemic
antibody responses against the intestinal commensal bacteria®®. IgA preferentially coats
IBD-driving bacteria in mice and humans®3, possibly because pro-inflammatory bacteria
elicit a stronger IgA response, and/or because impaired barrier function in IBD leads
to increased exposure of these bacteria to the immune system. Moreover, polymeric Ig
receptor knock-out in mice, which impairs secretion of IgA and IgM to the lumen, is asso-
ciated with higher translocation of bacteria to mesenteric lymph nodes and an increase in
IgA-producing cells in the gut, as well as in serum IgA and IgG reactive to these bacteria®.

IgA coating has differential effects on symbionts and pathobionts
Bacteria targeted by IgA in human studies include both symbionts (resident microbes
with no known detrimental effects on the host, may in some cases even be health-pro-
moting) and pathobionts (resident microbes with pathogenic potential), and IgA coating
can vary within bacterial families. A complete overview is presented in table 1. The gut
microbiota has been investigated in two humoral PID; sIgAD in which serum IgA is
decreased, but the other immunoglobulin isotypes are still intact; and CVID in which
IgG and either IgM and/or IgA are decreased. In CVID, gut dysbiosis is more severe than
in sIgAD, reflected by decreased alpha diversity (within-sample diversity, this reflects the
amount and distribution of different taxa within a sample) and distinct beta diversity
(between-sample diversity, this reflects how similar samples are to each other) compared
to healthy controls3°s.

Integrating studies on IgA coating of fecal bacteria and differential abundance of these
bacteria in sIgAD shows that IgA coating appears to have a different effect on symbionts

100



IgA and microbiota in primary antibody deficiency

and pathobionts. In both sIgAD and CVID, IgA-targeted commensals (including many
Firmicutes) are predominantly depleted, while IgA-bound pathobionts such as Escherichia
coli are expanded3®3'. Symbionts Blautias°*, Bifidobacterium?®3' and Bacteroides fragilis>+2s
are coated and reduced in sIgAD, while non-coated Roseburia?®33 are expanded. Conversely,
pathobionts Prevotella3®3* and E. coli>*® are IgA coated and expanded in sIgAD.

In mice, specific IgA reduces the abundance of Gammaproteobacteria relative to Fir-
micutes and Bacteroides, but IgAD impairs this maturation of the gut and allows for Gam-
maproteobacteria, including Enterobacteriaceae, to persist and cause intestinal damage3+.
Especially Enterobacteria such as Escherichia coli are found to be IgA-coated>°3°3735 and
to be expanded in IgAD3°3, suggesting a controlling function of IgA. Also Prevotellaceae
species are coated’? and increased in sIgAD3° in humans, which may propagate intestinal
inflammation and promote susceptibility to IBD32. The immunogenic Erysipelotrichaceae
are similarly IgA-coated in humans and mice®® and increased in human sIgAD3.

Strikingly, other studies do not observe any change in diversity>93° or composition®® of
the sIgAD microbiota. This is for instance elaborately investigated for Lactobacillus, which
is IgA-coated?>283235%7 but does not alter relative abundance in sIgAD3®. Loss of lactobacilli
could be harmful as they may exert anti-inflammatory effects and counteract pathogenic
colonization®.

In primary antibody deficiency, gut dysbiosis may contribute to systemic
inflammation

In addition to dysbiosis of gut microbiota, bacterial products have also been detected in
humoral PID serum. While IgG supplementation does reduce endotoxemia in CVID#°,
increased lipopolysaccharide (LPS) has been observed in patients with inflammatory
and autoimmune complications, also reflected by increased sCDi4 and sCD2j levels'.
Although correlation of LPS with IgA is not found in this study, very low serum IgA
has been correlated with lower alpha diversity and increased dysbiosis®. In another study,
mucosal IgA deficiency in CVID has been associated with duodenal inflammation and
malabsorption#, providing a link between IgA deficiency in CVID and epithelial dam-
age that may facilitate microbial translocation. However, microbial translocation has not
been shown in sIgAD, with one study reporting no increase in serum LPS levels?°. These
results suggest that microbiota dysbiosis and local inflammation may be IgA-associated,
but that systemic microbial translocation (as reflected by serum LPS level) may be pre-
vented by compensation through IgG or IgM. Indeed, at composition level, Fadlallah et
al. report that IgM can compensate sIgAD for some, but not all bacteria. IgM effectively
binds Actinobacteria (including Bifidobacterium), but only a narrow range of Firmicutes
(including Clostridium and Faecalibacterium) and Proteobacteria (excluding Enterobacte-
riaceae)’°. The authors proceed to show that patients with CVID, who in some instances
harbor reduced serum levels of IgM as well as IgA, display a greater decrease in Actin-
obacteria diversity*°. For example, loss of Bifidobacterium in sIgAD is exacerbated in the
absence of compensatory IgM in CVID3®. Similarly, adequate IgM and/or IgG induction
in sIgAD may protect from endotoxemia, while this compensatory response is lacking in
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Table 1: Findings on IgA-Coating and Differential Relative Abundance in IgA Deficiency, on
Taxa Investigated in More Than One Study

Taxonomy
Phylum Class Order Family Genus
Actinobacteria  Actinobacteria Bifidobacteriales Bifidobacteriaceae Bifidobacterium

Actinobacteria

Actinobacteria

Bifidobacteriales

Bifidobacteriaceae

Bifidobacterium

Actinobacteria

Coriobacteria

Eggerthellales

Eggerthellaceae

Adlercreutzia

Bacteroidetes Bacteroidia Bacteroidales

Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroides
Bacteroidetes Bacteroidia Bacteroidales Porphyromonadaceae

Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella
Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae

Bacteroidetes Bacteroidia Bacteroidales S24-7

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus
Firmicutes Bacilli Lactobacillales Lactobacillacea Lactobacillus
Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium
Firmicutes Clostridia Clostridiales Clostridiaceae SFB

Firmicutes Clostridia Clostridiales Lachnospiraceae

Firmicutes Clostridia Clostridiales Lachnospiraceae Dorea
Firmicutes Clostridia Clostridiales Lachnospiraceae Blautia
Firmicutes Clostridia Clostridiales Lachnospiraceae Coprococcus
Firmicutes Clostridia Clostridiales Lachnospiraceae Roseburia
Firmicutes Clostridia Clostridiales Ruminococcaceae Faecalibacterium
Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillospira
Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus
Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus
Firmicutes Clostridia Clostridiales

Firmicutes Clostridia Clostridiales Mogibacteriaceae

Firmicutes Erysipelotrichia Erysipelothriachiales Erysipelotrichaceae

Firmicutes Negativicutes Veillonellales Veillonellaceae Veillonella
Proteobacteria  Gammaproteobacteria Enterobacterales Enterobacteriaceae

Proteobacteria  Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia
Proteobacteria  Gammaproteobacteria Enterobacterales Morganellaceae Morganella
Proteobacteria  Gammaproteobacteria Pseudomonadales Pseudomonaceae Pseudomonas
Proteobacteria  Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas

Verrucomicrobia Verrucomicrobiae

Verrucomicrobiales

Verrucomicrobiaceae

Akkermansia
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Abundance |Abundance
in IgA- in IgA-
Deficient |Deficient
IgA Coating in Humans IgA Coating in Mice Humans Mice
ref ref ref ref ref vref |ref ref ref ref |ref ref |ref ref
Species (30) (2u) (31) (32) (29) (27) [(36) (27) ref(19) (23) (33) [(29) (30) [(23) (26)
IgA+ 1
bifidum IgA+ IgA+ IgA+ 1
IgA- IgA-
IgA- IgA- T
fragilis IgA+ IgA+ !
IgA+ IgA+
IgA+ IgA-/+ 1 |
IgA- IgA-  IgA+ !
IgA+ IgA+
faecalis IgA- IgA+ IgA-
IgA+ IgA+ IgA+ i
IgA+ IgA+ IgA- 71
IgA+ IgA+  IgA+ 1
IgA+ IgA+ IgA- IgA- IgA- ! 1
IgA+ IgA+ IgA- i
IgA+ IgA- IgA+ IgA+ IgA+ ! ! 1
IgA- IgA- ! 1
IgA- IgA- 1
IgA+ IgA+
IgA- IgA- IgA-
IgA+ IgA- IgA+ IgA- ! 1
torques IgA+ 1gA+ IgA+
IgA- in )
IgA- IgA-
IgA+ IgA+ i
IgA+ IgA+
IgA+ IgA+ Iga+ |1 1
coli 1gG IgA+ IgA+ IgA+
morganii IgA+ IgA+
IgA+ IgA+
IgA+ IgA+
muciniphila IgA+ IgA+
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CVID. As CVID patients can have defects in somatic hypermutation#, even any residual
immunoglobulin production may be functionally impaired. In addition, a second study
by Fadlallah et al. recently showed that IgG from healthy donors targets CVID microbiota
much less effectively than healthy microbiota®, suggesting that IgG supplementation may
be insufficient to limit microbiota dysregulation and/or translocation in CVID.

Increased LPS has been associated with exhaustion markers and reduced T-cell
response to bacteria in CVID, suggesting that these T cell defects may be related to
microbial translocation+°. Interestingly, the T cell phenotype observed in CVID is rem-
iniscent of T cell dysregulation in HIV, where a causal role for microbial translocation
in systemic immune activation has been shown#+. Also in a mouse model that carries
the same genetic hypomorphic RAG mutation as observed in Omenn syndrome, IgAD
resulted in dysbiosis of the intestinal microbiota that has been shown to contribute to Th1
and Thry-mediated inflammation and autoimmunity++4°. sigAD has also been associated
with systemic inflammation (increased levels of sCD14, and Thi7y cells) and exhaustion
markers (increased PD-1 expression)®. Notably, half of sIgAD patients in this study suf-
fered from clinical autoimmune disease°. The cause for this inflammation is currently
unknown, given the lack of reported endotoxemia in this study. Possibly, local inflamma-
tion in the gut due to microbial dysbiosis is sufficient to cause systemic immune dysreg-
ulation in some patients.

Exploration of therapeutic options

This increasing evidence for IgA-dependent microbial dysbiosis and microbiota-depend-
ent immune dysregulation in PID suggests that patients may also benefit from micro-
biota-targeted therapeutics. Modulation of the microbiota can be considered from two
directions; direct targeting of the bacterial composition through fecal microbiota trans-
plantation (FMT), pre- or probiotics, or through immune-mediated strategies.

In non-PID microbial dysbiosis, the first strategy is most often considered. The most
rigorous way to alter the microbiota is through FMT. Most experience with FMT has been
the treatment of recurrent Clostridium difficile infections, and three studies mention inclu-
sion of PID patients# 9. One study with three CVID and three sIgAD patients reported no
safety concerns and successful resolution of C. difficile infection+® (Dr. M. Fischer, personal
communication). There are currently no reports on the effects of FMT on inflammatory or
immune dysregulatory symptoms. The question remains whether temporary correction
of microbiota will be sufficient to limit dysbiosis and microbial translocation in PID while
the immune deficiency persists. Possibly, recurrent treatment would be required. Indeed,
one-time FMT in HIV patients resulted in limited engraftment of the donor microbiotas°,
although this may be due to lack of antibiotic pre-treatment in this study.

Antibiotic treatment is also known to alter the gut microbiota. While any antibiotic
use over the year before microbiota sampling (both prophylactic and short-term) was not
found to alter the microbiota in one CVID study*, cumulative effects of long-term antibi-
otic use, as often occurs in PID patients, cannot be excluded. Jorgensen et al. administered
a broad-spectrum antibiotic that only acts locally in the gut with the aim to correct micro-
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bial dysbiosis in CVID, but observed no effects on immune dysregulation, serum LPS,
sCD15 or sCD25%". This outcome, together with reports from a mouse study that showed
that broad-spectrum antibiotics, including amoxicillin plus clavulanic acid, can repress
mucosal IgA productions?, may suggest that antibiotic monotherapy is not a promising
strategy to modulate the gut microbiota. Approaches that target specific bacteria, such as
probiotics or phage therapy, require better understanding of the causal role of individual
bacteria in causing inflammation in PID.

Alternatively, immunological interventions may be considered. As IgG from healthy
donors does not target CVID microbiota very effectively, it has been proposed that patients
may benefit more from IgG from asymptomatic sIgAD patients®. Direct supplementa-
tion of IgA may also be considered. One case study in which fresh frozen plasma was
administered to an XLA patient showed detectable secretory IgA in saliva and increased
agglutination of Haemophilus influenzae, proving that IgA administered systemically can
be delivered to mucosal tissuess. IgA- and IgM enriched immunoglobulin preparations,
were shown to be more effective in clearing endotoxemia than regular IgRT 545°. These
preparations have been used to treat persistent Campylobacter jejuni infections and was
well tolerated in two hypogammaglobulinemia patients”. An IgA-enriched immunoglob-
ulin preparation was shown to be effective in children with chronic diarrhea when orally
administered 5%.

For patients with lung complications, inhalation IgA may be considered. In a mouse
study, intranasal IgA was shown to improve P. aeruginosa immunity and prevent systemic
translocations®. A similar approach may be considered for oral immunoglobulin admin-
istration. In mice, oral monoclonal IgA targeting E. coli was found to abrogate colitis in
mice¥. The medical nutritional supplement known as serum bovine immunoglobulins
(SBI), which contains serum proteins such as albumin and ferritin in addition to IgG,
IgA and IgM, was shown to improve gut leakiness and systemic inflammation in HIV
enteropathy. Enteral IgG therapy and breast milk (as a source of IgA) have been used as
an experimental therapy for chronic norovirus infection in CVID®*®, with mixed results
and no data on improvement of immune dysregulation and/or microbial translocation.

CONCLUSION

Here, we have provided an overview of recent developments in our understanding of the
role of IgA in maintaining the gut microbiota, alterations in the microbiota composition
due to IgAD, subsequent association with local and systemic inflammation and the influ-
ence of IgAD in PID. Based on this, we identify IgA as an important potential therapeu-
tic target that may improve inflammation in a variety of PIDs. In addition, we highlight
the increased prevalence of immune dysregulation in patients with IgAD, which justifies
increased vigilance for autoimmune- or inflammatory complications in PID patients with
concurrent IgAD, such as CVID with absent serum IgA.
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Further studies are encouraged to further explore microbiota- and IgA-based thera-
pies in models of PID and/or microbial dysbiosis. In addition, longitudinal studies with
PID patients with concurrent IgA deficiency would help elucidate whether IgAD precedes
or is preceded by microbial dysbiosis and translocation. Other currently unexplored ter-
ritory includes the respiratory microbiota, which may contribute to lung disease in PID,
but to our knowledge has not yet been characterized in patients with (humoral) PID. The
contribution of antibiotics to the observed microbial dysbiosis in PID also warrants fur-
ther investigation. Although no effects of short-term antibiotic use have been observed in
CVID¥, long-term antibiotic treatment may be harmful to the gut microbiota composi-
tion®. If this is indeed the case, limiting the effects of antibiotics on the gut microbiota,
for instance through active charcoal treatment®, may be beneficial to PID patients.

IgA-based therapy may also be beneficial as a tool to modulate the microbiota in other
inflammatory diseases where the microbiota has been causally implicated. Given the inti-
mate dialogue between the immune system and the microbiota, it is possible that inter-
ventions aimed at the microbiota alone may not yield the desired results. Illustrative of this
point is the observation that 25% of IBD patients who received FMT for C. difficile infection
experienced a flare of their IBD%, suggesting that “correction” of the microbiota may be
less effective and may have unexpected side-effects in patients with concurrent immune
dysregulation. However, a study showing that FMT was very effective in resolving refrac-
tory autoimmune colitis in patients treated with immune checkpoint inhibitors® indicates
that FMT has potential in the treatment of (T-cell mediated) immune dysregulation.
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Box 1: microbiota concepts explained

Alpha diversity

within-sample diversity, this reflects the amount and distribution of dif-
ferent taxa within a sample. In gut microbiota, increased alpha diversity is
generally associated with better health

between-sample diversity, this reflects how similar samples are to each
other

A resident microbe with no known detrimental effects on the host, may in
some cases even be health-promoting

Pathobiont

A resident microbe with pathogenic potential

m







Chapter 6

Low IgA associated with
oropharyngeal microbiota changes
and lung disease in primary antibody
deficiency

Roos-Marijn Berbers
Firdaus A. A. Mohamed Hoesein
Pauline M. Ellerbroek
Joris M. van Montfrans
Virgil A.S.H. Dalm

P. Martin van Hagen
Fernanda L. Paganelli
Marco C. Viveen
Malbert R.C. Rogers
Pim A. de Jong
Hae-Won Uh

Rob J.L. Willems

Helen L. Leavis

Frontiers in Immunology (2020)
11: 1245



Part Il | Chapter 6

ABSTRACT

Common Variable Immunodeficiency (CVID) and X-linked agammaglobulinemia (XLA)
are primary antibody deficiencies characterised by hypogammaglobulinemia and recur-
rent infections, which can lead to structural airway disease (AD) and interstitial lung dis-
ease (ILD). We investigated associations between serum IgA, oropharyngeal microbiota
composition and severity of lung disease in these patients.

In this cross-sectional multicentre study we analysed oropharyngeal microbiota
composition of 86 CVID patients, 12 XLA patients and 49 healthy controls (HC) using
next-generation sequencing of the 16S ribosomal RNA gene. qPCR was used to estimate
bacterial load. IgA was measured in serum. High resolution CT scans were scored for
severity of AD and ILD.

Oropharyngeal bacterial load was increased in CVID patients with low IgA (p=0.013)
and XLA (p=0.029) compared to HC. IgA status was associated with distinct beta
(between-sample) diversity (p=0.039), enrichment of (Allo)prevotella, and more severe
radiographic lung disease (p=0.003), independently of recent antibiotic use. AD scores
were positively associated with Prevotella, Alloprevotella, and Selenomonas, and ILD scores
with Streptococcus and negatively with Rothia.

In clinically stable patients with CVID and XLA, radiographic lung disease was associ-
ated with IgA deficiency and expansion of distinct oropharyngeal bacterial taxa. Our find-
ings highlight IgA as a potential driver of upper respiratory tract microbiota homeostasis.

Keywords
Microbiota, Immunoglobulin A, Lung disease, CVID, XLA
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Oropharyngeal microbiota, IgA, and lung disease in CVID

INTRODUCTION

The microbiota of the respiratory tract is increasingly recognized as an important driver
of respiratory health’, and has been associated with susceptibility to infection?, hypersen-
sitivity reactions such as asthma3, and immune-mediated lung disease such as sarcoido-
sis*. The quantity and composition of the lung microbiota is determined by host defence
mechanisms and mucociliary clearance, but originates in the upper respiratory tract,
from where it migrates to the lung via micro aspiration or directly via the mucus layers.

Immunoglobulin (Ig)A is thought to be important for the regulation of the microbiota
at mucosal surfaces®, but the effects of clinical IgA deficiency on respiratory tract micro-
biota homeostasis in humans remain uninvestigated’. Studying the microbiota of patients
with primary antibody deficiency such as common variable immunodeficiency (CVID)
and X-linked agammaglobulinemia (XLA) can provide insight into the role and impor-
tance of the humoral immune system in controlling the microbiota?®.

The antibody deficiency in CVID is defined as low IgG, and either low IgA or IgM, or
both?. As a result, some CVID patients have residual IgA production and others are com-
pletely IgA deficient, and studying differences between these two CVID subgroups can
provide information on the consequences of IgA deficiency, including on the microbiota®®.
While CVID can develop later in life and its causes are thought to be multifactorial?, XLA
is a congenital disease that is the result of a mutation in Bruton’s tyrosine kinase, resulting
in an early B cell defect and complete humoral immunodeficiency from birth, including
IgG, IgA and IgM™.

Despite immunoglobulin G replacement therapy (IgGRT) which limits the recur-
rence of (respiratory) infections™, approximately 16-25% of CVID patients develop struc-
tural airway disease (AD) and 3-19% develop interstitial lung disease (ILD) 375, causing
significant morbidity and mortality in these patients’. XLA patients are also treated with
IgGRT and remain prone to develop AD, but generally do not develop ILD*®.

AD - which includes bronchiectasis - may seriously compromise pulmonary function
and prevention is, therefore, important for a patients’ prognosis”. AD is thought to result
from recurrent lower respiratory tract infections, but may also progress in the absence of
evident clinical infections®®. ILD in CVID may present as granulomatous lung disease,
lymphoid interstitial pneumonia, organizing pneumonia and lymphoproliferative dis-
orders, summarised as granulomatous — lymphocytic interstitial lung disease (GLILD).
Causes of ILD in CVID are poorly understood and there is currently no consensus on
therapeutic strategies'. Better understanding of the mechanisms that cause (GL)ILD can
contribute to improving clinical care of these patients.

In the gut, low IgA in CVID has been associated with changes of the microbiota,
including reduced alpha diversity and expansion of Bacilli and Gammaproteobacteria,
which correlated with increased LPS levels in plasma, suggesting increased microbial
(product) translocation'. Whether similar changes occur in the (upper) respiratory tract
microbiota in CVID has not been determined.
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We hypothesise that IgA deficiency in CVID and XLA may lead to changes in the
microbial composition of the respiratory tract, which could contribute to the development
of structural lung disease. As a first step in investigating this hypothesis, we characterised
the composition of the oropharyngeal microbiota of CVID and XLA patients and corre-
lated this with serum IgA levels and severity of lung disease.

MATERIALS AND METHODS

More detailed materials and methods can be found in the online supplementary material.

Ethics statement

Ethical approval for this study was received from the Medical Ethical Committee of the
Erasmus Medical center in Rotterdam, the Netherlands and the University Medical Center
Utrecht in Utrecht, the Netherlands (METC: NL40331.078). Written informed consent
was obtained from all patients (and in case of minors, their legal guardians) and controls
according to the Declaration of Helsinki.

Study population

Patients were age 77 or over, and diagnosed with CVID or XLA according to the European
Society for Immunodeficiencies (ESID) criteria*°. Partners, friends and family members
of patients were included as healthy controls (HC). All CVID and XLA patients received
immunoglobulin substitution therapy at time of sampling, with target IgG trough levels
of >8.0 g/L. Clinical data was collected from the hospital electronic patient files.

Serum analysis

Serum was collected at time of microbiota sampling, and stored at -80°C until analysis.
IgA was measured in serum using a PEG-enhanced immunoturbidimetric method (Atel-
lica CH, Siemens). Very low IgA was defined as serum IgA <o.1 g/L, in order to be consist-
ent with the first gut microbiota study in CVID by Jergensen et.al.’.

Sample collection and DNA isolation

Oropharyngeal swabs (eSwab, Copan Innovation, Brescia, Italy) were collected by the
treating physician or researcher and stored at -80°C the same day. DNA isolation was per-
formed as described by Wyllie et al.*.

Bacterial load qPCR

Bacterial load in the oropharyngeal swab samples was estimated using the BactQuant
gPCR targeting the bacterial 16S ribosomal RNA (rRNA) gene, as described by Liu et
al.>2. Primers and probes were ordered from IDT DNA technologies. Forward primer:
5'- CCTACGGGDGGCWGCA-3, reverse primer: 5'- GGACTACHVGGGTMTCTAATC
-3/, probe: (6-FAM/ZEN) 5'-CAGCAGCCGCGGTA-3' (Iowa Black®FQ)>*. qPCR was per-
formed using a StepOnePlus RT-PCR system (ThermoFisher).
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16S rRNA sequencing and bioinformatics

The 469 basepair V3 and V4 hypervariable regions of the 16S rRNA gene were ampli-
fied and sequenced using the Illumina MiSeq instrument and Reagent Kit v3 (600-cycle)
according to Fadrosh et al.». The resulting amplicon pool generated a total of 6.6 million
reads. The QIIME2 microbial community analysis pipeline (version 2018.8)*4 was used
with DADA2% for sequence variant detection, and SILVA as 16S rRNA reference gene data-
base (SILVA 132)%°. Sequencing data has been made available on the European Nucleotide
Archive under project code PRJEB34684.

Lung disease scores

High resolution computed tomography (HRCT) volumetric scans were performed in rou-
tine diagnostic evaluation every 5 years according to local protocol for CVID and XLA
patients. Each scan was scored by a board-certified thoracic radiologist (F.M.H.) for AD
and ILD in each lobe using a previously published scoring system?728. AD was scored as
extent and severity of bronchiectasis, airway wall thickening, mucus plugging, tree-in-
bud and airtrapping. ILD was scored as extent and severity of opacities, ground glass,
septa thickening and lung nodules. The obtained score was normalised by the maximum
obtainable score. For one patient who had undergone lobectomy and one with atelectasis
of a single lobe, the maximum obtainable score was adapted to exclude the missing lobe.
In thirteen cases where expiratory scans were not available, airtrapping could not be eval-
uated and this element was removed from the score.

Data analysis and statistical methods

All analyses were performed using R 3.2.0?%, and made publically available on Gitlab:
https://gitlab.com/rberbers/cvid_mbiota_oral/. Continuous variables were compared
using the Mann-Whitney rank test or a Student’s t-test, depending on distribution of the
data. Categorical variables were compared using a two-tailed Fisher’s exact test. Aver-
ages were reported as meanz+standard deviation (SD), or as median+interquartile range
(IQR). Inverse Simpson index was calculated using the package vegan. Principal Com-
ponent Analysis (PCA) was performed using the prcomp function on centered log ratio
(CLR) transformed data*>. PERMANOVA was used to detect global community differences
in PCA using the package vegan. Differential abundance testing was performed using
ANCOM. 23" with Benjamini-Hochberg correction for false discovery rate (FDR) using an
alpha of 0.05 as a threshold for significance. Al ANCOM analyses were corrected for age
and gender.

Correlation between lung scores and microbiota was determined upon the CLR-trans-
formed sequencing data as described above. Linear regression was performed using the
function Im() and the following model: [lung score] ~ gender + age + [bacterium]

Bootstrapped confidence intervals were generated using the function boot() and 1000
iterations. Benjamini Hochberg correction was used to correct for FDR.
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RESULTS

Study population characteristics and serum IgA

Oropharyngeal swabs were collected from 86 CVID patients, 49 HC and 12 XLA patients
(table 1) in two academic hospitals in Rotterdam and Utrecht, the Netherlands. Household
members of patients were included as healthy controls. CVID patients were categorised as
having very low IgA (IgA < 0.1 g/L, CVID-IgA, n=30) or residual IgA serum levels (IgA >
0.1g/L, CVID+IgA, n=50). Serum IgA could be determined in 39/49 HC, and was normal
(IgA > 0.7 g/L) for all HC tested. There were fewer males in the HC than in both CVID
groups (proportions of male participants 31% HC, 50% CVID+IgA, 58% CVID-IgA), and
the HC were older (mean age + standard deviation SD, HC 42+12, CVID+IgA 34+19 and
CVID-IgA 38z15). Naturally, all XLA patients were male. There was more recent antibiotic
use in XLA than in CVID (58% versus 36% and 28% in the CVID groups).

One patient with XLA suffered from juvenile idiopathic arthritis, while 18% of
CVID+IgA and 39% of CVID-IgA suffered from autoimmune disease. Serum IgA levels
were lower in CVID patients with (n=23) than without (n=63) autoimmune disease (mean
+ SD 0.21+0.24 g/L and o0.55+0.60 g/L, respectively, p=0.010, data not shown).

Increased oropharyngeal bacterial load in CVID and XLA

Bacterial load for each oropharyngeal swab sample was estimated by qPCR with 16S rRNA
gene-based primers (figure 1). There was a clear association between the median bacterial
loads in oropharyngeal swabs and serum IgA deficiency: median bacterial load increased
gradually as patients were more profoundly IgA impaired (mediantinterquartile range
IQR: HC 3.1x10°+38.4x10°, CVID+IgA 15.0x10°+132.2x10°, CVID-IgA 33.4X10°+154.3X10°,
XLA 50.5x10°+172.2x10° copies of the 16S rRNA gene). As bacterial loads may be influ-
enced by antibiotic use, we repeated analyses with patients who did not use antibiotics
3 months prior to sampling (supplementary figure 2), which yielded a broadly similar
pattern.

Alpha diversity and community structure differ in absence of IgA

After 16S rRNA amplicon sequencing, 14 samples had insufficient sequencing coverage
(<8000 reads per sample) and were excluded from data analysis, leaving 41 HC, 81 CVID
(48 CVID+IgA, 33 CVID-IgA) and 11 XLA samples (for an overview, please see figure 1
and table 1 of the supplementary materials). The overall top 10 most abundant bacterial
genera were Streptococcus, Actinomyces, Veillonella, Rothia, Prevotella, Gemella, Leptotri-
chia, Haemophilus, Neisseria and Megasphaera (figure 2A).

Alpha diversity, a measure for the richness and evenness of a sample (expressed here
as inverse Simpson index, figure 2B), followed the same pattern as for bacterial loads;
the lower the IgA, the higher the inverse Simpson index (median+IQR: HC 3.28+3.37,
CVID+IgA 3.71+3.12, CVID-IgA 4.95+5.28, XLA 6.46+3.78). Similar results were observed
in patients who were not using antibiotics at least three months prior to sampling (supple-
mentary figure 3A).
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Table 1 Study population characteristics. HC: healthy control, CVID: common variable immu-
nodeficiency, SD: standard deviation, XLA: X-linked agammaglobulinemia GLILD: granulo-
matous - lymphocytic interstitial lung disease. Serum IgA below the limit of detection was

reported as 0.070 g/L.

HC CVID +IgA CVID -IgA XLA
(1gA >0.1g/L) (igA <0.1 g/L)

TotalN 49 .59 36

Age: mean + SD 42 +£12 34 +19 38 £ 14

Male % (N)

31% (15/49) 50% (25/50)

58% (21/36) 100% (12/12)

Medication use during 3 months prior to sampling: % (N)

Antibiotics

0% (0/49) 36% (18/50)

28% (10/36) 58% (7/12)

Immune suppress'i‘ve therd‘pg

0% (0/49) 12% (6/50)

4% (5/36)

8% (1112)

Clinical phenotype: % (N)

30% (15/50)

67% (24/306) 8% (1/12)

Malignanég

6% (3/50)

3% (1/36)

IgA status:

Serum IgA levels gvailublg (N)

80% (39/49)  100% (50/50)

100% (36/36)

0% (0/39)

Serum IgA mean + SD in g/L

2.06+0.78 0.74 + 0.57

0.07+ 0.00

0.07+ 0.00

108

100

16S rRNA copies / pL DNA isolate

10*

10%

p=0.029

f p=0.013

8o 8o

[¢]
0
)
HC CVID+IgA CVID-IgA XLA
n=49 n=50 n=36 n=12

Figure 1 Bacterial load in oropharyngeal swab samples as determined by gPCR for copies of
the 16S rRNA gene in DNA isolates from oropharyngeal swabs in healthy controls (HC, n=49),
CVID +IgA (n=50), CVID -IgA (n=36) and X-linked agammaglobulinemia (XLA, n=12). The
horizontal line inside the box represents the median. The whiskers represent the lowest and
highest values within 1.5xinterquartile range. Statistical test: Mann-Whitney U test.
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Figure 2

A Median relative abundance of top 10 most abundant genera determined by 16S rRNA
sequencing of healthy controls (HC, n=41), CVID +IgA (n=48), CVID -IgA (n=33) and XLA (n=11).
B Alpha diversity of the same samples described in A as measured by inverse Simpson's
index on 16S rRNA sequencing data. The horizontal line inside the box represents the median.
The whiskers represent the lowest and highest values within 1.5xinterquartile range. Statisti-

cal test: Mann-Whitney U test.

C Principal component analysis of centered log ratio (CLR)-transformed family level 16S
rRNA sequencing data of the same samples described in A. Ellipses indicate 95% confidence

intervals. PERMANOVA using Euclidean distance on CLR data
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Figure 3 Differentially abundant taxa in 16S rRNA sequencing of healthy controls (HC, n=41),
CVID +IgA (n=48), CVID -IgA (n=33) and XLA (n=11).

Statistics: ANCOM corrected for age and gender and Benjamini-Hochberg correction for
false discovery rate. The horizontal line inside the box represents the median. The whiskers
represent the lowest and highest values within 1.5xinterquartile range.

Also the overall community structure (beta diversity) differed when grouping patients
by IgA status (figure 2C; p=0.039). After excluding patients with recent antibiotic use
(supplementary figure 3B), overall community structure remained significantly different
between the groups (p=0.039).

Expansion of Prevotellaceae bacteria associated with IgA deficiency

In order to further examine the differences in oropharyngeal microbiota in these patients,
we next determined which bacterial genera were differentially abundant (figure 3). Com-
pared to HC, CVID-IgA patients had a higher relative abundance of two genera belonging
to the Prevotellaceae family; Prevotella and Alloprevotella (p=0.015 and p=0.010, respec-
tively). The same pattern of higher relative abundance of Prevotellaceae bacteria in more
profound IgA deficiency was observed in patients without recent antibiotic use (supple-
mentary figure 4). In XLA, relative abundance of Prevotella and Allorevotella was similar
to CVID-IgA but was not significant compared to HC, probably due to smaller sample size
of the XLA group.
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Figure 4

A Axial CT image: This 15-year old male patient with CVID had a total airway disease (AD)
score of 13, and an interstitial lung disease (ILD) score of 48. Opacities, ground glass, septa
thickening and lung nodules were observed, especially in the lower lobes.

B airway disease (AD) scores in CVID +IgA (n=39), CVID -IgA (n=27), and XLA (n=7).

C interstitial lung disease (ILD) scores in the same samples as in B.

The horizontal line inside the box represents the median. The whiskers represent the lowest
and highest values within 1.5xinterquartile range. Statistics: Mann-Whitney U test.
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Table 2 Linear regression with airway disease (AD) or interstitial lung disease (ILD) scores
as dependent variable, and species level microbial sequencing data as independent vari-
ables, using data from 73 patients (39 CVID +IgA, 27 CVID -IgA and 7 XLA). Age and gender
were included as covariates. Beta coefficient (beta) was bootstrapped to generate 95% con-
fidence intervals (95%Cl). Only taxa with p<0.05 and 95% confidence intervals that do not
span zero are reported.

AD score Beta p value 95%Cl (Beta) R?
‘‘‘‘‘ 0189 . .70.005 0146
‘‘‘‘‘ 0966 . 728719, 2206
.... 0.027 0176, 1.654 0099
.... 0.029 . 0.004, 1.262 oo%97
.... 0.023 0166, 1.168 ol
.... 0.032 0142, 1.031 0095
o 6020 -1.252, -0.048 67
Johnsonella -1.577 0.035 -2.472, -0.949 0.093
ILD score Beta p value 95%Cl (Beta) R?
44444 0Se2 -0z, 0183
44444 0483 388,925
o 0001 0.257, 4604 0176
Rothia -1.856 0.044 -4.465, -0.434 0.082

Other bacteria that were consistently differentially expressed in both the full cohort
and the subgroups without recent antibiotic use were Streptococcus (decreased in XLA vs
HC, p=0.000), and Actinomyces (increased in XLA vs CVID+IgA, p=0.040).

Radiographic lung disease correlated with IgA status, Prevotella,
Alloprevotella, Selenomonas, and Streptococcus

Next, we investigated whether the observed oropharyngeal microbiota differences in
IgA deficient patients were associated with radiographic lung disease. From the group
of patients in whom microbial community composition of oropharyngeal swabs was ana-
lysed, high resolution chest CT scans were available for a total of 73 patients (39 CVID+IgA,
27 CVID-IgA and 7 XLA). Scans were performed for routine clinical follow-up, and mean
time between scan and oropharyngeal swab was 1 year and 56 days (+1 year). For a rep-
resentative scan, please see figure 4A. Mean AD score in this population was 6.1£6.0
with 27% of patients scoring below 2 and 23% scoring 10 or higher. Mean ILD score was
5.2+11.4 with 64% scoring below 2 and 14% scoring 10 or higher.

AD scores were higher in CVID patients with low IgA than in CVID+IgA (figure
4B; CVID-IgA and XLA vs CVID+IgA p=0.003 and p=0.007, respectively). No signifi-
cant differences were observed for ILD score versus IgA status (figure 4C). Relationships
between AD or ILD scores and bacterial load or alpha diversity were not detected here
(supplementary figure 5 A-C).

In linear regression corrected for age and gender including all CVID patients for
whom scans were available (n=060, see table 2), Prevotella (p=0.027, beta 95%CI 0.176,
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1.654), Alloprevotella (p=0.029, beta 95%CI 0.004, 1.262), Selenomonas (p=0.023, beta
95%CI 0.166, 1.168) and Megasphaera (p=0.032, beta 95%CI 0.142, 1.031) positively corre-
lated with AD score, while Fusobacterium (p=0.020, beta 95%CI -1.252, -0.048) and John-
sonella (p=0.035, beta 95%CI -2.472, -0.949) correlated negatively (table 2). Streptococcus
(p=o0.001, beta 95%ClI 0.257, 4.604) positively correlated with ILD scores, and Rothia was
negatively associated with ILD score (p=0.044, beta 95%CI -4.465, -0.434). None of the
reported bacteria were significant after correction for false discovery rate, but all were
stably detected after bootstrapping of samples to exclude effects due to outliers in the data.

DISCUSSION

In this study we determined bacterial load and community composition of the oropharyn-
geal microbiota in CVID and XLA patients. We observed that bacterial load, alpha diver-
sity and relative abundance of bacteria from the Prevotellaceae family were consistently
increased in patients with more profound IgA deficiency, specifically CVID-IgA and XLA.
Moreover, IgA deficiency and expansion of Prevotellaceae bacteria were associated with
lung disease in these patients.

While IgA deficiency is one of the diagnostic criteria for CVID, some patients have
residual IgA production, and others are almost completely IgA deficient. In XLA, no
immunoglobulins are produced at all from birth. Despite [gGRT titrated to protect patients
clinically against infection, oropharyngeal bacterial load was increased in CVID and XLA,
and we observed a trend of increasing bacterial loads in patients with more profound IgA
deficiency (HC < CVID+IgA < CVID-IgA < XLA). While control of bacterial load is most
likely a multifactorial process, our findings indicate that IgA may contribute to limiting
the total amount of colonising bacteria in the upper respiratory tract in these patients.

An additional consequence of increased bacterial load in CVID and XLA concerns
interpretation of relative abundance data®. As 16S rRNA gene based microbial profiling
provides only compositional information, the increased total bacterial load in CVID and
XLA means that any reported increase of relative abundance in these groups (such as for
Alloprevotella and Prevotella) is expected to reflect a much greater increase in absolute bac-
terial numbers. The reverse may be the case for bacteria for which a relative decrease was
reported (such as for instance in Streptococcus).

Concurrent with bacterial load, alpha diversity increased as patients were more pro-
foundly IgA deficient, suggesting that IgA also limits the colonization of more different
bacterial taxa. In gut microbiota high alpha diversity is generally associated with health,
but this seems not to always apply to respiratory microbiota, as increased alpha diversity of
the respiratory tract has been reported in other disease states such as asthma3®. Increased
alpha diversity indicates a more complex alteration of the microbial composition rather
than the outgrowth of a few pathobionts, which would result in decreased diversity as has
been observed in infections® and acute exacerbations of non-CVID/XLA bronchiectasis3+.

Prevotellaceae genera were significantly expanded in CVID with low IgA levels and
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XLA. Prevotella are known mucus degraders® and have been associated with gut microbi-
ome changes and immune-mediated disease3®. These bacteria are reportedly IgA coated
in the gut¥” and were found to be increased in gut microbiota of patients with IgA defi-
ciency and concurrent Thiy skewings®. In the lung, Prevotella-derived outer membrane
vesicles are thought to drive inflammation and fibrosis through the induction of Thiy
responses upon Toll-like receptor (TLR)-2 activation3®. Prevotella may also drive inflam-
mation indirectly by degrading mucins, as intact mucins can dampen innate immune
responses by shielding bacterial ligands from TLRs#°. Prevotella has been associated with
(exacerbations of) non-CVID bronchiectasis in other studies*.

Relative abundance of Prevotella positively correlated with AD scores. This correlation
was not significant after correction for false discovery rate, and additional studies will be
needed to confirm the link between Prevotella (and the other detected bacteria) and air-
way disease. Increased relative abundance of Streptococcus was associated with higher ILD
scores. Specific Streptococcus species have previously been linked with ILD progression in
non-CVID patients in a prospective cohort study+*. Abundance of Rothia was negatively
associated with ILD scores, suggesting a potential protective role. Rothia is described as
part of the core microbiota of the oropharynx#, and has also been found to be associated
occurrence of pneumonia in elderly patients?.

Strengths of this study are the integration between culture-independent microbio-
logical community profiling, clinical immunology and pulmonary radiology. Limitations
of this study include the cross-sectional nature, which does not allow for cause-effect dis-
tinctions (does IgA cause microbiota changes and do these cause lung disease, or are
these bystander effects of a separate process?). There was a time delay between the oro-
pharyngeal swabs, which were taken specifically for this study, and the chest CT scans,
which are performed routinely every five years for clinical care in our clinics. Our group
has previously shown that progression of radiographic AD and ILD scores over a 3- to
s-year follow-up period is very limited in CVID patients®?, and therefore the mean time
between scan and swab of approximately one year in this study was deemed acceptable.
We elected to use radiological evaluation in this study as previous work by our group has
shown that the use of chest CT scans evaluated by a trained pulmonary radiologist is a
superior predictor of early pulmonary abnormalities compared to pulmonary function
testing in CVID#. A potential confounder in this study is use of antibiotics by CVID
patients. Recent antibiotic use was recorded, and sensitivity analyses excluding all patients
who had recently used antibiotics did not yield different insights as compared to analyses
using the full cohort. However, an effect of long-term antibiotic use in this cohort cannot
be excluded.

To conclude, we demonstrated that — despite IgGRT and independent of recent anti-
Dbiotic use — patients with primary antibody deficiency carry an increased bacterial load in
the upper respiratory tract, and have compositional changes of the oropharyngeal micro-
biota related to IgA deficiency. These compositional changes were associated with the
radiographic presence of airway disease and interstitial lung disease. We speculate that
IgA deficiency-induced changes in the microbiota composition of the respiratory tract may
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cause low-grade inflammation through increased microbial challenge, mucus degrada-
tion, and Th-17 skewing, resulting in inflammation-driven airway remodeling, and in
some cases even interstitial lung disease.

While the oropharyngeal microbiota has been found to partially overlap with pul-

monary microbiota#+4°, they are still distinct communities with important differences in
bacterial load and composition#4°. Therefore, while our findings regarding oropharyn-
geal microbiota load and composition may reflect changes in the pulmonary microbiota
indirectly through bacterial seeding of the lower respiratory tract from the oropharynx
or similar consequences of IgA deficiency, further studies are required to show a direct,
temporal and spatial relationship between IgA, microbiota and lung disease.
Direct interrogation of the lung microbiota, for instance through bronchial-alveolar lav-
age, can provide more information about local processes contributing to the development
of lung disease. In addition, IgA-based therapeutic interventions in mouse models of anti-
body deficiency may help answer cause-effect questions, as well as provide first steps for
better treatment in patients.
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SUPPLEMENTARY MATERIAL

There are supplementary materials available for this manuscript.

Data Availability Statement

The datasets generated and analyzed for this study can be found in the European Nucleo-
tide Archive under project code PRJEB34684. All R code used to analyzed this data can be
found at https://gitlab.com/rberbers/cvid_mbiota_oral/.

SUPPLEMENTARY METHODS

Patient inclusion

Patients were included at the outpatient clinics of the departments of clinical immunol-
ogy, infectious diseases and paediatrics at the University Medical Center in Utrecht, the
Netherlands, and the Erasmus Medical Center in Rotterdam, the Netherlands. Medication
use in the three months prior to sampling was recorded. Clinical data was collected from
the hospital electronic patient files. For laboratory measurements below the detection
limit, the cut-off value was replaced with the limit of detection when computing mean
serum levels. GLILD reported in the study characteristics was based on clinical assess-
ment of the treating physician.

DNA isolation

DNA isolation was performed as described by Wyllie et al.’. Briefly, oral swab stored in
200ul of Amies medium was thawed and bead-beated twice in lysis buffer and phenol.
The resulting DNA phase was purified using magnetic beads (LGC Genomics) and eluted
into 1oopL of DNA isolate. Negative controls and mock communities (ZymoBIOMICS
microbial community (DNA) standard, Zymo research, USA) were used from the begin-
ning of DNA isolation up to the data analysis stage.

Bacterial load qPCR

Total bacterial load was determined using the BactQuant qPCR, as described by Liu et
al.?, on a StepOnePlus RT-PCR system (ThermoFisher). Briefly, 2pL of undiluted DNA
isolate for each sample was analysed with Taqgman qPCR for 16S rRNA. Serial dilutions of
a plasmid containing one E.coli 16S rRNA copy were used to calculate absolute 16S rRNA
concentration in each sample. Primers and probes were ordered from IDT DNA technol-
ogies. TagPath master mix (ThermoFisher) was used with standard cycling conditions on
a StepOnePlus RT-PCR system (ThermoFisher). Forward primer: 5'- CCTACGGGDGG-
CWGCA-3, reverse primer: 5- GGACTACHVGGGTMTCTAATC -3/, probe: (6-FAM/
ZEN) 5'-CAGCAGCCGCGGTA-3' (lowa Black®FQ).
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Bioinformatics

The 469 basepair V3 and V4 hyper-variable regions of the 16S rRNA gene were ampli-
fied and sequenced using the Illumina MiSeq instrument and Reagent Kit v3 (600-cycle)
according to Fadrosh et al. 3. The resulting amplicon pool generated a total of 6.6 million
paired-end reads. These 2x300bp paired-end reads were pre-processed as follows. The
first 12bp of each paired-end containing the index sequences, were extracted and after-
wards concatenated to dual-index barcodes of 24bp specific for each read-pair and sample.
Sequencing reads were de-multiplexed using the ‘giime demux emp-paired’ command
from the QIIME2 microbial community analysis pipeline (version 2018.8)4. The DADA25
pipeline in QIIME2 using the command ‘qiime dada2 denoise-paired’ (with the options
--p-trim-left-f 21 --p-trim-left-r 21 --p-trunc-len-f 2775 --p-trunc-len-r 260) was then used for
read quality filtering, removal of sequencing primers, paired-end reads merging, gener-
ating amplicon sequencing variants (ASVs) and the removal of chimeric sequences. After
these steps, and removal of the control samples, a total of 3.2 million sequences were
retained, with a mean amount of 19.3k per sample. The obtained ASVs (7351 in total) were
aligned to the SILVA 16S rRNA gene database® (SILVA 132) using the command ‘qiime
feature-classifier classify-sklearn’. Samples with total read count below 8.000 were con-
sidered to have insufficient coverage and were removed from further analysis.

Three water contaminants were detected across the 38 negative control samples: Halo-
monas (average read count in negative controls 496; in patient samples 21), Pseudomonas
(average read count in negative controls 132; in patient samples 44), Shewanella algae (aver-
age read count in negative controls 424; in patient samples 771). Pseudomonas and Halo-
monas were not identified to the species level. In order to correct for the contamination, the
genera Halomonas, Pseudomonas and Shewanella were removed from all further analyses.
Raw sequencing data will be made available on the European Nucleotide Archive, project
code PRJEB34684.

Chest CT scores

HRCT scans were performed for routine diagnostic screening every 5 years. For 74
patients, one scan closest to time of oropharyngeal sampling was scored by a pulmonary
radiologist (F.M.H.) for AD and ILD in each lobe using a previously published scoring
system 78. AD was scored as extent and severity of bronchiectasis, airway wall thickening,
mucus plugging, tree-in-bud and airtrapping. ILD was scored as extent and severity of
opacities, ground glass, septa thickening and lung nodules. The obtained score was nor-
malised by the maximum obtainable score. For one patient who had undergone lobectomy
and one with atelectasis of a single lobe, the maximum obtainable score was adapted to
exclude the missing lobe. In thirteen cases where expiratory scans were not available, air-
trapping could not be evaluated and this element was removed from the score.

Data analysis and statistical methods

All analyses were performed using R 3.2.09, and made publically available on our
group’s Gitlab page: www.gitlab.com/rberbers/cvid_mbiota_oral . Continuous baseline
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parameters, bacterial load, alpha diversity and AD/ILD scores were compared using the
Mann-Whitney rank test or Student’s t-test depending on distribution of the data. Cate-
gorical variables were compared using a two-tailed Fisher’s exact test. Alpha diversity was
calculating using the inverse Simpson index using the package vegan. Principal Compo-
nent Analysis (PCA) was performed using the prcomp function on the centered log ratio
(CLR) transformed data™. Count zero multiplicative replacement (CZM) from the package
zCompositions was used to replace zeroes prior to CLR transformation. PERMANOVA was
used to detect overall differences in PCA using the adonis function in vegan. Differen-
tial abundance testing was performed using ANCOM" with Benjamini-Hochberg correc-
tion for multiple testing using an alpha of 0.05 as a threshold for significance. Variables
with percentage zeroes greater than 25% of all samples were excluded from analysis. All
ANCOM analyses were corrected for age and gender.
Correlation between lung scores and microbiota were done on the CLR-transformed
sequencing data as described above. Linear regression was performed using the function
Im() and the following model: [lung score] ~ gender + age + [bacterium)]

Bootstrapped confidence intervals were generated using the function boot() and 1000
iterations. Benjamini Hochberg correction was used to correct for false discovery rate.
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Table S1: study characteristics for the sequencing cohort

HC CVID +IgA CVID -IgA XLA

(IgA 0.1 g/L) (IgA <0.1g/L)
Total N 4 48 33 n
Age: mean + SD 41+12 34 +19 39 + 14 23+15
Male % (N) 27% (11/u1) 52% (25/48) 61% (20/33) 100% (11/11)
Medication use during 3 months prior to sampling: % (N)
Antibiotics 0% (0/41) 33% (16/48) 24% (8/33) 55% (6/11)
Immune suppressive therapy 0% (0/41) 13% (6/48) 15% (5/33) 8% (1112)

Clinical phenotype: % (N)

Any inflammatory complication 0% (0/41) 31% (15/48) 67% (22/33) 9% (1/11)
Autoimmune disease 0% (0/41) 19% (9/48) 36% (12/33) 9% (1/1)
GLILD (clinical diagnosis) 0% (0/41) 6% (3/48) 6% (2/33) 0% (0/M)
Granulomatous disease other 0% (0/41) 2% (1/48) 6% (2/33) 0% (0/11)
Enteritis 0% (0/41) 15% (7/48) 27% (9/33) 0% (0/m)
Malignancy 0% (0/41) 6% (3/48) 3% (1/33) 0% (0/M)
IgA status:

Serum IgA levels available (N)  80% (34/41) 100% (48/48) 100% (33/33) 100% 11/1
7 serum IgA low (<0.1 g/L) 0% (0/34) 0% (0/48) 100% (33/33)  100% (11/11)

Serum IgA mean + SD in g/L 2.04+0.79 0.75+ 0.58 0.07+ 0.00 0.07+ 0.00

All samples included in the study
49 HC
86 CVID (50 IgA+, 36 IgA-)
12 XLA

Table 1
Figure 1
Supplementary figure 2

Excluded samples that failed in

sequencing (sequencing cohort) Figures 2&3
41 HC Supplementary tables 1 & 2

81 CVID (48 IgA+, 33 IgA-) Supplementary figures 3 & 4
11 XLA

Samples with HRCT available :
66 CVID (39 IgA+, 27 IgA-) FT'gglr:;
7XLA

Supplementary Figure 1. Overview of all samples used in each figure and table. HC: healthy
control. CVID: common variable immunodeficiency. XLA: X-linked agammaglobulinemia.
IgA: immunoglobulin A. HRCT: high-resolution computed tomography.
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Supplementary Figure 2: Bacterial load in oropharyngeal swab samples as determined by
gPCR for copies of the 16S rRNA gene in DNA isolates from oropharyngeal swabs in par-
ticipants who did not use antibiotics (-AB) up to three months prior to sampling. Healthy
controls (HC, n=49), CVID +IgA (n=32), CVID -1gA (n=26) and X-linked agammaglobulinemia
(XLA, n=5). The horizontal line inside the box represents the median. The whiskers represent
the lowest and highest values within 1.5xinterquartile range. Statistical test: Mann-Whitney
U test.
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Supplementary Figure 3

A Alpha diversity as measured by inverse Simpson's index on 16S rRNA sequencing data of
participants who did not use antibiotics up to 3 months prior to sampling (-AB): healthy con-
trols (HC, n=41), CVID +IgA (n=32), CVID -1gA (n=25) and XLA (n=5). The horizontal line inside
the box represents the median. The whiskers represent the lowest and highest values within
1.5xinterquartile range. Statistical test: Mann-Whitney U test.

B Principal component analysis of centered log ratio (CLR)-transformed family level 16S
rRNA sequencing data of the same samples described in A. Ellipses indicate 95% confidence
intervals. Statistics: PERMANOVA using Euclidean distance on CLR data, p=0.015.
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Supplementary figure 4 Differentially abundant taxa in 16S rRNA sequencing of healthy
controls (HC, n=41), CVID +IgA (n=32), CVID -IgA (n=25) and XLA (n=5) patients who did not use
antibiotics (-AB) 3 months prior to sampling. Statistics: ANCOM corrected for age and gender
and Benjamini-Hochberg correction for false discovery rate. The horizontal line inside the
box represents the median. The whiskers represent the lowest and highest values within
1.5xinterquartile range.
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Supplementary figure 5

A Bacterial load in oropharyngeal swab samples as determined by gPCR for copies of the
16S rRNA gene in DNA isolates from oropharyngeal swabs in patients with airway disease
score (AD) <2 (n=22) or 10 (n=15).

B Bacterial load in oropharyngeal swab samples as determined by gqPCR for copies of the
16S rRNA gene in DNA isolates from oropharyngeal swabs in patients with interstitial lung
disease score (ILD) <2 (n=51) or »10 (n=10).

C Alpha diversity of the same samples described in A and B as measured by inverse Simp-
son's index on 16S rRNA sequencing data.

The horizontal line inside the box represents the median. The whiskers represent the lowest
and highest values within 1.5xinterquartile range. Statistical test: Mann-Whitney U test.
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ABSTRACT

Common Variable Immunodeficiency (CVID) is a primary antibody deficiency charac-
terised by hypogammaglobulinemia and recurrent infections. Significant morbidity
and mortality is caused by immune dysregulation complications (CVIDid), which affect
around one-third of CVID patients and have a poorly understood etiology. Here, we inves-
tigate the hypothesis that gut microbial dysbiosis contributes to the inflammation under-
lying CVIDid.

In this cross-sectional multicenter study, bacterial localization and crypt architecture
were analyzed in gut biopsies of 15 CVID patients, 3 patients with X-linked agammaglob-
ulinemia (XLA), and 9 healthy controls (HC). Next, bacterial load and microbiota com-
position were characterized using 16S rRNA-targeted qPCR and amplicon sequencing,
respectively, in stool samples of 42 CVIDid patients, 51 CVID patients with infections only
(CVIDio), 48 HC and 11 XLA patients.

The CVID gut microbiota was characterized by expansion of Enterobacteriaceae and
bacterial invasion of colonic crypts in CVID and XLA colon biopsies. Increased fecal bac-
terial load and decreased alpha diversity were observed in CVIDid compared to HC, as
well as a distinct beta diversity in CVIDid. Shotgun metagenomic sequencing followed
by selective culturing and qPCR revealed a higher prevalence of Enterococcus gallinarum
in CVIDid relative to CVIDio. Presence of E. gallinarum in stool correlated with increased
serum IL-17A, IL-10, LILRB4 and Flt3L. When exposed to E. gallinarum supernatants,
CVID and HC monocytes showed increased production of IL-6 and IL-6/IL-10 ratio.

This study further supports the hypothesis that a dysregulated gut microbiota con-
tributes to systemic inflammation in primary antibody deficiency, and introduces E. galli-
narum as a potential pathobiont in CVID with immune dysregulation.

Key words

Common Variable Immunodeficiency (CVID); Immune Dysregulation; Gut Microbiota;
Pathobionts

142



Gut microbiota and E. gallinarum in CVID with immune dysregulation

INTRODUCTION

Common variable immunodeficiency disorder (CVID) is a primary immunodeficiency
hallmarked by low serum immunoglobulins and impaired production of specific anti-
bodies, resulting in an increased risk for infections with polysaccharide encapsulated
bacteria”2. While the infection frequency and severity can be ameliorated with adequate
immunoglobulin replacement therapy (IgRT), over a third of CVID patients still develop
additional immune dysregulation complications such as autoimmune disease, granuloma
formation, enteropathy, and lymphoproliferative disease with an increased risk of lym-
phoma. This CVID with immune dysregulation (CVIDid) phenotype causes significant
morbidity and mortality, resulting in poorer long-term survival compared to CVID with
infections only (CVIDio)3-¢. The cause of immune dysregulation complications in CVID is
unknown, but it has been hypothesized that a dysbiotic gut microbiota may play a role in
causing inflammation and clinical complications in CVIDid”®. A more profound antibody
deficiency is observed in patients with X-linked agammaglobulinemia (XLA), which is
caused by mutations in the early B-cell development gene Bruton’s tyrosine kinase, and
results in complete absence of B-cells and immunoglobulins?. XLA patients typically do
not show the same predisposition for the development of immune dysregulation compli-
cations as CVID patients™.

The gut microbiota plays an important role in the maintenance of immune homeo-
stasis, and has been implicated in the pathogenesis of several autoimmune diseases". The
presence of commensal gut bacteria with a (suspected) causal link to the onset of disease
— so-called pathobionts — is thought to contribute to diseases such as rheumatoid arthri-
tis', systemic lupus erythematosus (SLE) and autoimmune hepatitis’3, and mouse models
of multiple sclerosis'4. One proposed mechanism by which gut commensals can drive an
immune response to autoantigens is through molecular mimicry — if the gut commen-
sal provides an antigenic stimulus that causes cross-recognition of host proteins by the
adaptive immune system?®. Alternatively, pathobionts may provide a broad pro-inflamma-
tory stimulus that causes innate immune activation and contributes to autoimmunity in
individuals that are susceptible to self-recognition®. Identification of the mechanisms by
which a suspected pathobiont contributes to disease is crucial in showing a causal role for
the gut microbiota in inflammatory disease, and paves the way for possible therapeutic
approaches.

The composition of the microbiota is partly regulated by the immune system, with an
important role for immunoglobulin A (IgA) in the regulation of the microbiota at mucosal
surfaces™. IgA is thought to not only influence the composition, but also the localization
of the microbiota, thereby contributing to immune exclusion?. IgA deficiency is a known
risk factor for the development of immune dysregulation in CVID®%, and Jergensen et
al.® showed that low IgA was associated with decreased gut microbiota richness in a cohort
of CVID patients of whom 80% had immune dysregulation complications. The presence
of lipopolysaccharide (LPS) in serum of CVID patients in this cohort was suggestive of
microbial (product) translocation and positively correlated with T-cell activation marker
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sCD2s®. These findings support the hypothesis that insufficient IgA may affect mucosal
immunity, leading to an altered gut microbiota composition and translocation of micro-
bial products in CVID, thereby contributing to immune dysregulation in CVID. The ques-
tion whether CVIDid patients also have a specific gut microbiome signature compared to
CVIDio patients remained unanswered due to small sample size of the CVIDio group in
the Jorgensen study®.

Here, we assessed the localization of the microbiota in gut biopsies of CVID and XLA
patients, and we characterized the bacterial load and composition of the gut microbiota in
CVIDio and CVIDid in a cross-sectional multicenter study. We finally relate the presence
of pathobiont species, in particular Enterococcus gallinarum, to inflammation markers in
patient serum and assess their in vitro immunostimulatory capacities.

METHODS

Ethics statement

Ethical approval for this study for all Dutch participants was received from the Medical
Ethical Committee of the Erasmus MC University Medical Center in Rotterdam, the Neth-
erlands (METC: 2013-026). Written informed consent was obtained from all patients and
controls according to the Declaration of Helsinki.

Study population

Patients aged seven or older diagnosed with CVID according to the criteria of the Euro-
pean Society for Immunodeficiencies criteria’ were included during outpatient clinic vis-
its of the University Medical Center Utrecht, the Erasmus MC University Medical Center
Rotterdam and the University Medical Center Groningen, in the Netherlands. Household
members of patients were recruited as healthy controls (HC). Medication use was recorded
up to 3 months prior to sampling. All CVID and XLA patients received IgRT at time of
sampling, with target IgG trough levels of >7.0 g/L. Clinical characteristics were collected
from electronic patient files.

Biopsies

Residual biopsy tissue from endoscopic screening for gastrointestinal malignancy in
patients with primary antibody deficiency was obtained from the Pathology Biobank of the
UMC Utrecht and permission was granted by the UMC Utrecht Biobank Research Ethics
Committee (TCBio 16-493). Biopsies from a control group of patients were age- and gen-
der matched to biopsies from CVID patients and only included if they had no histological
abnormalities and the indication for the biopsy was unrelated to a (suspected) inflamma-
tory or immunodeficient condition. All biopsies were formalin fixed and paraffin-embed-
ded. Slides of 4pum were deparaffinated and stained with hematoxylin and eosin (H&E)
for histopathological assessment, and used for immunofluorescence or fluorescence in
situ hybridization (FISH) staining. All biopsies used in this study were also evaluated by
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a resident gastrointestinal pathologist of the UMC Utrecht in the context of regular care.

Fluorescence in situ hybridization

Tissue slides were de-waxed and hybridized for 2h at 50°C with a universal bacterial EUB-
338 probe (Cy3 ~ 5-GCTGCCTCCCGTAGGAGT- 3’ ~ Cy3, IDT DNA technologies) or a
non-EUB control probe (Cy3 ~ 5- ACT CCT ACG GGA GGC AGC -3’ ~ Cy3, IDT DNA
technologies) in hybridization buffer (0,9M NaCl, 2omM TRIS at pH 7.5, SDS 0.1% wt/
vol) with 20% formamide. Biopsies were analyzed with a confocal laser scanning micro-
scope (CLSM, Leica SPs) at 63X magnification with digital zoom for close-up images,
using LAS AF software (Leica).

Immunofluorescence staining

IgA staining was performed as described previously by Hendrickx et al*°. Briefly, after
de-waxing and antigen retrieval (boiling in Na-citrate buffer pH 6 for 2omin), staining
was performed with primary antibody against IgA (1:100 unlabeled goat anti-human IgA,
Southern Biotech, USA) and secondary antibody (1:500 Alexa Fluor 488 donkey anti-goat
IgG, Invitrogen/Thermo Fisher Scientific, USA). TO-PRO-3 iodide (1:1000 Molecular
Probes/Life technologies, the Netherlands) was added as a nuclear stain. Biopsies were
analyzed with a confocal laser scanning microscope (CLSM, Leica SP5), using LAS AF
software (Leica) at 40X magnification, with digital zoom for close-up images.

Histology

Hematoxylin and eosin-stained slides were scanned and stored at 4ox magnification
(Hamamatsu Digital slide scanner, Japan), and assessed by two independent research-
ers using NDPview2 software (Hamamatsu, Japan). For each transverse colon biopsy, 5
longitudinal crypts not in the proximity of a Peyer’s patch were chosen. For each crypt,
the theca area of the eight largest goblet cells was measured and the length of the crypt
was measured. Goblet cell theca area was used as a measure of mucus productive capac-
ity of these cells®.. Biopsies that did not contain 5 suitable longitudinally cut crypts were
excluded. Means of the two independent measurements were used for final assessment.

Serum measurements

Serum was collected at time of fecal sampling, and stored at -80°C until analysis. IgA
was measured in serum using a PEG-enhanced immunoturbidimetric method (Atellica
CH, Siemens). Very low IgA was defined as serum IgA <o.1 g/L, in order to be consistent
with the first gut microbiota study in CVID by Jergensen et al.®. Serum cytokines were
measured using Olink proximity extension assays (immune response and inflammation
panels), as reported previously>.

Fecal sample collection and DNA isolation

Fecal samples were stored at -80°C within 24 hours of production. Total DNA from feces
samples was isolated using the QiaAmp DNA stool minikit (Qiagen) according to manu-
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facturers’ protocol with the addition of a bead-beating step with o.rmm zirconium beads
in the stool lysisbuffer (ASL buffer). DNA was stored at -20°C prior to further analysis.

Bacterial load and species-specific qPCR

All primers and probes were ordered from IDT DNA technologies (Supplementary
Table 1). qPCR was performed using a StepOnePlus RT-PCR system (ThermoFisher). Bac-
terial load in the fecal samples was estimated using the BactQuant qPCR, as described
by Liu et al.. 16S rRNA copy number calculations were performed using serial dilutions
of a plasmid containing the target sequence (IDT DNA technologies). For design of the
species-specific QPCR assay, strains originating from human stools were selected from
the laboratory collection of the Department of Medical Microbiology, UMC Utrecht (for an
overview of all bacterial strains used in this study, see Supplementary Table 2). All gPCR
assays were tested for cross-reactivity against the other strains.

16S rRNA sequencing and bioinformatics

The 469 basepair V3 and V4 hypervariable regions of the 16S rRNA gene were ampli-
fied and sequenced using the Illumina MiSeq instrument and Reagent Kit v3 (600-cycle)
according to Fadrosh et al.+. The resulting amplicon pool generated a total of 10.2 million
read-pairs (sample median of 60.9k read-pairs). The QIIME2 microbial community anal-
ysis pipeline (version 2018.8)* was used with DADA22¢ for sequence variant detection
(with default settings, except for --p-trunc-len-f 2775 --p-trunc-len-r 260), and SILVA as 16S
rRNA reference gene database (SILVA 132)?. Sequencing data has been made available
on the European Nucleotide Archive under project code PRJEB44275. Samples with total
reads below 1500 were excluded from all analyses.

Shotgun metagenomic sequencing and bioinformatics

Shotgun metagenomic sequencing of fecal samples was performed with the same DNA
extracted for use in 16S rRNA sequencing. Sequence libraries were prepared using the
Nextera XT Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instruc-
tions, using ing of total DNA input. Libraries were sequenced by the Utrecht Sequencing
Facility on an Illumina NextSeq 500 system with a 300 cycle (2 x 150 bp) NextSeq 500/550
High-Output v2.5 Kit. Illumina sequencing data were quality-assessed and trimmed
using Trim Galore (default settings)8.

Shotgun metagenomic sequencing of fecal DNA yielded 550 million paired-end reads
(sample median of 13 million reads). Taxonomic classification was performed using
the OneCodex platform?*® with the OneCodex database. Trimmed and quality-checked
whole genome sequencing data was used for de novo genome assembly (metaSPAdes3®
with default settings and additional flag --only-assembler) and annotation (Prokka* with
default settings).

Selective culturing and whole genome sequencing of bacterial strains
For selective culturing of enterococci, fecal samples were first cultured in Enterococcosel
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broth3? at 37°C overnight. Next, liquid culture was plated on Slanetz and Bartley agar
(Merck Millipore) (for isolation of E. gallinarum with the addition of 4pg/mL vancomycin)
and cultured for 48h at 37°C. Individual bacterial colonies were identified at the species
level using MALDI-TOF mass spectrometry, and stored at -80°C until further use.

Whole genome sequencing of cultured Enterococcus strains was performed as follows.
DNA was isolated using the Wizard Genomic DNA Isolation Kit (Promega) with the proto-
col for gram positive bacteria. Sequence libraries for Illumina sequencing were prepared
using the Nextera XT Kit (Illumina, San Diego, CA, USA) according to the manufac
turer’s instructions. Libraries were sequenced by the Utrecht Sequencing Facility on an
[llumina NextSeq 500 system with a 300 cycle (2 x 150 bp) NextSeq 500/550 Mid-Output
v2.5 Kit. Trimmed and quality-checked whole genome sequencing data was used for de
novo genome assembly (metaSPAdes® with default settings and additional flag --only-as-
sembler) and annotation (Prokka® with default settings). Mega X» software was used to
calculate the neighborhood-joining tree using the fliC sequences of E. gallinarum.

Monocyte cocultures

Bacterial supernatants were cocultured with patient or HC cells as described by the Zitvo-
gel group4, with some modifications. Whole blood was collected from patients at the same
time as serum and fecal sampling, and peripheral blood mononuclear cells were isolated
by ficoll-density centrifugation (GE Healthcare-Biosciences, AB), and frozen at -180°C
until use. For monocyte-bacterial coculture, PBMCs were thawed and monocytes were
isolated using magnetic-activated cell sorting using CD14+ microbeads (Miltenyi Biotech).
Per condition, 5000 monocytes were plated in 96 well-plates in Iscove’s Modified Dulbec-
co’s Medium (IMDM, ThermoFisher) with 5% glutamine 5% hepes and 10% human AB
serum. Bacteria were prepared by inoculating smL brain-heart infusion (BHI) medium
with enterococci isolated from patient stools, or E. coli E783 in smL lysogeny broth. After
overnight culture at 37°C, bacterial supernatants were filter sterilized at 0.2 pm. For each
condition 2opL bacterial supernatant was added to the monocytes and incubated at 37°C
and 5% CO2. The next day, culture supernatants were harvested and frozen at -20°C until
further use. Cytokine measurements of IL-6 and IL-10 in culture supernatants were pet-
formed using Luminex technology.

Data analysis and statistical methods

All analyses were performed using R 3.2.0%°. Continuous variables were compared using
the Mann-Whitney rank test. Categorical variables were compared using a two-tailed Fish-
er’s exact test. Inverse Simpson index was calculated using the package vegan. Princi-
pal Component Analysis (PCA) was performed using the prcomp function on hyperbolic
arcsine (asinh) transformed data. PERMANOVA with correction for false discovery rate
(FDR) was used to detect global community differences in PCA using the package vegan.
Differential abundance testing was performed using ANCOM-BC¥ with Benjamini-Hoch-
berg FDR correction using an alpha of 0.05 as a threshold for significance. All ANCOM-BC
analyses were corrected for age and sex using the following formula: bacterium ~ patient_
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group + age + sex. Bacterial taxa with zero reads in more than 9o% of samples were
excluded from analysis. For subgroup analyses within the immune dysregulation group,
structural zero detection was not applied due to small sample size and increased risk of
false positives.

RESULTS

Local IgA deficiency, bacterial crypt invasion and altered crypt architecture
in CVID

In order to investigate the localization of the microbiota in primary antibody deficiency,
we performed 16S rRNA FISH staining on colon biopsies from 15 CVID patients, 3 XLA
patients and 9 HC (Supplementary Table 3). No patients experienced clinical signs of
enteritis at time of sampling. Luminal bacteria were observed in all biopsies (Figure 1A).
In 3 CVID patients and 1 XLA patient, but none of the HC (Figure 1B-D), presence of bac-
teria deep inside colon crypts was observed. Of the patients with crypt invasion, all had
serum IgA < 0.1 g/L, and the biopsies showed lymphoid infiltration. Of the CVID patients,
2 had immune dysregulation complications (one had autoimmune gastritis, and the other
granulomatous-lymphocytic interstitial lung disease and splenomegaly). Crypt-invading
bacteria were of mixed morphology, suggesting location shift of a heterogeneous popula-
tion of bacteria rather than of one invasive species.

As IgA is thought to contribute to immune exclusion of the microbiota”’, we next
assessed whether serum IgA levels also reflected local IgA production in the gut in CVID
by staining the biopsies for secretory IgA. Indeed, in 4/4 CVID patients with serum IgA
> 0.1 g/L and 9/9 HC, IgA+ plasma cells were detected (Figure 2A-B), while they were
absent in 10/11 CVID patients with serum IgA < o.1 g/L (Figure 2C). An additional barrier
between the gut microbiota and the epithelium is mucus itself. Bacterial crypt invasion
has also been reported in a Muc2 (the mucin that composes the mucus barrier in the
colon) deficient mouse model®. Similar to the Muc2 deficient mice, we observed crypt
elongation (p=o.019) (Figure 2D) and a slight increase in size of Goblet cell theca area
(Figure 2E) in CVID that was not statistically significant (p=o.101). Disturbed mucus and
IgA production may contribute to increased contact of bacteria with the epithelium.

Increased fecal bacterial load in CVIDid without use of antibiotic and
immunosuppressive therapy

In order to investigate whether the gut microbiota is associated with inflammation in
CVID, we assessed if the abundance and composition of fecal microbiota were different in
CVIDid compared to CVIDio. Fecal samples were collected from a cohort of 42 CVIDid,
51 CVIDio, 11 XLA patients and 48 HC (Table 1). In this cohort, serum IgA was lower in
CVIDid than CVIDio (p=0.006) and HC (p<o.oo1), and normal (>0.70 g/L) for all HC
(Supplementary Figure 1).
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M16S rRNA probe M Nuclear stain M Autofluorescence

Figure 1: Localization of the microbiota in CVID. Representative 16S rRNA Fluorescence in-situ
hybridization (FISH) staining. Luminal microbiota (in green) were excited at 488nm; DNA in
the colon epithelium cell (in blue) is stained with DAPI at 405nm. Images were taken using
a Leica SP5 confocal microscope with a 63x objective.

A: luminal microbiota in a healthy control colon biopsy.

B: colonic crypt without presence of microbiota in a healthy control colon biopsy

C: representative 16S rRNA FISH staining showing bacterial presence in colonic crypts in a
CVID patient. Yellow box indicates area enlarged in D.

D: detail of C, showing microbiota invasion in colonic crypts of a CVID patient.
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Figure 2: IgA deficiency and crypt architecture in CVID

A: representative IgA staining of a healthy control. Yellow box indicates area enlarged in
B. IgA (in red) was excited at 488nm; DNA in the colon epithelium cell (in blue) was stained
with TO-PRO-3 iodide at 642 nm. Images were taken using a Leica SP5 confocal microscope
with a 40x objective.

B: detail of A showing IgA+ plasma cells, using digital zoom.

C: representative IgA staining of a CVID patient with no detectable IgA in serum, and absence
of IgA in colon biopsy

D: average crypt length in healthy control (HC, n=9) and CVID (n=15) colon biopsies

E: average Goblet cell theca area in healthy control (HC, n=9) and CVID (n=15) colon biopsies
The horizontal line inside the box represents the median. The whiskers represent the lowest
and highest values within 1.5 x interquartile range. Statistics: Mann-Whitney U test. * p<0.05,
** p<0.01, *** p<0.001.
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Table 1: cohort overview. HC: Healthy control, CVIDio: CVID with infections only, CVIDid: CVID
with immune dysregulation, XLA: X-linked agammaglobulinemia. IQR: interquartile range.
VUS: variant of unknown significance.

CVIDio cVIDid

Summary Statistics HC (N = 48) (N = 51) (N = 42) XLA (N = 11)
Characteristics
age - median (IQR) 43.50 40 40.50 16

~ (36.00,49.50) (25.00,56.00) (32.00,53.75) (12.00,26.50)
sex (male) 18 (37.50%) 22 (43.14%) 20 (47.62%) 1(100.00%)
center (Utrecht) W(85.42%)  30(58.82%)  29(69.05%) 9 (81.82%)
antibiotics ~0(0.00%) 18 (35.29%) 20 (47.62%)  7(63.64%)
immunosuppressive medication 0 (0.00%) 5(9.80%) 11 (26.19%) 1(9.09%)
serum IgA >0.1 g/L 48 (100.00%) 36 (70.59%) 17 (40.L48%) 0 (0.00%)
Immune dysregulation
complications
Pulmonary 0 (0.00%) 0 (0.00%) 1 (26.19%) 0(0.00%)
Hematological 0 (0.00%) 0 (0.00%) 10(23.81%)  0(0.00%)
Gastrointestinal ~ 0(0.00%) 0(0.00%) 22(52.38%)  0(0.00%)
Rheumatological ~ 0(0.00%) 0 (0.00%) 10 (23.81%) 0(0.00%) .
Dermatological 0 (0.00%) 0 (0.00%) 7(16.67%) 0(0.00%)
Lymphoproliferative 0 (0.00%) 0 (0.00%) 18 (42.86%) 0(0.00%)
Other 0 (0.00%) 0 (0.00%) 6 (14.29%) 0 (0.00%)
Genetics
Not done  48(100.00%) 48 (94.12%) 30 (71.463%) 7(63.64%)
Nothing found ~ 0(0.00%) 2 (3.92%) 4 (9.52%) 0(0.00%) .
Only VUS found ~ 0(0.00%) 0 (0.00%) 5 (11.90%) 0(0.00%)
Pathogenic mutations found 0 (0.00%) 1(1.96%) $ 4(9.52%) # 4 (36.36%)

$ pathogenic mutations: TACI
# pathogenic mutations: 1 CTLA4 haploinsufficiency, 1 STATIGoF, 1 PI3KR1, 1 TACI

The total amount of bacteria in each fecal sample was quantified by determining 16S
rRNA gene load using qPCR. While there was no difference in bacterial load when all sam-
pled patients were included (Figure 3A), bacterial load was increased in CVIDid compared
to HC (p=o.02, Figure 3B) when patients who used antibiotic or immunosuppressive
therapy 3 months prior to sampling were excluded. In patients who did use medication,
bacterial load was similar to that of HC (Supplementary Figure 2A). The increased bacte-
rial load in CVIDid was mostly present in patients with lymphoproliferation (Figure 3C).
No difference in bacterial load between CVID with serum IgA <o.1 g/L (CVID-IgA) and
CVID with serum IgA >o.1 g/L (CVID+IgA) was observed (Supplementary Figure 2B),
regardless of medication use (Supplementary Figure 2C).

Lower alpha diversity in CVIDid

Taxonomic characterization of the fecal microbiota in CVID patients by 16S rRNA ampli-
con sequencing showed that the overall most abundant bacterial genera in feces (Fig-
ure 4A) were Blautia, Faecalibacterium and a further unidentified genus belonging to the
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Figure 3: Bacterial load as determined using 16S rRNA qPCR in:

A: Healthy controls (HC n=48), CVID with infections only (CVIDio, n=51) CVID with immune
dysregulation (CVIDid, n=42), and X-linked agammaglobulinemia (XLA, n=11).

B: Patients who did not use antibiotic or immunosuppressive treatment up to 3 months prior
to sampling (-med). Healthy controls (HC n=48), CVIDio-med (n=32), CVIDid-med (n=18) XLA-
med (n=3).

C: Same analysis; splitting up the CVIDid-med group in those without lymphoproliferation
(n=9) and those with lymphoproliferation (n=9).

The horizontal line inside the box represents the median. The whiskers represent the lowest
and highest values within 1.5 x interquartile range. Statistics: Mann-Whitney U test. * p<0.05,
** p<0.01, *** p<0.001.

Lachnospiraceae family. Microbial alpha diversity as expressed by inverse Simpson Index
(Figure 4B) was decreased in CVIDid compared to HC (p=0.002), with CVIDio being the
intermediate group (CVIDio vs HC p= 0.004), regardless of use of antibiotic or immuno-
suppressive therapy (Supplementary Figure 3A). The same pattern was observed when the
CVID group was split according to IgA status, with decreased alpha diversity in the CVID-
IgA group (HC vs CVID-IgA p=0.002, Supplementary Figure 3B and C).

Beta diversity showed a small shift of both CVID phenotypes away from the HC
(CVIDio vs HC p. adj = o.010, CVIDid vs HC p. adj=0.000) (Figure 4D), regardless of
medication use (Supplementary Figure 3D). Beta diversity for CVID+IgA and CVID-
IgA showed similar patterns (Supplementary Figure 3E). No differences in beta diversity
were found between CVIDid patients with similar immune dysregulation phenotypes as
reported in Table 1 (data not shown).
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Figure 4: composition of the gut microbiota in CVID as determined using 16S rRNA gene
sequencing. Healthy controls (HC n=48), CVID with infections only (CVIDio, n=51) CVID with
immune dysregulation (CVIDid, n=42), and X-linked agammaglobulinemia (XLA, n=11).
A: Top-10 most abundant bacterial genera
B: Alpha diversity as calculated using the inverse Simpson index. The horizontal line inside
the box represents the median. The whiskers represent the lowest and highest values within
1.5 x interquartile range. Statistics boxplots: Mann-Whitney U test. * p<0.05, ** p<0.01, ***
p<0.001.
C: Beta diversity shown as principal component analysis (PCA) on genus-level hyperbolic
arcsine transformed data. FDR-adjusted PERMANOVA: CVIDid vs HC adj. p=0.006, CVIDio vs
HC adj. p=0.010. Ellipses indicate the 95% confidence interval.

Bacteria from the genus Enterococcus are associated with CVIDid
Next, we studied the distribution of bacterial taxa between all CVID patients and HC
(Table 2). Bacterial phyla Firmicutes (p. adj = 0.002) and Proteobacteria (p. adj = 0.004)
were slightly more abundant in CVID compared to HC, while the class of Actinobacteria
(p. adj = 0.048) was increased in HC. The bacterial group Escherichia-Shigella and its cor-
responding higher taxonomic levels showed the strongest association with CVID (effect
size B -0.433; standard error SE o0.125; adj. p=o0.011). Escherichia-Shigella was more often
present in CVID (% zero in HC 62.50 vs 43.01 in CVID) and at higher abundance (0.22%
in HC vs 0.47% in CVID).

Other bacterial genera more frequently found in CVID patients compared to HC were
Eggerthella, Alloprevotella, Lactococcus, Erysipelatoclostridium, Veillonella, Parasutterella,
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Gut microbiota and E. gallinarum in CVID with immune dysregulation

and 11 bacteria belonging to the order Clostridiales: Ruminococcus, Blautia, Sellimonas,
Tyzzerella, Caproiciproducens, Flavonifractor, Oscillibacter and a genus from the Rumino-
coccaceae UCG-004 group. After exclusion of patients with recent antibiotic use, all asso-
ciated bacteria except Alloprevotella and Ruminococcus remained similarly associated with
CVID although some lost statistical significance after FDR-correction (Supplementary
Table 4).

Comparison of the composition of the fecal microbiota between CVIDid and CVIDio
patients revealed that Enterococcus was exclusively detected in feces of CVIDid patients
and absent in feces of CVIDio patients (Table 3), also after exclusion of patients with recent
antibiotic use (Supplementary table 5). Bacterial genera that were associated with CVIDid
but lost statistical significance after correction for multiple testing were Eggerthella, Bac-
teroides, Alloprevotella, Lachnoclostridium, Flavonifractor and Veillonella, while the genera
belonging to the Lachnospiraceae family CAG-56 and Coprococcus were associated with
CVIDio (Table 3). When comparing CVID+IgA to CVID-IgA, Enterococcus was signifi-
cantly associated with CVID-IgA as a structural zero, in addition to Eubacterium (Supple-
mentary table 6).

Enterococcus gallinarum as a differentially abundant pathobiont in immune
dysregulation in CVID

Since the presence of bacterial species from the genus Enterococcus have previously been
associated with inflammation’94° and pathophysiology of autoimmune disease’+, we
next assessed whether the enterococci present in CVIDid in our cohort play a similar
role. In order to investigate which Enterococcus species might be more abundant in the
fecal microbiota in CVIDid, shotgun metagenomic sequencing of 4 HC, 4 CVIDio and 4
CVIDid was performed. Overall, the most prevalent enterococci were Enterococcus casse-
liflavus, Enterococcus durans, Enterococcus faecium, Enterococcus faecalis, Enterococcus galli-
narum, and Enterococcus hirae (Supplementary Figure 4). Of these, only E. gallinarum and
E. hirae were enriched in CVIDid. E. casseliflavus and E. durans were not prevalent in
CVID, and therefore were excluded from further analysis.

To confirm presence of specific enterococcal species in the whole cohort, a parallel
approach of bacterial culturing and qPCR was used. Species-specific qPCR assays were
developed for E. faecium, E. faecalis, E. gallinarum and E. hirae, and tested against the other
species to ascertain that no cross-reactivity occurred (data not shown). As enterococci
can easily acquire high levels of antibiotic resistance, samples of patients who had used
antibiotics 3 months prior to sampling were excluded in order to prevent selection bias
based on antibiotic use. Selective culturing combined with qPCR (Table 4) showed that
E. faecium and E. faecalis were overall the most prevalent enterococci in CVIDio (E. fae-
cium 60.61% and E. faecalis 48.48%) and CVIDid patients (E. faecium 68.18% and E.
faecalis 63.64%) alike. Although all Enterococcus species showed increased prevalence in
CVIDid patients, E. gallinarum was most strongly associated with the CVIDid phenotype
with a 3.75-fold detection increase in CVIDid (22.73%) when compared to CVIDio patients
(6.06%), although this difference did not reach statistical significance (p=0.103), followed
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Gut microbiota and E. gallinarum in CVID with immune dysregulation

Table 4:

Presence of Enterococcus species

detected with culturing and/or CViDio cViDid Fisher's exact
qPCR - antibiotics - antibiotics test

patient without antibiotic usage (n)

E.faecium n (%) A R
E.faecalis n (%) COBOTE
Egallinarumn (%) . .2l60e%)  5(2273%) 01025
E.hirae n (%) 5 (15.15%) 6 (27.27%) 0.3164

by E. hirae, with a 1.8-fold detection increase in CVIDid (277.27%) compared to CVIDio
(15.15%) (p=0.316).

Enterococcus gallinarum is associated with inflammatory cytokines in vivo
and in vitro
In order to investigate a potential link between carriage of E. gallinarum and inflamma-
tion we compared previously measured?? serum cytokine levels between patients with and
without E. gallinarum in their stool (n=5 CVIDid, n=2 CVIDio, n=2 HC with E. gallinarum
vs n= 23 CVIDid, n=27 CVIDio, n=28 HC without E. gallinarum). We observed increased
levels of pro-inflammatory IL-17a, hematopoietic growth factor FIt3L, immune-regulatory
IL-10 and chronic activation marker LILRB4 in E. gallinarum+ individuals (Figure 5), sup-
porting a relationship with inflammation and (chronic) immune activation. In addition,
TWEAK (BAFF-L), ITGA1r and CLEC4G were decreased in E. gallinarum+ individuals.
Next, we tested the immunostimulatory capacity of E. gallinarum and E. hirae strains
isolated from CVIDid patients in vitro. Bacterial supernatants from E. gallinarum and
E. hirae were cocultured with primary monocytes isolated from CVIDid (n=3), CVIDio
(n=3) or HC (n=3). IL-6 and IL-10 were measured to reflect pro- or anti-inflammatory
cytokine production by monocytes, respectively, as these cytokines were previously found
increased in CVID(id)**42. Stimulation with E. gallinarum resulted in higher pro-inflam-
matory IL-6 production than after stimulation with E. coli or E. hirae, especially in HC
monocytes (Figure GA). E. gallinarum stimulation also resulted in production of immune
regulatory IL-10, which also occurred after stimulation with E. coli (Figure 6B). The ratio
between IL-6 and IL-10 levels, which reflects the balance between pro- and anti-inflam-
matory signals, was high in both E. gallinarum and E. hirae, and low for E. coli (Figure
6C). Overall, E. gallinarum caused the most consistent IL-6 upregulation in combination
with an increased IL-6/IL-10 ratio, indicating that E. gallinarum can induce a pro-inflam-
matory state in monocytes. We also observed that HC monocytes produced more IL-6 and
[L-10 following stimulation than when compared to cells from CVIDid patients regard-
less of the bacterial stimulus, with CVIDio being the intermediate group (Supplementary
Figure 5A).
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Figure 5: Serum cytokines as measured using targeted proteomics. NPX: normalized pro-
tein expression. Egal+: n= 5 CVIDid, n=2 CVIDio, n=2 HC with E.gallinarum in their stools at
time of sampling. Egal-: n= 23 CVIDid, n=27 CVIDio, n=28 HC without E.gallinarum in their
stools at time of sampling. The horizontal line inside the box represents the median. The
whiskers represent the lowest and highest values within 1.5 x interquartile range. P-values:
Mann-Whitney U-test. * p<0.05, ** p<0.01, *** p<0.001.

DISCUSSION

Recent microbiome studies have supported the presence of gut microbial dysbiosis in
CVID patients®444, but the role of specific gut bacteria in the occurrence of immune dys-
regulation in CVID was thus far unknown. In this study, we demonstrated that increased
contact of the gut microbiota with the colon epithelium occurs in some CVID patients,
and that the microbiota of CVIDid patients was characterized by an increased bacterial
load, decreased alpha diversity, distinct beta diversity, and enrichment with enterococcal
species. We identified E. gallinarum as a candidate pathobiont in CVIDid patients by show-
ing its association with pro-inflammatory cytokines in serum of patients, as well as its
ability to stimulate monocytes in vitro. E. gallinarum has been previously linked with other
immune dysregulation syndromes such as SLEB, autoimmune hepatitis, and primary
sclerosing cholangitis+'.
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Figure 6:

Cytokine production after in-vitro stimulation of monocytes from 3 HC, 3 CVIDio and 3 CVIDid
with bacterial supernatants from E.coli E783, E.gallinarum E9950, E.gallinarum E.9951, E.hi-
rae E9954 and E.hirae E9958. A: IL-6 production, B: IL-10 production, C: IL6/IL10 ratio.

The bacterial cryptinvasion we observed in some IgA-deficient CVID and XLA patients
suggests that there is increased contact between the gut microbiota and the gut epithe-
lium. This may trigger local inflammation®, and contribute to systemic inflammation
if it results in the previously reported endotoxemia in CVID(id) patients®+47. Increased
contact of the microbiota with the colonic epithelium has been reported in inflammatory
bowel diseases®' as well as colonic cancer#, but to our knowledge this has not previously
been described in the context of antibody deficiency. Biopsies only provide local snapshots
of processes occurring in the gut, and therefore the true incidence of bacterial crypt inva-
sion in CVID may be higher than we were able to observe here.

The histological findings in gut biopsies of CVID patients in our study were compa-
rable to that observed in MUC2 deficient mice with crypt elongation and bacterial crypt
invasion®® and it is possible that defects in mucus production may also occur in CVID.
Unfortunately, the fixation method of the biopsies available for this study were not suita-
ble to directly investigate the mucus layer in order to further investigate that question. In
addition, IgA may play a role in maintaining sterility of the inner mucus layer. An associ-
ation between mucosal IgA levels and CVID gut inflammation was previously reported++,
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and mechanistic studies have provided examples of how interactions between IgA and gut
commensals influence the localization of bacteria in the gut4.

Our 16S rRNA sequencing findings confirm and expand on previous studies inves-
tigating the CVID microbiome compared to HC. Decreased alpha diversity and distinct
beta diversity have consistently been observed®#°, as well as an association of decreased
Bifidobacterium?® and increased Enterobacteriaceae®# and Eggerthella’® in CVID. Fiedor-
ovd et al.# also reported enrichment of Enterococcus in CVID, but do not specify whether
this was more present in patients with immune dysregulation symptoms. Differences
in detection of minority species such as enterococci by DNA-based approaches between
studies may be influenced by the specific DNA isolation protocol used, especially in the
case of Gram-positive bacteria, which have a strong cell wall that is resistant to many lysis
methodss'. Additionally, selective culturing yielded a far larger prevalence of Enterococcus
species in our cohort compared to 16S rRNA sequencing, especially of the dominant taxa
E. faecalis and E. faecium.

We next showed increased prevalence of Enterococcus species in the stools of CVI-
Did patients, which was most pronounced for E. gallinarum. The presence of Enterococcus
species in the CVIDid microbiota may be caused by several factors. First, IgA may play a
role in preventing colonization of enterococci. While little is known about E. gallinarum
in the context of IgA deficiency, other Enterococcus species have been better researched.
Our group has previously shown that agglutination of E. faecium with secretory IgA was
necessary to maintain spatial segregation of E. faecium from the intestinal epithelium in
mice*°, and human IgA+ memory B-cells have shown high binding frequencies for E.
faecalis*. Secondly, CVID patients frequently require antibiotic therapy, especially before
they are diagnosed and adequate immunoglobulin replacement therapy is started. Anti-
biotic use may lead to generalized gut microbial dysbiosis, thereby allowing colonization
with pathobiont speciess, especially those that easily acquire antibiotic resistance such as
enterococci’+s.

Carriage of E. gallinarum was associated with serum markers we previously found
to be increased in CVIDid, such as IL-17A, IL-10 and LILRB4*2. In our study, exposure
of monocytes to supernatant of E. gallinarum strains from CVIDid patients resulted in
production of IL-6, and an increased IL-6/IL-10 ratio, indicating monocyte activation. Of
note, monocytes isolated from CVIDid patients produced lower levels of IL-6 and IL-10
than monocytes from HC, regardless of the bacterial stimulus. Monocyte hyporesponsive-
ness to Toll-like receptor (TLR)-mediated activation has been previously described in set-
tings of endotoxemias®=8. Whether this also occurs in CVIDid will need to be confirmed
in additional studies with larger sample size.

There are several mechanisms through which monocyte activation by E. gallinarum
could occur. Vieira et al.? demonstrated triggering of the aryl hydrocarbon receptor (AhR)
by E. gallinarum in SLE and autoimmune hepatitis patients, which resulted in IL-6 produc-
tion. However, we were unable to abrogate monocyte activation with an AhR antagonist in
vitro (data not shown), and AhR activation was also shown to induce Thi1y skewing, which
does not usually occur in CVIDid patientss®°. Lauté-Caly et al.»* showed that the flagellin
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of an E. gallinarum strain isolated from healthy humans strongly stimulated monocytes,
dendritic cells, and human intestinal epithelial cells through TLR5 signaling. The fliC
(flagellin) allele of this commensal strain was identical to that of 3/3 E. gallinarum strains
we were able to culture from patients with CVIDid, and 1/4 strains from CVIDio patients,
while the other 3/4 CVIDio and 2/2 HC E. gallinarum strains encoded different fliC alleles
harboring several mutations (Supplementary Figure 6). However, whether flagellin-TLR5
signaling also contributes to clinical inflammation in CVIDid remains to be proven with
additional mechanistic studies.

In summary, our results support the hypothesis that in CVID, increased contact of
the microbiota with the host epithelium and microbial dysbiosis contribute to immune
dysregulation. We hypothesize that microbial dysbiosis, possibly in combination with IgA
deficiency and/or antibiotic use, may facilitate colonization of pathobionts such as E. galli-
narum, and that sustained exposure to E. gallinarum bacterial products may lead to innate
immune system activation, which can provide an extra stimulus to an already autoim-
munity-prone immune system®. Further studies are necessary to confirm the role of IgA
deficiency and pathobionts such as E. gallinarum in the pathogenesis of immune dysreg-
ulation in CVID. Therapeutic targeting of gut pathobionts may be a promising future
outlook in the prevention and treatment of immune dysregulation in CVID.
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SUPPLEMENTARY MATERIAL
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Supplementary Figure 1: serum IgA in healthy controls (HC, n=48), CVID with infections only
(CVIDio, n=51) and CVID with immune dysregulation (CVIDio n=42). The horizontal line inside
the box represents the median. The whiskers represent the lowest and highest values within
1.5 x interquartile range. P values boxplots: Mann-Whitney U test. * p<0.05, ** p<0.01, ***
p<0.001.
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Supplementary Figure 2: Bacterial load as determined using 16S rRNA gPCR in:

A: HC (n=48), CVIDio -med (n=32), CVIDio +med (n=19), CVIDid -med (n=18), CVIDid +med
(n=21), XLA (n=11).

B: HC (n=48), CVID +IgA (n=53), CVID-IgA (n=40), XLA (n=11).

C: HC (n=48), CVID -med +IgA (n=29), CVID -med -IgA (n=21), XLA -med (n=3)

HC: healthy control, CVIDio: CVID with infections only, CVIDid: CVID with immune dysregu-
lation, XLA: X-linked agmmaglobulinemia. Med: patients who did (+) or did not (-) use anti-
biotics or immunosuppressive therapy up to 3 months prior to sampling. IgA: patients with
serum IgA higher (+) or lower (-) than 0.1 g/L. The horizontal line inside the box represents
the median. The whiskers represent the lowest and highest values within 1.5 x interquartile
range. P values boxplots: Mann-Whitney U test. * p<0.05, ** p<0.01, *** p<0.001.
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Supplementary Figure 3:

Alpha diversity as calculated using the inverse Simpson index. The horizontal line inside the
box represents the median. The whiskers represent the lowest and highest values within
1.5 x interquartile range. P values boxplots: Mann-Whitney U test. * p<0.05, ** p<0.01, ***
p<0.001.

A: HC (n=48), CVIDio -med (n=32), CVIDid -med (n=18), XLA-med (n=3).

B: HC (n=48), CVID +IgA (n=53), CVID-IgA (n=40), XLA (n=11).

C: HC (n=48), CVID -med +IgA (n=29), CVID -med -1gA (n=21), XLA -med (n=3)

Beta diversity shown as principal component analysis (PCA) on genus-level hyperbolic arc-
sine transformed data. Ellipses indicate the 95% confidence interval.

D: HC (n=48), CVIDio -med (n=32), CVIDid -med (n=18), XLA-med (n=3). FDR-adjusted PER-
MANOVA CVIDio-med vs CVIDid-med p.adj=0.009. CVIDid vs HC p.adj=0.006

E: HC (n=48), CVID +IgA (n=53), CVID-IgA (n=40), XLA (n=11). FDR-adjusted PERMANOVA:
CVID+IgA vs HC p.adj= 0.006, CVID-IgA vs HC padj.=0.006
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Supplementary Figure 5:

Cytokine production after in-vitro stimulation of monocytes from 3 HC, 3 CVIDio and 3 CVI-
Did with bacterial supernatants from E.coli E783, E.gallinarum E9950, E.gallinarum E.9951,
E.hirae E9954 and E.hirae E9958 (pooled data). A: IL-6 production, B: IL-10 production, C: IL6/
IL10 ratio.

E9947 Flagellin - HC

| E9946 Flagellin - CVIDio

| E9948 Flagellin - HC
E9944 Flagellin - CVIDio
E9952 Flagellin - CVIDio

E9945 Flagellin - CVIDio

E9949 Flagellin - CVIDid

— E9950 Flagellin - CVIDid

E9951 Flagellin - CVIDid

MK142548.1 Enterococcus gallinarum strain MRx0518 flagellin (fiC) gene complete cds

Supplementary Figure 6: Neighborhood-joining tree comparing the fliC alleles of E. galli-
narum strains cultured from HC, CVIDio and CVIDid patients to the strain described in Lauté-
Caly et al.
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Supplementary Table 1: qPCR primer-probe sequences, ordered from IDT DNA technologies.
All sequences reported from 5'-3', all probes flanked by 6-FAM/ZEN (5') and lowa Black®Flu-

orescence Quencher?.

BactQuant

Target gene 16S rRNA

Forward primer CCTACGGGDGGCWGCA
Probe CAGCAGCCGCGGTA

Reverse Primer

GGACTACHVGGGTMTCTAATC

Enterococcus faecium

Target gene

dadl

Forward primer

TGCCTGGTGAAGTCGTAAAAG

Probe

CGAAATGCAGATTCCAGCCGAAGTG

Reverse Primer

AGCTAACTTCGCGTACTCTTG

Enterococcus faecalis

target gene

dal

Forward primer

GCACGTGAAATTGAAGTAGCC

Probe TGGTGAAGTGGTGAAAGATGTCGCT
Reverse Primer GAACATGCGCTGGGATTTG

Enterococcus gallinarum

Target gene sodA
Forward primer TTTGATTCGGTGCCTGAAGA

Probe

AACGGTGGTGGTCATGCAAATCAC

Reverse Primer

AGCATTTGGTGCCAAGATTTC

Enterococcus hirae

target gene

dal

Forward primer

CAGTTCTTTCAGCGTTTTCAGTC

Probe

AGGGCCTTTCACCCATTGACCTTC

Reverse Primer

CTTTGCTCGTTGGTTTCTCTG
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Supplementary table 3: Characteristics biopsy cohort. HC: healthy control, CVID: Common

Variable Immunodeficiency, XLA: X-linked agammaglobulinemia.

HC CVID XLA
n 9 15 3
Age (years, median) 33 38 28
sex (male) 2 (22%) 6 (L0%) 3 (100%)
Antibiotic use 0 7 (47%)
Serum IgA < 0.1 g/L n.d. 1 (73%) 3 (100%)
Histology colon biopsies
No pathology 9 4 (26%) =2
Lymphoid aggregates 0 1 (73%) 1(33%)
Focal signs of chronic inflammation 0 1(7%)
Acute inflammation or infection 0 0
Immune dysregulation symptoms 0 8 (53%)
Pulmonary 0 3 (30%)
Hematological 0 2 (13%)
Gastrointestinal 0 2 (13%)#
Rheumatological 0 1(7%)
Lymphoproliferative 0 7 (47%)

#: both autoimmune gastritis
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ABSTRACT

Statistical analysis of microbiome data is complicated by the compositional, sparse, and
high-dimensional nature of the data. In order to overcome these problems, transforma-
tions are often applied, but little is known about how they affect the correlation structure
of the data and how this influences the outcome of statistical analyses. We applied com-
monly used microbiome data transformations (compositional, centered log-ratio trans-
formation (CLR) with zero handling methods, and inverse hyperbolic sine) to an exist-
ing oropharyngeal 16S ribosomal RNA sequencing dataset, and analysed their effects on
principal component analysis (PCA), variable selection, prediction, and network analysis.

Zero replacement (pseudocount, count multiplicative replacement, or Bayesian-multi-
plicative imputation) prior to CLR transformation introduced artificial correlations within
the microbiome dataset. This resulted in larger explained variance in PCA. For variable
selection and prediction performance, an ensemble approach integrating single point
analysis, elastic net and random forest learners was applied. Although three bacterial taxa
were stably detected across the machine learning approaches, the overall composition of
bacterial taxa associated with the outcome varied with use of different data transforma-
tions. Case-control prediction accuracy and statistical power were improved after all data
transformations compared to untransformed compositional data.

To conclude, CLR data transformation with zero handling introduced artificial cor-
relation in a sparse microbiome dataset. As these data transformations resulted in differ-
ences in variable selection, we recommend caution in the use of transformation methods
that require zero replacement.

Keywords

Centered log ratio (CLR), microbiome, data analysis, sparsity, compositional, next-gener-
ation sequencing
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INTRODUCTION

Next-Generation Sequencing (NGS) is a powerful tool to determine the composition of
complex microbial communities, providing a rich source of information about natural
ecosystems that may profoundly influence our living environment and health. A typical
research question about microbiome data concerns feature selection — which bacteria are
different between two conditions (e.g. health and disease)?

Answering these questions, however, is often challenging due to the high-dimension-
ality, sparsity, and compositionality of microbiome data. High-dimensionality is caused
by the vast diversity of bacterial taxa and increases as lower taxonomic levels are used.
Furthermore, lower taxonomic ranking, which gives higher biological resolution, also
increases the proportion of taxa that are absent in samples, yielding very sparse datasets.
At lower taxonomic levels, sparsity can be as high as ~90% in human oral microbial com-
munities'. Finally, the compositional structure of microbiome data poses a statistical chal-
lenge. The total read count of NGS microbiome datasets (such as 16S rRNA sequencing
data) cannot be related to the absolute number of bacteria in the input sample®. Therefore,
these datasets are usually converted to relative abundance values, resulting in composi-
tional data that sum up to a fixed value. This may lead to inferior performance of tradi-
tional methodology if applied directly to these constrained datas. One of the consequences
of data compositionality is the introduction of spurious correlations among variables, as
already recognised by Pearson in 18974. As it has been frequently posed that the false pos-
itive rate resulting from spurious correlations can become unacceptably high in microbi-
ome studies?s, novel data analysis methods for microbiome data are increasingly account-
ing for the compositionality problems®.

Many novel analysis methods rely on mathematical transformations to overcome con-
straints on compositional data. Aitchison proposed the centered log-ratio (CLR) transfor-
mation’, where the dataset is log-transformed and then row centered. A major drawback
of CLR in highly sparse microbiome data is that logarithms cannot handle zeros. A com-
monly used solution is to add a small pseudo-count (e.g., +1) to the raw counts before
making the data compositional®. An alternative approach replaces the original zeros back
after taking log transformation (implemented in “compositions” R package(9)). The zeros
in microbiome data are often considered a consequence of the detection limit. In this
regard, it is reasonable to substitute the zeros by a fixed fraction of the detection thres-
hold (implemented in R package “zCompositions”). Apart from these simple replacement
approaches, Martin-Ferndndez et al." proposed a Bayesian-multiplicative imputation
method to impute the zeros in the Bayesian framework (implemented in zCompositions).
Though less common, researchers also use the raw count data without making them com-
positional. To reduce the skewness in microbiome count data, the inverse hyperbolic sine
(asinh) transformation can be used*.

Despite developments in the field to validate methods that account for the composi-
tionality problem and modelling of zero counts, the practical consequences of zero replace-
ment in combination with CLR transformations on feature selection are under-studied.
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Here, we aim to investigate the impact of different zero-handling and transformation
methods on (i) the correlation structure of microbiome data, (ii) dimension reduction
analysis, (iii) the results of feature selection, (iv) prediction performance of statistical and
machine learning, in particular, ensemble learning, and finally (v) network analysis to
detect interaction of bacteria. These methods will be applied to a previously published
clinical 16S rRNA dataset that compares the oropharyngeal microbiome of healthy peo-
ple to that of patients with Common Variable Immunodeficiency (CVID), which leads to
deficiency of IgG and IgA®s. The sample size is relatively small (n=41 healthy controls: HC
vs n=37 CVID with serum IgA<o.1g/L: CVID-IgA), and the microbiome data is sparse
and heterogeneous. This dataset therefore accurately reflects real-world statistical chal-
lenges often encountered in clinical microbiome studies, more so than simulated data or
datasets where very large differences can be expected do. In order to determine a ground
truth of which bacteria were associated with the outcome, an ensemble machine learning
approach was used. Bacterial taxa that were independently detected by different statistical
methods were considered robustly associated with the outcome.

METHODS

All analyses were performed using R 3.6.3 (2020-02-29) and publicly available on Github:
https://github.com/zhujiegu/Microbiome_ML.

Datasets

Previously published microbiome data derived from 16S rRNA sequencing of oropharyn-
geal swabs of patients with CVID was used for all subsequent analysesB. Sequencing data
was made available on the European Nucleotide Archive under project code PRJEB34684.
This dataset contains the following samples; HC (n=41), CVID with serum IgA levels > o.1
g/L (CVID+IgA, n=48), and CVID-IgA (n=37), and patients with X-linked agammaglob-
ulinemia (XLA, n=11). Genus-level data was used (P=139 taxa). For supervised analyses,
only the HC and the CVID-IgA groups were used. For the unsupervised network analysis,
the whole cohort was used (n=137).

Data transformations

The methods that were applied to the dataset in order to investigate the influence of zero
handling and data transformation are summarized in Table 1. Supplementary Figure 1
depicts the workflow of these methods.

Correlation and dimension reduction

Correlation structures (Spearman) of each transformed dataset were visualized using the
package “ggcorrplot”. Dimension reduction was performed using Principal Component
Analysis (package “FactoMineR”), plotting the first 2 PCs. Ellipses indicate confidence
regions.
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Table 1: Methods for replacement of zeros in Microbiome data. CLR: centered log ratio. Czm:
count zero multiplicative. Gbm: geometric Bayesian multiplicative.

CLR trans-
Method Zero handling formation Notes
comp No No Relative abundance (composi-
..... tional data)
asinh No No Inverse hyperbolic sine (asinh)
transformation on count data'
CLRO No; zeroes are placed back after  Yes R package compositions’
CLR .....
CLR1 Add a pseudo-count (count +1) to  Yes CLR transformation: composi-
zero abundance tional — log transformation —
..... row centering
CLRczm Multiplicative simple replacement Yes R package zCompositions'
CLRgbm Bayesian-multiplicative Yes R package zCompositions'™
imputation

Data
Gh =78 (37/82)

[

Train Data
N =55 (26/29)

1 T |
’ | \ ‘ [
Comp Asinh CIRO CIR1 ClRczm

CLRgbm
SP/EN/RF SP/EN/RF SP/EN/RF SP/EN /RF SP/EN/RF SP/EN/RF

Resample 2/3 of the data

Repeat 100 times )

Comp TestData
ML score N=23(11/12)
Comparethe final
models with
AUC

Consensus model

Figure 1: Workflow of ensemble learning. CLR: centered log ratio. N=sample size (n case : n
control). Comp: compositional, asinh: inverse hyperbolic sine , CLRO: CLR with zero placed
back, CLR1: CLR with pseudocount 1, CLRczm: CLR with count zero multiplicative replacement,
CLRgbm: CLR with geometric Bayesian multiplicative zero replacement, ML: machine learn-
ing, SP: single point, EN: elastic net, RF: random forest, AUC: area under the curve.
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Ensemble learning strategy

Ensemble methods using multiple learning algorithms were applied to obtain robust
predictive performance. Figure 1 depicts the workflow. The dataset was randomly split
into training and test sets (70% vs 30%), preserving the case-control ratio. Three statisti-
cal and machine learning methods (ML) were applied to the training dataset: single point
(SP) analysis using univariate logistic regression, logistic Elastic Net (EN), and Random
Forest (RF). Details about the implementation of these methods (e.g., hyperparameter
tuning, R package, etc.) can be found in the supplementary material. All methods were
fitted in 2/3 of the training set, and the bacteria were selected and ranked using appropri-
ate criteria (p-values for SP, beta coeflicient for EN, and mean decrease in Gini-index for
RF) . This procedure was repeated 100 times. For each method, individual ranking was
averaged across 100 repetitions (ML score). The final score was calculated by averaging
the three ML scores for each of six zero handling methods. The prediction performance
of the final models with 5 top-ranking bacteria was evaluated using area under the curve
(AUC) in the held-out test set. Finally, a consensus score was constructed as the average
ranking of the taxon over all 6 methods. The three top-ranking bacteria were included in
the consensus model together with covariate age.

Correlation networks

For estimating networks of bacteria, weighted gene co-expression network analysis
(WGCNA) based on pairwise correlations between bacteria was used'. As network anal-
ysis is very sensitive to sparsity and sample size, bacteria with a zero count in more than
90% of samples were removed, resulting in 59 bacteria. To compute correlations of com-
positional microbiome data, three methods were considered: Compositions, CLR1, and
SparCC»s. SparCC (Sparse Correlations for Compositional data) aims to estimate the true
correlations between the log-transformed components. Since the output of SparCC varies
strongly across repetitions, the correlation was estimated 10 times, and averaged correla-
tion was used to construct the bacterial network.

RESULTS

CLR after pseudocount or zero imputation introduces an artificial correlation
structure

We first investigated the impact of compositionality and data transformation methods on
the correlation patterns within the data. The overall correlation structure of the count data
(Figure 2a) and compositional data (Figure 2b) was very similar, indicating that composi-
tionality did not introduce spurious correlations here. Next, the six selected zero replace-
ment and compositionality handling methods (Table 1) were applied to the highly sparse
dataset (70% of taxa have a zero proportion that is larger than 75%, (Supplementary Fig-
ure 2) in order to assess how these methods impacted the correlation structure.
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A) counts

i Spearman’s tho
o e 1.0
A ¥ os

0.0

0.5

-1.0

Median: -0.02
IQR: 0.16

B) compositional €) asinh D) CLRO

| Median: 0,02 Median: -0.02
| i IQR: 0.15 F IQR: 0.16

E)CLR1

F) CLRczm

" [ Median:038 Median: 0.37 7 [ Median:016
IQR: 09 IQR: 0.86 I0R: 0.62

Figure 2: Heatmap showing Spearman's correlation between bacterial genera of (a) raw
counts, (b) compositional, (c) inverse hyperbolic sine (asinh), (d) CLR with zero placed back
(CLRO), (e) CLR with pseudocount 1 (CLR1), (f), CLR with count zero multiplicative replacement
(CLRczm), and (g) CLR with geometric Bayesian multiplicative zero replacement (CLRgbm).
Heatmap colour indicates Spearman's rho. IQR: intequartile range.

The overall correlation patterns of the methods without replacement of zero: com-
positional, asinh, and CLRo (Figure 2 b-d), were similar, except a marked smaller sta-
tistical dispersion of CLRo (IQR = o.11 vs. 0.15 and 0.16 for compositional and asinh,
respectively). In contrast, methods with zero replacement prior to CLR transformation
CLR1, CLRczm, and CLRgbm (Figure 2 e-g) introduced artificial correlations. The fixed
value replacement of zeros (CLR1 and CLRczm) gave much larger median (CLR1 0.38,
CLRczm 0.37) and IQR (CLR1 0.9, CLRczm 0.86) values. The CLRgbm transformation
using Bayesian imputation of the zeros instead of replacing them with a fixed number
suffered slightly less from the spurious correlation (median 0.16, IQR 0.62) (Figure 2g).
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Figure 3: Principal component (PC) analysis presenting the first two principal components
(PCs) for each of six data transformation methods: Comp: compositional, asinh: inverse
hyperbolic sine , CLRO: CLR with zero placed back, CLR1: CLR with pseudocount 1, CLRczm:
CLR with count zero multiplicative replacement, CLRgbm: CLR with geometric Bayesian mul-
tiplicative zero replacement. Ellipses indicate 95% confidence region.

The introduction of artificial correlations after zero replacement occurs because two
zeros in a dataset can not be detected as being correlated. As soon as the zero is replaced
by a small count, and especially if this small count is equal across all zeros, however, a
strong artificial correlation will be introduced. Whether the correlation structure intro-
duced by CLR transformation is spurious or is a better reflection of the true biological data
structure cannot be determined here, but the correlations introduced by the zero replace-
ment methods that are necessary for CLR are considered mostly artificial.

Zero replacement results in larger variance explained in PCA

In order to assess the influence of the transformation methods on commonly used dimen-
sion reduction methods, we performed PCA on each transformed dataset (Figure 3). The
methods with zero replacements induced higher correlation resulting in larger variance
explained (Figure 3 a-c). Notably, CLRo, in which the zeros are left untouched before
CLR transformation but are replaced afterwards, thereby distorting the rank of variables,
showed the least variance explained by two PCs (6.11 and 4.33%). Although visually group
separation was not observed in any of the plots showing the first two PCs, there was a sig-
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nificant difference between the CVID and HC groups for the zero-replacement methods
and asinh (PERMANOVA: comp p = 0.006, asinh p = 0.05, CLRo p=0.10, CLR1 p=0.03,
CLRczm p=0.04, CLRgbm p=0.03). Overall, the spurious correlation introduced by zero
replacement methods resulted in an artificially increased explained variance, lower PER-
MANOVA p-value, while the CLRo method produced nonrobust outliers in PCA.

Feature selection and prediction performance using ensemble learning

As feature selection and outcome prediction are common research questions in the micro-
biome field, we next assessed how each of the transformation methods performed using
machine learning (ML) based on SP, EN, and RF. In order to determine which bacte-
rial taxa were robustly associated with the outcome, the results of the three ML methods
were integrated in an ensemble approach by averaging the rank of each taxon across the
transformation methods (Table 2) (for individual ML ranks, see Supplementary Table 1).
Overall, a non-specified genus belonging to the order Lactobacillales (mean rank 4.4), Pre-
votella (mean rank 5.5) and Alloprevotella (mean rank 6.4) were consistently found among
the top-ranking bacteria. While Prevotella and Alloprevotella were stably detected by all
zero handling methods, the more sparse taxon Lactobacillales (zero in 42.31% of samples
compared to 0% and 3.85% for Prevotella and Alloprevotella, respectively ) ranked lower in
CLRo (rank of Lactobacillales in CLRo = 11.6). Apart from these three dominantly detected
taxa, the transformation method used introduced more variation in taxa ranking, e.g.
Gemella was ranked 5™ most associated with the outcome when using compositional data,
while it ranked between 13-16.7 in the transformation methods that use CLR.

When assessing the performance of the individual ML algorithms (Supplementary
Table 1), RF performed less well in ranking Lactobacillales, Prevotella and Alloprevotella
than SP and EN, especially when combined with the CLR1 (RF rank 8.5, 10.5, 9.0 respec-
tively) and CLRczm (RF rank 5.3, 8.8, 12.3, respectively) methods.

Univariate and multivariate logistic regression were used to investigate the associa-
tion of Lactobacillales, Prevotella and Alloprevotella with CVID (see Table 3). While all three
robust taxa were significantly associated with CVID in a univariate model when using
compositional data, transformations gave more power to detect these taxa, especially in
the multivariate model. In the multivariate model, Alloprevotella was often not signifi-
cantly associated with the outcome, possibly due to collinearity with the other two taxa in
the model.

In order to assess the influence of each transformation model on prediction perfor-
mance, a multiple logistic regression model using 5 taxa with the highest ML score for
each transformation method (see Supplementary Table 1) was applied to the held-out test
set to predict which sample belonged in which group (healthy or CVID). The prediction
performance in the final model was lowest for compositional data (AUC = 0.811) and was
improved by all tested transformation methods (AUCs asinh, CLRo, CLR1, CLRczm and
CLRgbm ranged between 0.89- 0.92).
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Figure 4: Correspondence of network modules between (A) comp and SparCC and (B) CLR1
and SparCC. Turqoise module of SpacCC (C) showing the edges with the weights larger than
0.02. The larger the node, the higher impact of the bacterium in the module.

Investigating bacterial interactions by constructing correlation networks
The assumed introduction of spurious correlation in compositional data could be espe-
cially problematic when considering network analysis, which is entirely based on the cor-
relation structure. In addition to the most commonly used compositional data and CLR1,
SparCC was also tested, a method that aims to estimate the true correlation in composi-
tional data. SparCC (median -o.01, IQR 0.23) resulted in less newly introduced correlation
than CLR1 (median o.01, IQR 0.45) (Supplementary Figure 3).

WGCNA network analysis yielded networks of 9, 5 and 7 modules for compositional,
CLRr1 and SparCC data, respectively. There was most overlap between CLR1-Blue (10/18
bacteria) and SparCC-Turquoise (10/15 bacteria) (Figure 4). These modules included Pre-
votella, Megasphaera, Actinomyces, Atopobium and Veillonella as the most interconnected,
or hub, bacteria (Figure 4c, Supplementary Table 2). The majority of modules identified
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had very limited overlap with modules from any of the methods used (Figure 4), illus-
trating that use of transformation methods greatly influences the outcome of WGCNA
network analysis, and making it difficult to draw conclusions as to which method is the
most robust. However, as SparCC does not require zero replacement, it may be preferred
over methods such as CLR1 and other zero replacement methods that introduce artificial
correlation within the dataset.

DISCUSSION

Here, we applied six different data transformation methods to a previously published
microbiome dataset in order to investigate the impact of the compositionality problem —
and the methods commonly applied to deal with it - on explorative data analysis, feature
selection, prediction, and network analysis. The compositionality problem was described
by Pearson, who proved that compositionality of data leads to a spurious correlation struc-
ture. In order to deal with this, the CLR transformation is commonly used, in combination
with a variety of zero-handling methods.

We showed that CLR transformation methods with zero replacement resulted in a
much more inter-correlated dataset than the original count or compositional data. The
introduction of artificial correlation occurred when zeros were replaced by a fixed con-
stant, be it a pseudocount +1 (CLR), an approximation of the detection limit (czm), and to a
lesser extent by zeros that were imputed (gbm). CLRo, in which zeros are handled after the
CLR transformation, and compositional and inverse hyperbolic sine transformed data, in
which zero replacement is not necessary, did not lead to the introduction of artificial corre-
lation. CLRo, however, is problematic on its own, because values smaller than one become
negative after log transformation, resulting in a changed ranking of the data when zeros
are placed back after CLR transformation. To what extent the compositional nature of
microbiome data produces problematic spurious correlations, and whether these may be
overcome using CLR transformation remain open research questions. However, the arti-
ficial correlation introduced by zero-replacement may pose an unacceptable side-effect to
CLR transformation.

To see how this affects commonly used data analysis strategies in the microbiome
field, we first performed principal component analysis. We observed that zero-handling
methods artificially increased the variation explained by the first two principal compo-
nents.CLRo resulted in a much smaller cluster, with several outlier points that were not
observed in the other methods. As dimension reduction methods are sometimes used to
detect samples with contamination of sequencing errors, application of this method could
be problematic when it produces nonrobust outliers.

Secondly, we investigated machine learning methods and assessed variable selection
and prediction performance. Overall, compositional data resulted in selection of simi-
lar bacteria as the CLR-transformeddata and while Lactobacillales, Prevotella and Allopre-
votella were stably detected, the choice of transformation method influenced which other
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bacteria were associated with the outcome. In prediction performance CLR or asinh trans-
formation had a positive effect on the AUC.

These analyses illustrate that different statistical approaches can lead to different
results, which is a recognized problem in the microbiome field that complicates data repro-
ducibility and comparability. In our dataset, the ensemble machine learning approach
proved useful to counteract sparsity and small sample size to detect robust associations
between our outcome and bacterial taxa. Here, all transformation methods produced com-
pareable results, with the exeption of CLRo. All zero replacement methods and asinh
made existing effects more significant in the multivariate approach. Random forest was
less robust for feature selection on our dataset compared to single point and elastic net,
which may be due to smaller statistical power of the nonparametric method in data with
small sample size. Larger sample size will improve the robustness of microbiome data
analysis methods, but the artificial correlation structure introduced by zero replacement
methods may remain problematic.

Finally, we observed that network analysis was yielded comparable results between
methods that account for compositionality of the data such as CLR1 and SparCC. These
methods resulted in detection of more hubs, which convey useful information about bac-
terial interactions. However, a ground truth was difficult to acertain in this analysis, and
it remains elusive which transformation method performed best. As network analyses
rely heavily on the correlation structure of the dataset, transformation methods such as
SparCC that do not require zero replacement are recommended.

There are several limitations to this study. We elected to not use simulated data for
this study, as data simulation is often based on statistical assumptions or distributions
that do not necessarily reflect the structure of microbiome data. By using a real-life data-
set, we cannot know which bacterial associations truly exist, and cannot compare the
transformation methods to a gold standard. We tried to combat this by using an ensemble
approach that is based on the assumption that associations that are detected by a variety of
different methods are more likely to be robust. However, we cannot exclude the possibility
that we have missed associations with high biological relevance, or have detected false
positives in the process. In addition, the underlying structure of microbiome data may
vary widely between studies, and especially between microbiota niches. Application of the
methods tried here are likely to yield different results on different types of data.

Overall, we observed that the use of untransformed compositional data was less prob-
lematic in the introduction of a spurious correlation structure than anticipated based on
the literature. As zero-handling methods introduced artificial correlations in the dataset,
they should be used with care. For multivariate methods and network analysis, all tested
data transformation methods (with the exception of CLRo) improved statistical power. We
recommend use of other methods that reduce the skewness of microbiome data without
requiring zero replacement until more is known about the effects of zero replacement in
combination with CLR transformation. Further studies are needed to quantify the extent
to which the compositional nature of microbiome data results in spurious findings in real
datasets, and whether alternative transformation methods may be used to overcome these
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problems. Better understanding of how compositionality and sparsity affect microbiome
data analysis will improve the interpretation of microbial community studies, and pave
the way towards the implementation of standardized methods in the field.
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SUPPLEMENTARY METHODS

single point analysis (SP)

A univariate logistic model was fitted on each taxon i ( = 1,..., 139) including the covari-
ate age. The bacteria with the nominal p-value < 0.05 were selected. This procedure was
repeated 100 times, and in each run significant bacteria were recorded. The final ranking
of the bacteria was achieved by the frequency of the bacteria selected from 100 runs.
When facing a tie, the smaller rank was assigned to both.

Elastic Net (EN)

The selection algorithm based on elastic net’ was implemented in order to deal with pos-
sible correlations between the parameters and to select relevant (or important) variables.
This method is a combination of lasso (for selection of bacteria) and ridge (for shrinkage)
logistic regression, and encourages grouping effect. EN was fitted on the training set (with
covariate Age) using the R package “glmnet”. For fine-tuning of the hyperparameters
alpha (controlling the ratio between L1 and L2 penalties) and lambda (controlling the spar-
sity level) we used 5-fold cross-validation.. In each run the taxa were ranked by the size
of the coeflicients. The final ranking of the taxon was achieved by averaging the rankings
over 100 repetitions.

Random Forest (RF)

Since the RF algorithm™ does not require distributional assumption, it is possibly more
suitable to analyze (non-normal) microbiota data®. Also, by applying RF, one can capture
non-linear association between the Bacteria and CVID. The variable importance (Gini
index) was used to rank the strength of the association. The final ranking of the taxon was
achieved by averaging the rankings over 100 repetitions.
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SUPPLEMENTARY FIGURES AND TABLES

Compositional s
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Supplementary Figure 1: workflow overview of the transformation methods. Centering the
rows: subtract the row mean. Rows are samples (N), columns are bacteria (p). CLR: centered
log ratio. Comp: compositional, asinh: inverse hyperbolic sine , CLRO: CLR with zero placed
back, CLR1: CLR with pseudocount 1, CLRczm: CLR with count zero multiplicative replacement,
CLRgbm: CLR with geometric Bayesian multiplicative zero replacement.
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Zero percentage of bacterial taxa

Supplementary Figure 2: Sparsity of the oropharyngeal 16S rRNA dataset. Percentage of
samples (y-axis) for which each bacterial genus (x-axis) has zero count.

100% ]

75%

50%

Zero percentage

25%

0%

70%

Bacterial taxa

Composition CLR1 SparCC

Supplementary Figure 3: Heatmap showing Spearman's correlation of 59 bacteria used in
network analysis. A) untransformed compositional data; Spearman's rho median = 0.06 ; IQR
=0.32, B) CLRI-transformed data; Spearman's rho median = 0.01; 1QR = 0.45, C) SparCC-trans-
formed data; Spearman’s rho median = -0.01 ; IQR = 0.23. CLRI: Centered Log Ratio with
pseudocount 1. IQR: interquartile range.
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Supplementary Table 1: Results of ensemble learning: the highest ranking bacteria based
on the ML score for each zero replacement method are presented, together with validation
results using the held-out test dataset. ML: machine learning. SP: single point. EN: elas-
tic net. RF: random forest. AUC: area under the curve. Comp: compositional, asinh: inverse
hyperbolic sine , CLRO: CLR with zero placed back, CLR1: CLR with pseudocount 1, CLRczm:
CLR with count zero multiplicative replacement, CLRgbm: CLR with geometric Bayesian mul-
tiplicative zero replacement.

Prediction
Variable selection performance performance

of the Final

model based on

ML score in Test

Taxon in Training dataset across 100 repetitions dataset
SP aver- EN aver- RF aver-
Methods age rank age rank age rank AUC
comp 1 3.6 5.3 0.81
5 6.3 2.8
Gemella 3 4.7 7.2
4 7.4 6
Streptococcus 2 11.8 7.9
asinh | Lactobacillales | 1 1.9 3.1 0.894
_____________________________________________________ 2 7.4 6.1
4 8.3 6.7
Gemella 5 10 9.8
Abiotrophia 2 9.1 14.6
CLRO 2 10 6.1 0.902
Atopobium 1 8.6 13.5
5 12.5 5.8
Lautropia L 4.5 15.1
Granulicatella 2 13.1 10.6
CLRI 1 1.9 8.5 0.909
4 5.2 10.5
3 7.4 9.9
Streptobacillus 8 5.1 19.3
Peptostreptococcus 10 9.3 18.7
CLRczm 1 1.9 5.3 0.917
2 5.8 8.8
2 8 12.9
Streptobacillus 4 4.8 23.1
Peptostreptococcus 10 9.6 16.9
CLRgbm 1 1.7 3 0.909
3 4.7 5.5
2 7 8.6
Streptobacillus 8 4.4 16.8
Corynebacterium 9 8.5 13.5
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Chapter 9

Common Variable Immunodeficiency (CVID) is a primary antibody deficiency that is
characterized by disturbed production of immunoglobulins. This defect in the adaptive
humoral immune response leads to increased susceptibility to infections, mostly bac-
terial infections of the respiratory and gastrointestinal tract. Immunoglobulin G (IgG)
replacement therapy (IgRT) from healthy donors has greatly improved the infection load
and survival of CVID and other primary antibody deficiency patients"2. A subgroup of
CVID patients, however, suffers from additional immune dysregulation complications
that are not ameliorated with IgRT. These complications affect between 60%3 and 85%
of CVID patients, and represent a wide range of autoimmune entities that can occur
in any organ system. Immune dysregulation phenotypes seen in CVID include auto-
immune cytopenias, granulomatous-lymphocytic interstitial lung disease (GLILD) and
enteritis’S. Despite this heterogeneity in presentation, patients with autoimmunity in
one organ system are also at risk to develop other immune dysregulation complications®,
and therefore we work under the hypothesis that they are caused by a similar underlying
mechanism.

The occurrence of immune dysregulation is not the only ‘variable’ aspect of CVID.
The age of onset of CVID can anywhere over two years of age, with peaks between 10-19
years of age and 30-39 years of age'”. This suggests that in addition to a genetic compo-
nent, an environmental stimulus contributes to, and may occur prior to the development
of clinical antibody deficiency. The same can be said for immune dysregulation in CVID,
which can occur at or even before presentation of antibody deficiency, or only develop
decades later’.

Over the past two decades, advances in next-generation sequencing have provided
an increasing body of evidence that suggests a pertinent role for the gut microbiota in
the pathophysiology of human autoimmune disease®. In this thesis, we investigated the
hypothesis that the microbiota comprise (one of) the environmental stimuli that contrib-
ute to immune dysregulation in CVID. We approached this question by evaluating the
immunological profile (part 1 of this thesis) and microbiological profile (part 2 of this the-
sis) in a multicenter cross-sectional cohort in which we obtained serum, plasma, periph-
eral blood mononuclear cells (PBMCs), oropharyngeal swabs and fecal samples from each
patient. We compare CVID with infections only (CVIDio) with CVID with immune dys-
regulation (CVIDid). In part 3 of this thesis we address a problem we encountered during
the statistical analysis of our microbiome datasets.

KEY FINDINGS OF THIS THESIS

Part 1: the immunology of CVIDid
— The serum cytokine profile of CVIDid patients not only shows strong pro-inflam-
matory signals suggestive of Th1 skewing, but also upregulation of immune regula-
tory proteins of the innate and the adaptive immune system (chapter 2). We showed
that these regulatory proteins are potential biomarkers for immune dysregulation in
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CVID. However, we could not answer the question whether expression of immune
regulation markers also dampened potentially pathogenic T-cell responses.

The T-cells that express immune regulatory markers classically associated with
immune exhaustion still retain their inflammatory potential (chapter 3). This
answered some of the questions raised in chapter 2, and show that, despite their
chronically activated state, these T-cells may still be involved in the pathophysiology
of CVIDid. In addition, we found clues that regulatory T-cells may be dysfunctional
in CVIDid.

Part 2: the microbiota in CVIDid

The composition of the oropharyngeal microbiota in CVID is associated with IgA
deficiency and extent of lung damage (chapter 6). CVID patients with very low
serum IgA had increased bacterial load, increased alpha diversity and enrichment
with potentially inflammatory bacteria belonging to the Prevotellaceae family. These
bacteria also correlated with more severe structural lung damage on CT-scans.

In the colon of CVID patients, the gut microbiota can invade crypts that are clear of
bacteria in healthy controls, thereby increasing the contact between bacteria and the
gut epithelium and immune system (chapter 7).

The gut microbiota of CVIDid patients has increased bacterial load, decreased alpha
diversity, and enrichment with Enterococcus species (chapter 7). Especially Entero-
coccus gallinarum was more present in CVIDid, and was associated with increased
levels of pro-inflammatory cytokines in serum of patients carrying E. gallinarum in
feces, and in in vitro co-cultures of the bacterium with monocytes. This indicates
that pathobionts such as E. gallinarum may provide an inflammatory stimulus in
some CVIDid patients.

Part 3: statistical analysis of microbiome data

Microbiome datasets are often highly dimensional and sparse, and the abundance
of bacteria can only be interpreted as a percentage within a sample. We discovered
that one of the most frequently used solutions to these problems, the centered log
ratio transformation, imposes an artificial correlation structure on the data because
it cannot handle sparsity (chapter 8). This can give false positive results in microbi-
ota data analysis.

THE IMMUNOLOGY BEHIND IMMUNE DYSREGULATION IN CVID

Innate immunity in CVIDid
The innate or inborn immune system is the first responder of the human immune system

and consists of cells and molecules (such as neutrophils, NK cells, and the complement
system) that specialize in directly damaging pathogens, presenting antigen to and acti-
vating the adaptive immune system (such as dendritic cells and monocytes), and cells
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that do both (such as macrophages)'. In CVID, most is known about antigen presenting
cells (APCs). CVID patients have a different distribution of monocyte subsets, notably an
expansion of pro-inflammatory CD14"s"CD16* monocytes as compared to healthy con-
trols and XLA patients®'°. Expansion of this cell subset is also associated with other auto-
immune diseases such as in rheumatoid arthritis, where expansion of CD14""CD16*
monocytes is associated with disease severity”. Overall, however, CVID monocytes and
dendritic cells often show low activation markers and cytokine production’>+. These find-
ings were reported in CVID as a whole, so whether monocyte dysfunction also or specifi-
cally occurs in CVIDid is unknown.

Some of the serum cytokines and chemokines we found to be upregulated in CVIDid
in chapter 2 are produced in large quantities by monocytes. These include CXCLg, 10
and 11, which are pro-inflammatory and promote T helper (Th)-1 skewing. The immune
regulatory cytokine IL-10 was most strongly and consistently associated with the immune
dysregulation phenotype. IL-10 is often produced in concert with pro-inflammatory
cytokines such as TNF-a and IL-6, and is thought to provide a negative feedback loop lim-
iting inflammation® in the context of chronic antigen exposure’®. The exact role of IL-10
in autoimmune disease remains complex, as IL-10 was also shown to induce pro-inflam-
matory CD14"#"CD16* monocyte expansion in rheumatoid arthritis”. CD8&3, which regu-
lates activation of APCs, was also increased in serum of CVIDid patients, and is thought
to be immunosuppressive in soluble form®. In chapter 77, we stimulated monocytes from
healthy controls, CVIDio and CVIDid patients with E. coli, E. gallinarum, and E. hirae, and
observed that monocytes from CVIDid produced lower IL-6 and IL-1o0 than HC mono-
cytes regardless of the bacterial stimulus. These experiments need to be repeated with
larger sample size, but they may indicate that CVIDid monocytes have a higher threshold
for activation than in HC. Monocyte hyporesponsiveness can be caused by systemic expo-
sure to bacterial products such as lipopolysaccharide (LPS) ®*-2°, which has been reported
in CVIDid 222,

Adaptive immunity in CVIDid

The adaptive immune system provides tailored antigen-specific responses. In CVID, anti-
gen production by B-cells is impaired, resulting in low serum antibody concentrations,
poorly protective vaccine responses, and low frequencies of isotype-switched B-cells®24.
The cause of B-cell deficiency in CVID is unknown, and likely differs between patients>+.
Despite these B-cell problems, however, autoantibodies have been detected in serum of
CVIDid patients®, and can contribute to immune dysregulation complications such as
autoimmune cytopenias®®. Expansion of CD21low B-cells, of which a large proportion are
autoreactive?, is strongly associated with CVIDid**29, and also been described in other
immune dysregulation syndromes such as systemic lupus erythematosus?®, rheumatoid
arthritis*’, and human immunodeficiency virus infection’. Possibly, the contribution of

I In biology, dichotomies almost never reflect reality. In fact most cells of the immune system can present anti-
gen (even B-cells), and many cells that were thought to be part of the adaptive immune system have innate-like
properties, while innate cells turn out to have memory and can be trained.
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B-cells to the development of autoimmune disease in CVID also explains why patients
with XLA, who have no residual B-cell function, are at lower risk to develop autoimmunity
than CVID patients3*33.

In biopsies of immune dysregulation-affected organs in CVID, a predominance of
T-cells has been observed+3, suggesting a role for T-cells in the pathophysiology of CVI-
Did. Serum cytokines in CVIDid suggest Th-1 skewing (chapter 2), which we confirmed
looking directly at T-cell profiles in chapter 3. Both Th (CD4+) and cytotoxic (CD8+) T-cells
had high expression of activation markers and cytokine production. While we found
increased levels of IL-17A in serum of CVIDid patients, there was no co-occurring enrich-
ment of IL-17 expressing Th (Th-1y) cells. It is possible that Th-17 cells are present in
tissues of CVIDid patients, but this has not been observed in biopsies’*®. An alternative
source for IL-17A production in CVIDid are type-3 innate lymphoid cells (ILCs), which are
enriched in peripheral blood of CVIDid patients?’.

In serum, immune regulatory markers LAG3, PD-L1 and 4-1BB were increased in
CVIDid (chapter 2). These markers have often been described in the context of immune
exhaustion, which can occur after chronic antigen stimulation and results in nonrespon-
sive T-cells®®. Exhaustion markers have been reported previously in CVID394, and Per-
reau et al.4° showed that PD-1 expression resulted in decreased ability of CD4+ T-cells to
respond to bacterial stimuli. We confirmed increased expression of LAG3, PD1 and other
negative regulators of costimulation CTLA4, ICOS and TIGIT on CVIDid T-cells in our
cohort in chapter 3. However, the cells expression LAG3 and PD1 retained their ability
to proliferate and to produce pro-inflammatory cytokines, suggesting that they were not
functionally exhausted, in contrast to the findings of Perreau et al.«°. Given the large het-
erogeneity of CVID, it may be that the patients sampled by Perreau et al. simply had a
different phenotype than ours. However, there are several differences between the two
studies that might explain why they do observe signs of functional exhaustion, while we
do not. The assay used by Perreau et al. relied on presentation of bacterial antigens and
subsequent activation of T-cells by APCs. This is a complex process, and other factors than
T-cell exhaustion such as monocyte production of PD-L1 may also influence the assay. Our
study setup was much simpler, stimulating T-cells with phorbol myristate acetate (PMA)
and ionomycin, which gives a T-cell receptor (TCR)- independent stimulus and gives a
more isolated picture of the ex vivo T-cell activation state. In chapter 7, we also stimulated
CVIDid CD4+ T-cells with CD28-CD3 (TCR) beads, and found no differences between
CVIDid or healthy control T-cells.

Whether T-cells are exhausted or not is relevant from two perspectives; first, if antigen
exposure results in functionally exhausted T-cells, this may exacerbate the already exist-
ing immune deficient state, leading to a vicious cycle of increased antigen stimulation.
Second, if T-cells are not functionally exhausted but only chronically activated, they may
contribute to the pathology of the immune dysregulation phenotype. Given the overre-
presentation of T-cells in immune dysregulation biopsies, the efficacy of T-cell targeted
therapy in CVIDid, and our findings in chapter 3, there is sufficient evidence pointing in
this direction. However, it is possible that in addition to this mechanism, defects in the
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interaction between APCs and T-cells still result in a hyporesponsive T-cell response con-
tributing to exacerbated antigen exposure.

THE MICROBIOTA IN IMMUNE DYSREGULATION IN CVID

In part 2 of this thesis we describe both the oropharyngeal and the fecal microbiota of
CVID patients. While other groups have characterized the gut microbiota in CVID, we
were the first, and at time of writing this discussion still the only group to do describe the
oropharyngeal microbiota in primary antibody deficiencies.

Oropharyngeal microbiota

Lung disease has a profound impact on the quality of life, morbidity and mortality in
CVID#4, and can be caused broadly by two processes; structural airway disease such as
bronchiectasis, and inflammatory interstitial lung disease such as GLILD. Structural air-
way disease can be the result of pulmonary infections, but also progresses in the absence
of clinical infection'. We therefore hypothesized that a dysregulated respiratory micro-
biota may cause subclinical inflammation in the lung that contributes to structural air-
way disease and perhaps also interstitial lung disease in CVID. During analysis of the
oropharyngeal microbiome data in chapter 6, we noticed that grouping patients by their
IgA status showed larger differences in bacterial load, alpha and beta diversity and differ-
entially expressed bacteria than grouping them according to their immune dysregulation
status. This can probably be explained by the stronger association of the oropharyngeal
microbiota with structural airway disease, which we do not consider to be an immune
dysregulation phenotype, than that with GLILD. In addition, it indicates that IgA may
be an important regulator of the oropharyngeal microbiota. It is possible that GLILD in
CVID is more related to systemic immune dysregulation than local processes in the lung,
and, therefore, may be more strongly linked to dysregulated gut microbiota. Nevertheless,
therapeutic targeting of the respiratory microbiota may ameliorate the development of
structural airway disease, which would be very beneficial for patients. Therapeutic target-
ing of the microbiota will be discussed further on in this discussion.

Fecal microbiota

The fecal microbiota has been better studied in CVID, but while it has been hypothesized
that the microbiota may contribute to immune dysregulation in CVID>"#4, previous stud-
ies were often underpowered to compare CVIDid to CVIDio. In chapter 4, we investigated
the current literature supporting a role for the microbiota in the pathophysiology of CVI-
Did. The first study describing the fecal microbiota in CVID was written by Jorgensen et
al.>’, who found a reduced alpha diversity and differentially abundant bacteria in CVID, in
a cohort consisting of 44 CVID patients, of whom 35 had CVIDid and 9 CVIDio. There-
fore, it is unclear whether the presented differences were related to the shared immuno-
deficiency or specifically associated with immune dysregulation. The bacteria associated

210



General discussion

with CVID included known pathobionts from the Enterobacteriaceae family that were
increased in CVID, while taxa that are considered to be probiotic such as Bifidobacterium
were decreased in CVID. Low alpha diversity was most pronounced in patients with com-
plete IgA deficiency in serum, and with immune dysregulation. Interestingly, LPS levels
in plasma of an expanded cohort were found to be increased in the CVIDid group (n=79)
compared to CVIDio (n=25). Increased serum LPS is a marker for translocation of bacte-
rial products, which is mostly assumed to come from the gut in the absence of clinical
infections elsewhere.

Reduced alpha diversity in CVID associated with complications and IgA deficiency
was also reported by Fiedorova et al.# (CVIDio n=15, CVIDid n=12), and was especially
pronounced in CVID patients with diarrhea+®. Enrichment of Enterobacteriaceae was also
consistently found to be associated with CVID#. Finally, Shulzhenko et al.#” investigated
the microbiota in duodenal biopsies in CVID patients with enteropathy. They found that
these patients were often profoundly IgA deficient, and identified Acinetobacter baumanii
as a possible pathobiont in CVID with enteropathy. It is difficult to compare these find-
ings to other studies, as the mucosa-associated duodenal microbiota is expected to be
distinct from the fecal, and because the DNA extraction and sequencing methods used
were very different in this study.

We set out to complement the existing body of literature with a cohort that allowed
comparison of CVIDio with CVIDid. In chapter 7, we confirm the previously observed
changes between CVID and HC, but also show that the CVIDid subgroup was associated
with increased bacterial load, decreased alpha diversity, and enrichment with potential
pathobionts belonging to the genus Enterococcus. These findings were also associated with
IgA deficiency in serum, which was to be expected given the enrichment of IgA deficiency
in the CVIDid group., We studied differences in the distribution of enterococcal species
using shotgun metagenomics sequencing complemented with targeted PCR and bacte-
rial culturing, and showed that especially E. gallinarum was enriched in CVIDid. Several
enterococci have previously been associated with inflammation, including E. gallinarum,
E. hirae, E. faecium and E. faecalis, all of which were to some extent more prevalent in
CVIDid. E. gallinarum was most strongly associated with the CVIDid phenotype, pro-in-
flammatory cytokines in serum, and monocyte activation in vitro.

All this is not to claim that all of CVIDid is caused only by E. gallinarum. We were
able to detect this pathobiont in 22.7% of CVIDid patients, and it may contribute to main-
taining inflammation in CVIDid, but other pathobionts are likely to play a role in other
CVIDid patients. E. hirae, which was also enriched in CVIDid, also showed monocyte acti-
vation in our assay, and E. hirae is thought to provide an inflammatory stimulus in can-
cer patients that can boost the immune system to overcome the local anti-inflammatory
tumor environment#®. Taken together, 36% of CVIDid patients carried E. gallinarum and/
or E. hirae in their gut. The enrichment of Enterobacteriaceae that was consistently found
across studies in CVID may include strains of E. coli that are highly inflammatory+. The
same may be true for E. faecium, which shows great genetic diversity between strainss°.
All in all, carriage of pathobionts is usually not sufficient to cause disease, but probably
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requires other factors such as genetic background of the host, and a trigger that results in
exposure of the pathobiont to the immune system.

While the endotoxemia observed in CVIDid indicates that there is bacterial (product)
translocation, the mechanism as to how this happens is unknown. One hint we observed
was bacterial invasion of colonic crypts in chapter 7. The inner mucus layer, which also
fills the colonic crypts, is considered to be sterile in healthy individuals®, but this is not
the case in diseases such as inflammatory bowel diseases* and colorectal cancers. IgA defi-
ciency may contribute to maintaining spatial segregation between the epithelium and the
microbiotas4, but IgA deficiency alone does not cause invasion of the inner mucus layer by
bacteria®. The structure of the mucus itself is most important for this%, and mice deficient
in Muc2 develop bacterial crypt invasion and crypt elongation®, which we also observed
in CVID colon biopsies. Further studies are needed to directly investigate whether the
mucus layer is impaired in CVID, or whether other factors might result in bacterial crypt
invasion.

IgA deficiency

Over the past years, the field of mucosal immunology has taken flight®, and the primary
immunodeficiencies have not been overlooked. Primary immunodeficiencies have histor-
ically been very important in our understanding of basic human immunology", and they
may make their next contribution by allowing the study of the effects of defects in specific
components of the immune system on the microbiota — something that can otherwise
only be done in experimental (animal) models. The primary antibody deficiencies are the
ideal model disease to study the impact of antibody deficiency on the microbiota, and in
particular that of IgA. Most of our current knowledge about IgA derives from mouse mod-
els, but there are key differences between mouse and human immunology (and microbiol-
ogy!) that limit the extent to which these findings also apply to human disease.

In chapter 5, we summarized the current literature about IgA coating by gut bacteria
in order to create an overview of which bacterial taxa may be affected by IgA deficiency.
Previous studies from Fadlallah et al5*5 have investigated the gut microbiome in patients
with selective IgA deficiency (sIgAD). While there was no impact on overall alpha diver-
sity, they observed a mild dysbiosis that consisted of an expansion of pathobionts and a
reduction of beneficial symbionts®. In contrast to CVID, sIgAD patients have intact IgG
and IgM production, and these immunoglobulins appear to largely take over the function
of IgA. In the gut, many bacteria that were IgA coated in HC were IgM coated in sIgAD*,
and the serum IgG of patients with sIgAD targets the microbiota much more than that of
HCs®. This indicates that patients with CVID that are not only IgA but also IgG and often
IgM impaired also lack these compensatory mechanisms that may limit microbial dysbi-
osis (IgM) and endotoxemia (IgG). Interestingly, sSigAD patients are often asymptomatic,
and despite an increased risk of autoimmune disease relative to the general population,
they are far less prone to develop immune dysregulation than patients with CVID.

Indeed, patients with CVID and low serum IgA levels are more prone to develop CVI-
Did®, and in our studies had a disturbed oropharyngeal and fecal microbiota, more lung
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damage, sporadic bacterial crypt invasion, and Enterococcus carriage. In the oropharynx
and in the feces alike, IgA deficiency was associated with increased bacterial load. Alpha
diversity, however, differed between the two sites despite large overlap between the two
cohorts, and sampling occurring at the same time. In the respiratory tract (chapter 6),
IgA deficiency was associated with an increased alpha diversity, which indicates a larger
variety of bacteria that is equally distributed, while in feces (chapter 7), IgA deficiency was
associated with decreased alpha diversity, indicating fewer different bacteria, and/or out-
growth of a few dominant taxa. In feces, higher alpha diversity is associated with health,
but this is less clear for the respiratory microbiota. The gut and the respiratory tract are
two rather different tissues. The gut epithelium is protected by a thick mucus layer, and
the microbiota is necessary for a variety of metabolic processes that are essential to the
main function of the gut — to absorb nutrients. The lung mucus layer is much thinner and
in constant movement®, and while the microbiota there might provide colonization resist-
ance to pathogens, it is not thought to contribute to the main function of the lung — the
exchange of gases. While Mucz2 is the dominant mucus type in the gut, the lung is mostly
coated with Muc;AC and MucsB®2. It is possible that IgA-Muc interactions tailor the effect
of IgA at different mucosal sites. In the gut, IgA appears to anchor bacteria and Muc2
togethers®, forming a layer on top of the outer mucus layer. How IgA interacts with other
types of mucus such as those expressed in the respiratory tract remains to be investigated.

OVERARCHING PERSPECTIVES

The immune system and the microbiota are so closely intertwined that discussing them
separately is perhaps a somewhat artificial exercise. An undoubtedly oversimplified over-
view of the interactions between the immune system and the microbiota that may be at
play in CVIDid is given in Figure 1. To summarize, the combination of gut microbial dys-
biosis and loss of immune tolerance in CVID is a particularly unlucky one. The antibody
deficiency in CVID itself can lead to impaired maintenance of microbiota homeostasis,
and this effect is amplified by the often frequent need for antibiotic therapy. Dysbiosis of
the microbiota can allow colonization with pathobionts®, which in turn can impair the
gut barrier function, for instance by degrading mucus® or by forming pores in the gut
epithelium®®, and thereby also contribute to increased contact between the microbiota and
the immune system, or even translocation of bacteria(l products). The resulting chronic
antigenic exposure can provide a strong stimulus to an already dysregulated immune
system. CVID B-cells can produce antibodies that recognize both gut commensals and
self-antigens?®, and endotoxemia is associated with expansion of T follicular helper cells??,
which are thought to interfere with regulatory T-cell (Treg) function2°.

Additional factors that may be involved in microbiota-immune interactions in CVID
include epigenetic mechanisms®, other environmental factors that affect development
of the microbiota such as birth mode and diet®?, other involved immune cells such as
innate-like lymphoid cells?, regulatory B-cells?, interactions between Tregs, microbiota
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Figure 1: Integration of the possible mechanisms at play in the interaction between microbi-
ome and immunity in CVID. CVID: common variable immunodeficiency. IgRT: immunoglob-
ulin replacement therapy. sIgAD: selective IgA deficiency.

and IgA production”,and other microbiota signaling mechanisms such as production of
short-chain fatty acids?> and other metabolites?, and this list is by no means meant to be
exhaustive.

Despite the complexity of microbiota-immune interactions in CVID, improved under-
standing of these mechanisms provides novel therapeutic strategies. Immune dysregu-
lation in CVID is now mostly treated using immune system-targeting strategies such as
B-cell depletion using rituximab, T-cell suppression using purine synthesis inhibitors and
other disease modifying anti-rheumatic drugs®»7+7s, and experimental treatments such as
CTLA4 agonism using abatacept’®. However, microbiota-targeting therapies may become
more important in the future. Supplementing IgRT with IgA in addition to IgG seems
an obvious solution, but in practice this is complicated by anti-IgA antibodies in CVID
patients. In one study, 11% of CVID patients had anti-IgA antibodies which predisposed
to anaphylactoid reactions upon intravenous immunoglobulin replacement therapy with
residual IgA concentrations?”. Local supplementation of IgA may therefore be more prac-
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tical’8-8. Alternatively, the composition of the gut microbiota may be modulated by fecal
transplantation or administration of pre- or pro-biotics®. Direct targeting of pathobiont
species may also be possible through use of small-spectrum antibiotics, or even dietary
interventions in specific cases. For example, lactose was shown to drive gut colonization
with Enterococcus in patients with graft versus host disease®2. Novel interventions to tar-
get pathobiont species may include therapeutic anti-bacterial immunoglobulins® or even
bacteriophages®+.

To conclude, immune dysregulation in CVID is a complex and heterogeneous disease
that comprises profound chronic activation of the immune system and dysbiosis of the
gut microbiota. In CVID, immune deficiency can result in microbial dysbiosis, includ-
ing presence of specific pathobionts that are associated with autoimmune disease, which
exacerbates the deregulation of the immune system and results in clinical disease. Better
understanding of the specific mechanisms though which the gut microbiota affects the
immune system in CVID and how this leads to clinical disease will be important for the
development of new therapeutic interventions for CVIDid. In addition, study of the micro-
biota in primary antibody deficiencies such as CVID can contribute to our understanding
of how the immune system shapes the microbiota and vice versa.
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De ziekte Common Variable Immunodeficiency (CVID) is een stoornis van het afweersys-
teem waarbij er verminderde aanmaak van afweerstoffen (de zogeheten immuunglobu-
lines) is. Door dit gebrek aan immuunglobulines krijgen deze patiénten vaak ernstige
bacteriéle infecties, met name van de luchtwegen (zoals longontsteking) en het maag-
darmstelsel. Deze infecties kunnen grotendeels worden voorkomen door immuunglo-
buline G (IgG) van gezonde donoren aan patiénten met CVID te geven. Ondanks deze
behandeling krijgt ongeveer een derde van CVID patiénten complicaties die te maken
hebben met dysregulatie van het immuunsysteem. Dit resulteert in allerlei uitingen van
auto-immuniteit, vaak in de longen (interstitiéle long ziekte), de darmen (darmontsteking
zoals bijvoorbeeld bij de ziekte van Crohn), of in het bloed (afbraak van rode bloedcellen
of bloedplaatjes). We noemen deze complicaties bij elkaar ook wel CVID met immuun
dysregulatie (CVIDid), en zij veroorzaken veel ziekte en sterfte bij CVID patiénten.

Deze CVIDid patiénten worden dus ziek omdat hun afweersysteem niet goed rea-
geert op bacterién, maar paradoxaal genoeg wel het eigen lichaam aanvalt. De oorzaak
van CVID en CVIDid is grotendeels onbekend, en in slechts 10% van de gevallen kan
CVID worden verklaard door een genetische mutatie. In dit proefschrift onderzoeken we
de hypothese dat de bacterién die in en op ons lichaam leven — de zogeheten bacteriéle
microbiota — een rol spelen in het veroorzaken van immuun dysregulatie in CVID.

De microbiota is de verzameling van micro-organismen die wij ronddragen in onze
darmen, in onze luchtwegen en op onze huid. Veel van deze bacterién zijn niet of moei-
lijk te kweken in het lab, maar sinds de ontwikkeling van DNA-sequencing technolo-
gie is steeds meer over hen bekend. De gezonde microbiota bevat voor het grootste deel
niet-ziekteverwekkende bacterién (‘commensalen’), en draagt bij aan de ontwikkeling
van ons afweersysteem en bescherming tegen bacterién die wel ziekteverwekkend zijn
(‘pathogenen’). Veranderingen in de microbiota van de darm zijn inmiddels gevonden
bij veel verschillende soorten ziekten, waaronder auto-immuun ziekten. In hoofdstuk 4
wordt uitgelegd waarom wij denken dat ook in immuun dysregulatie bij CVID de micro-
biota een belangrijke rol kan spelen: in CVID is niet alleen IgG verlaagd, maar vaak ook
IgA en/of IgM. Met name IgA wordt uitgescheiden in slijmvliezen zoals de darm en de
luchtwegen, en reguleert de microbiota. Het verlaagde of afwezige IgA in CVID zou, in
combinatie met andere factoren, kunnen leiden tot een verstoorde microbiota, wat tot
een toename van potentieel ziekte verwekkende bacterién (‘pathobionten’) kan leiden, en
daarmee immuun dysregulatie kunnen veroorzaken.

Deel 1: het afweersysteem in CVIDid

In deel 1 van dit proefschrift onderzoeken we het afweer systeem in CVIDid. In hoofdstuk
2 meten we in het bloed van twee cohorten van CVID patiénten signaalstoffen (cytokines
en chemokines) van het afweersysteem, en we vergelijken deze tussen patiénten met CVI-
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Did en patiénten met CVID met alleen infecties (infection only, CVIDio). We laten zien dat
signaalstoffen IL-10, [L12RB1 en CD8&3 kunnen voorspellen wie in het tweede cohort CVI-
Did en wie CVIDio heeft. Deze stoffen zouden in de toekomst gebruikt kunnen worden
als biomarkers voor CVIDid, bijvoorbeeld om CVIDid snel op te kunnen sporen. Verder
vergelijken we CVIDid met CVIDio in de twee cohorten bij elkaar, waarbij veel stoffen
duiden op sterke activatie van T-cellen in het bloed (CXCLg9, CXCL1o, IL-17a, IL-12). T-cel-
len hebben de capaciteit om cellen die niet in het eigen lichaam horen (zoals bacterién) te
herkennen en te doden. Verder kunnen zij B-cellen aansturen om immuunglobulines te
produceren die ook bijdragen aan het doden van lichaamsvreemde cellen of stoffen. Als
T-cellen het eigen lichaam aanzien als lichaamsvreemd kan dit leiden tot auto-immuun-
ziekten. Daarom zijn er ook veel signaalstoffen om T-cel activatie zo nodig te kunnen
remmen. Deze stoffen zien we sterk verhoogd in het bloed van CVIDid patiénten (LAG3,
4-1BB, PD-L1). De regulatie lijkt dus wel in gang te zijn gezet, maar desondanks hebben
deze patiénten nog steeds auto-immuun ziekten.

In hoofdstuk 3 kijken we of de patronen die we vonden in hoofdstuk 2 ook terug te
vinden zijn op de T-cellen zelf. De T-cellen van CVIDid patiénten laten inderdaad sterke
activatie en productie van signaalstoffen (cytokines) zien. We vinden ook de regulerende
eiwitten terug op de T-cellen (met name LAG3 en PD1 en anderen zoals CTLA4, ICOS en
TIGIT), maar de T-cellen die LAG3 en PDr tot expressie brengen zijn even goed in staat
om te delen en signaalstoffen te produceren als T-cellen die deze markers niet hebben. Dit
bevestigt dat ondanks de expressie van regulerende eiwitten, de T-cellen in CVIDid toch
functioneel zijn en mogelijk bij kunnen dragen aan de ziekte. Verder valt op dat regula-
toire T-cellen, een groep cellen die specifiek andere T-cellen remmen, in CVIDid een eiwit
missen dat belangrijk is om hun functie goed uit te kunnen voeren (CTLA4). Expressie
van regulerende eiwitten wordt vaak gezien in de context van langdurige (chronische)
activatie van het immuunsysteem. Deze activatie kan komen door chronische infecties,
en waarschijnlijk ook door een verstoorde microbiota.

Deel 2: de microbiota in CVIDid

Deel 2 van dit proefschrift gaat over de samenstelling van de microbiota van CVID pati-
enten. In hoofdstuk 4 gaan we in op de hypothese dat de microbiota een rol kan spelen in
het ontstaan van immuun dysregulatie bij CVID, en in hoofdstuk 5 vatten we samen wat
er bekend is over welke bacterién worden beinvloed door IgA.

In hoofdstuk 6 worden de bacterién in de bovenste luchtwegen van patiénten met
CVID onderzocht. Longschade is een van de grootste problemen van patiénten met CVID,
en kan komen door structurele schade aan de luchtwegen, bijvoorbeeld door longontste-
kingen, of door een ontstekingsproces dat door immuun dysregulatie veroorzaakt kan
worden. Dit laatste ziektebeeld wordt ook wel GLILD genoemd (granulomatous-lympho-
cytic interstitial lung disease). In de bovenste luchtwegen van patiénten met CVID en laag
IgA in het bloed observeerden wij een toename van de totale hoeveelheid bacterién ten
opzichte van gezonde mensen en van CVID patiénten met normaal IgA in het bloed.
Verder vonden wij in de groep met laag IgA een toename van de diversiteit van de microbi-
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ota (meer verschillende bacterién), en een toename van specifieke bacterién Prevotella en
Alloprevotella. Op longscans van deze patiénten hebben we de mate van structurele long-
schade en van GLILD gekwantificeerd. Patiénten met laag IgA hadden meer longschade,
en de structurele longschade was ook geassocieerd met Prevotella en Alloprevotella. Het
verband tussen de microbiota en GLILD was minder sterk. Bacterién uit de Prevotellaceae
familie zijn bekende pathobionten die ook de slijmlaag in de darm en mogelijk ook in de
luchtwegen kunnen afbreken. De afwezigheid van IgA in CVID zou kunnen leiden tot
toename van de totale hoeveelheid verschillende soorten bacterién, waaronder (Allo) Prevo-
tella, en zo kunnen bijdragen aan het ontstaan van longschade in CVID.

In hoofdstuk 7 duiken we in de darmen van CVID patiénten. In darmbiopten van
CVID patiénten laten we zien dat de microbiota soms diep in de crypten van de darm infil-
treert, waar in gezonde mensen de crypten helemaal schoon zijn. Dit leidt waarschijnlijk
tot toegenomen blootstelling van bacterién aan het afweersysteem. Waar dit door komt
weten we niet precies, het kan zijn dat de slijmlaag van de darm is aangetast, dat het door
afwezigheid van IgA wordt veroorzaakt (alle patiénten waarin we dit zagen hadden laag
IgA in hun bloed), of dat de patiénten specifieke bacterién bij zich droegen die invasief
zijn.

In de ontlasting hadden CVIDid patiénten een toename van de totale hoeveelheid
bacterién, een afname van de diversiteit van bacterién, en een licht afwijkende samenstel-
ling van de darmbacterién vergeleken met CVIDio en gezonde controles. Bij vergelijking
van alle CVID patiénten met gezonde controles zagen we een toename van pathobionten
zoals de familie Enterobacteriaceae (waartoe Escherichia coli behoort), en een afname van
commensalen als Bifidobacterium. Wanneer CVIDid met CVIDio vergeleken werd zagen
we dat bacterién van het genus Enterococcus alleen detecteerbaar waren in CVIDid, en niet
in CVIDio. Onze analyses zijn gedaan middels 16S rRNA sequencing, waarmee een glo-
baal overzicht van de microbiota verkregen kan worden, maar waarmee meestal niet exact
te achterhalen valt om welke bacterién het gaat. Met behulp van shotgun metagenomic
sequencing, qPCR, en kweken (gelukkig zijn enterokokken wel kweekbaar in het lab) kan
dit wel, en bleken met name Enterococcus gallinarum en Enterococcus hirae met immuun
dysregulatie geassocieerd te zijn. Toen wij deze data naast de gegevens uit hoofdstuk 2
legden bleken patiénten met E. gallinarum in hun ontlasting ook meer signaalstoffen geas-
socieerd met immuun activatie in het bloed te hebben. Tot slot hebben we immuuncellen
(monocyten) van gezonde controles, CVIDio en CVIDid patiénten blootgesteld aan E. gal-
linarum en E. hirae, waarop meer IL-6 (immuun activatie) dan IL-10 (immuun regulatie)
werd geproduceerd. E. gallinarum is ook in de literatuur al eerder gevonden bij patiénten
met autoimmuniteit, en ons onderzoek laat zien dat deze bacterie ook bij CVIDid een rol
kan spelen.

Deel 3: statistische analyse van microbioom data

Omdat DNA sequencing van bacteriéle ecosystemen zoals het microbioom een relatief
nieuwe techniek is, staat ook de statistische analyse van dit type data nog in de kinder-
schoenen. Door de methode van DNA sequencing kan de aanwezigheid van bacterién
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alleen geinterpreteerd worden als percentages binnen een sample (dit wordt compositi-
onaliteit genoemd). Daarnaast bevat de data veel nullen, omdat veel bacteriéle soorten
maar in enkele samples voorkomen en dus afwezig zijn in de rest (dit wordt schaarste
genoemd). De compositionaliteit van de data leidt tot problemen als traditionele statis-
tische methoden worden toegepast omdat het veel onjuiste correlatie binnen de dataset
kan introduceren. Om dit probleem te omzeilen wordt vaak een data transformatie (de
Centered Log Ratio, of CLR) toegepast. Echter gebruikt CLR logaritmen, waardoor eerst de
nullen in de data weg gewerkt moeten worden. In hoofdstuk 8 laten we zien dat de meest
gebruikte methode om de nullen te vervangen in combinatie met CLR juist nog meer
onjuiste correlatie introduceert in de data, en dat in dit geval dus de oplossing mogelijk
erger is dan de kwaal. We gebruiken onze data uit hoofdstuk 6 om dit probleem aan te
tonen, en suggereren een andere data transformatie die mogelijk beter functioneert in
compositionele en schaarse datasets.

Conclusie

In dit proefschrifthebben we immuun dysregulatie van CVID benaderd vanaf de immuno-
logische en de microbiologische kant. We hebben aangetoond dat het immuunsysteem
van CVIDid patiénten sterk geactiveerd is, ondanks de aanwezigheid van immuun regu-
lerende eiwitten en cellen, en dat dit gepaard gaat met verhoogd contact van de darm
microbiota met het immuunsysteem, een verstoorde samenstelling van de microbiota, en
de aanwezigheid van E. gallinarum, een sterk immuun-activerende bacterie. Deze bevin-
dingen waren geassocieerd met IgA, net als in de bovenste luchtwegen, waar tekort aan
IgA gepaard ging met longschade, ook een verstoorde microbiota, en aanwezigheid van
Prevotella. Tot slot maken we een kleine bijdrage aan de statistische analyse van microbi-
oom data.

Al met al draagt dit proefschrift een klein puzzelstukje bij aan het beter begrijpen
van immuun dysregulatie in CVID. Hopelijk zullen verdere ontwikkelingen in het veld
kunnen leiden tot gerichte therapie van immuun dysregulatie, ook in CVID. Het module-
ren van de microbiota is bijvoorbeeld mogelijk door middel van een feces transplantatie,
of door gerichte therapie tegen schadelijke bacterién. Tot slot geeft het bestuderen van de
microbiota in CVID ook inzichten in de belangrijke rol van IgA in het reguleren van de
microbiota.
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