Deficiency of adenosine deaminase 2 skews

") Check for updates

adaptive immune repertoires toward specific

sets of T- and B-cell receptors

Christoph Schulthei, PhD,*P* Paul Schmidt-Barbo, MSc,>-°* Lisa Paschold, PhD,? Carl Esperanzate, BSc,®
Alissa Behn, MSc,9 Rafael Mikolajczyk, MD, MSc,! Daniel L. Kastner, MD, PhD,® lvona Aksentijevich, MD,® and

Mascha Binder, MD®P¢

Background: Adenosine deaminase 2 deficiency (DADA2) is a
genetic disorder caused by biallelic hypomorphic or loss-of-
function mutations in the ADA2 gene, which encodes a protein
deaminase regulating extracellular adenosine metabolism.
Clinical features encompass inflammatory vasculopathy,
early-onset strokes, and a complex presentation involving both
immunodeficiency and autoinflammation/autoimmunity.
Objective: Our aim was to determine a DADA2-specific
adaptive immune architecture.

Methods: We profiled immunoglobulin levels and peripheral B-
and T-cell phenotypes in 47 previously reported and 5
unreported patients with DADA2. Levels of 21 cytokines and
chemokines were quantified in patients with or without anti-
TNF treatment. To characterize the DADA2 immune
architecture, we performed T- and B-cell receptor
immunosequencing. We trained a binary LightGBM classifier to
distinguish DADA2 T- and B-cell immune repertoires from
healthy individuals.

Results: We detected hypogammaglobulinemia in 65% of
patients with DADA?2 (34 of 52) and cytopenias in 48% (25 of
52). Flow cytometric profiling revealed contraction of B- and
T-cell memory compartments. In addition, we observed elevated
levels of TNF, IL-8, several interferons, a proliferation-inducing
ligand (APRIL), B-cell activating factor (BAFF), and soluble
CD40 ligand (sCD40L). High serum levels of TNF, BAFF, and
sCD40L persisted under anti-TNF therapy. Next-generation
immunosequencing of peripheral lymphocytes showed
restricted T-cell receptor repertoires and B cells, which were
particularly skewed toward immunoglobulin heavy chain V4-34
rearrangements. With high accuracy, our machine learning
algorithm separated individuals with DADA?2 from healthy

From *the Division of Medical Oncology, University Hospital Basel; "the Laboratory of
Translational Immuno-Oncology, Department of Biomedicine, University and Univer-
sity Hospital Basel; Basel; “the Collaborative Research Institute Intelligent Oncology
(CRIION), Freiburg; “the Internal Medicine IV, Oncology/Hematology, and fthe Insti-
tute for Medical Epidemiology, Biometrics and Informatics, Interdisciplinary Centre
for Health Sciences, Medical Faculty, Martin-Luther-University Halle-Wittenberg;
and °the Inflammatory Disease Section, National Human Genome Research Institute,
National Institutes of Health, Bethesda.

*These authors contributed equally to this work.

Received for publication October 8, 2024; revised January 20, 2025; accepted for publi-
cation January 29, 2025.

Available online February 7, 2025.

Corresponding author: Mascha Binder, MD, Medical Oncology, University Hospital
Basel, Petersgraben 4, Basel 4031 Switzerland. E-mail: Mascha.Binder @usb.ch.

® The CrossMark symbol notifies online readers when updates have been made to the
article such as errata or minor corrections

0091-6749

© 2025 The Authors. Published by Elsevier Inc. on behalf of the American Academy of
Allergy, Asthma & Immunology. This is an open access article under the CC BY li-
cense (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.jaci.2025.01.032

1664

Basel, Switzerland; Freiburg and Halle, Germany, and Bethesda, Md

individuals on the basis of immunogenetic parameters regarding
B-cell clone fraction, CDR3 length, and selected Kidera factors.
Conclusions: Our findings underscore the significant influence
of ADA2 on the adaptive immune system, which results in a
highly specific immunogenetic signature in patients with
DADAZ2. (J Allergy Clin Immunol 2025;155:1664-74.)

Key words: DADA2, immune repertoire, BCR, TCR, immune archi-
tecture, autoimmunity, machine learning, TNF

Along with their cognate adenosine or nucleotide receptors,
adenosine and related purine nucleosides constitute a multifac-
eted and highly plastic cell-to-cell communication system that is
operating across tissues and species.l'3 Adenosine deaminase 2
(ADAZ2) is considered to catalyze the deamination of extracellular
adenosine to inosine and represents an important module within
this regulatory network.*” However, it was also recently
described as a lysosomal DNA-editing enzyme in the context of
Toll-like receptor—mediated DNA sensing.® Biallelic hypomor-
phic or loss-of-function germline mutations in the ADA2
(CECRI) gene cause deficiency of adenosine deaminase 2
(DADA2), a rare autoinflammatory condition hallmarked by
vasculitis of medium and small vessels mimicking polyarteritis
nodosa and heterogenous inflammatory manifestations, including
recurrent fever, livedo reticularis, and subcortical (lacunar)
ischemic strokes.”'' Patients with complete enzyme deficiency
present with bone marrow failure'” and are often diagnosed
with pure red aplasia or Blackfan-Diamond anemia. In contrast
to its intracellular isoenzyme adenosine deaminase 1 (ADA1 or
ADA), ADA2 is a secreted protein and expressed mainly by
myeloid cells.” The involvement of ADA?2 in extracellular aden-
osine catabolism may explain its relevance for adaptive immunity
that is clinically reflected by the mild immunodeficiency and
autoimmunity phenotype observed in many patients with
DADA2."

Only limited knowledge about the adaptive immune fingerprint
in patients with DADA?2 exists. Most patients have normal T-cell
counts, but a T follicular helper cell defect or CD4™ T-cell lym-
phopenia has been suggested to contribute to impaired B-cell
help.'* Patients show a significant decrease in memory B cells,
in particular, class switch memory, as well as expansion of
CD21"" B cells that are recognized for their role in autoimmune
diseases.'” Interestingly, patients with DADA2 may have variable
absolute B-cell numbers ranging from B lymphopenia to high B-
cell counts. Hypogammaglobulinemia, with low levels of IgM,
IgG, and/or IgA, is a frequent finding that often necessitates
immunoglobulin substitution, and low serum immunoglobulin
levels may correlate with inflammatory disease activity.'’
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In line with this, low vaccine responses have been noted in a
percentage of cases.

In addition to a higher infection susceptibility, autoimmune
disease resembling SLE and autoimmune cytopenia has been
reported in several families.'®'” Lymphoproliferative disease
with generalized lymphadenopathy is seen in more than 10% of
affected individuals, with splenomegaly being common
(including in a few individuals with childhood-onset Hodgkin
lymphoma).'*

Here, we used a cohort of 52 patients with DADA2 to
systematically study adaptive immunity. Our immunogenetic
analyses reveal an imprint of T- and B-cell repertoires mediated
by the ADA2 deficiency that is likely driven by the deregulated
myeloid-derived cytokines in these patients. This imprint not
only reflects clinical autoimmunity but may also explain the pro-
pensity for lymphomas in patients with DADA?2.

METHODS
The DADA2 and control cohorts

DADA?2 was a real-life cohort from National Human Genome
Research Institute in Bethesda, Maryland. Patients with DADA?2
were enrolled in a natural history protocol that was approved by
the National Institutes of Health (NIH) institutional review board
and underwent full evaluation at the NIH Clinical Center.
Informed consent/assent was obtained as appropriate for all
patients and parents. Blood from healthy donors was collected
for scientific purposes after they had provided informed consent,
as approved by the ethics commission Halle (Saale) (project no.
2014-75). PBMCs were isolated from blood by standard Ficoll
gradient centrifugation. Genomic DNA was extracted from
PBMCs by using the GenElute Mammalian Genomic DNA
Miniprep Kit (Sigma-Aldrich, St Louis, Mo).

Flow cytometry

Quantification of serum immunoglobulin levels and profiling
of B- and T-cell populations were performed during routine
clinical testing, as described in Barron et al.'” Cytokine serum
levels were measured by using the LEGENDplex Human
B-Cell Panel (13-plex) and the Human Anti-Virus Response
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Panel (13-plex) (BioLegend) according to the manufacturer’s in-
structions. Readout was performed on a BD FACSCelesta. Data
analysis was performed by using the cloud-based data analysis
software suite for LEGENDplex. Cytokine correlations were
calculated by using the R package corrplot.

Next-generation sequencing of T- and B-cell
immune repertoires

The V(D)J rearranged immunoglobulin heavy (IGH) and T-cell
receptor B-chain (TRB) loci were amplified from 250 to 500 ng of
genomic DNA by using a multiplex PCR as described.”’”!
Sequencing was performed on an [llumina MiSeq (paired-end,
2 X 301 cycles, v3, chemistry), and raw reads were aligned by
using the MiXCR framework.”” As a reference for sequence
alignment, the default MiXCR library was used for TRB
sequences and the IMGT library, v3, for IGH. Each unique
complementarity-determining region 3 (CDR3) nucleotide
sequence was considered a clone. Nonproductive reads and
sequences with less than 2 read counts were not considered for
further bioinformatics evaluation. IGHV genes with less
than 98% identity to the germline sequence were considered
somatically hypermutated. All analyses and data plotting were
performed by using RStudio and R version 4.2.0 and the packages
tcR, ade4, and tidyverse.

Immune repertoire metrics

As aclonality index, we calculated the value /— Pielou evenness
from T-cell receptor (TCR) and/or B-cell receptor (BCR)
sequence data. Evenness measures the relative abundance of
unique B- or T-cell clonotypes in the repertoire and is calculated
by using the equation J = H’/log2(S), with H’ being the Shannon
diversity index and S being the total clone number (richness) in a
distinct sample. A sample that contains only 1 clone has a clonality
index of 1; complete clonal diversity is indicated by a clonality in-
dex of 0. To address sequencing depth effects, repertoires
containing fewer than 10,000 reads were excluded from the final
metrics analyses, and normalization was conducted to a standard-
ized read count of 13,000 reads. The generation probability of
each TRB clonotype was calculated by using the OLGA
(Optimized Likelihood estimate of immunoGlobulin Amino-
acid sequences) algorithm with default parameters.”> The mean
generation probability of all clonotypes per repertoire was plotted.

Data availability

The sequence data set reported herein have been deposited at
the European Nucleotide Archive under the accession number
PRJEB83076.

Machine learning

Data preprocessing. We collected immune repertoire data
from our DADAZ2 cohort, as well as from our age-matched control
cohort. To ensure data quality and reliability, raw sequencing
reads were initially filtered to remove repertoires containing
fewer than 10,000 reads. Following this, we normalized the
remaining repertoires to a standardized read count of 13,000 reads
to account for sequencing depth variations. Subsequently, we
computed major B- and T-cell immune repertoire metrics,
including clonality, Shannon diversity, richness, and the
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TABLE I. Clinical characteristics of the DADA2 cohort
Neurovascular Vasculitis/
Patient information disease Inflammation autoimmunity
Age at No. of
ID Sibling of Sex sampling Genotype Treated NGS Stroke strokes Fever CRP Livedo/skin
1 N/A N/A G47R/G47R X
2 M 12y R169Q /Y453C X X X 8 X X X
4 5 M 16y R169Q/G4TW X X X X X
5 4 F 14y R169Q/G4TW X
7 M 6y R169Q/W204C X X X 2 X X
8 F ly G47R/T129P X X X X
12 M 44y V458D/c.973-2A>G X X X X X
13 M 14y G47R/P435A X X 3 X X
14 F 2y A357T/G358R X X X 2 X X X
15 F 14y Y453C/c.-47+2T>C X X X 2 X X X
16 M 18y Y453C/c.-47+2T>C X X X 1 X X X
17 F 23y Y453C/c.-47+2T>C X X
18 F 3y A109D/Y453C X X 4 X X X
19 F ly G47R/G47R X X X X X
20 F 34y MIT/193T X X 3 X X X
21 M 19y G47A/G4TA X X X 11 X X X
22 M 25y G47A/R169Q X X X 2 X X
23 M Ty R34W/T360A X X 1 X X X
24 25 F 10y G47R/G358R X X X X
25 24 M 12y G47R/G358R X X X 2 X X X
26 M 6y H112Q/del exon 7 X X X X
27 29 F 4y Dup.ex.7/Dup.ex.7 X X
29 27 F ly Dup.ex.7/Dup.ex.7 X X
30 31 M 56y L188P/W501R X X X X
31 30 M 54y L188P/W501R X X 1 X X
32 F 6y G47A/Y453C X X X 7 X X X
33 F 9y R306X/G383S X X X X X
34 M 23y H112Q/R169Q X X X
36 F ly L351Q/L351Q X X 1 X X
37 F 17y G47A/H112Q X X X 3 X X X
38 F 9y E244A/P425A X X 1 X X X
39 M 6y R169Q/28kb del. X X X 5 X X X
40 F ly R169Q/R169Q X X X X X
41 F 23y F355L/E328K X X X X
42 M Sy R169Q/A357T X X X X
43 F 11y G47R/G47R X X X X X
44 F 11y F178S/F178S X X X X
45 F 38y H112Q/R34 W X X X X
46 F 19y R 48G/P251L X X X 2 X X
47 F 36y G47A/R169Q X X X
48 F ly G47A/c.973-2A>G X X X 3 X
49 M 13y G47R/G47R X X X 3 X X X
50 51 F 10y R312%/c.973-2A>G X X X X X
51 50 F 14y R312%/c.973-2A>G X X X
52 N/A N/A G47R/G47R X X
53 Twin of 54 F 9y R169Q/R169Q X X X
54 Twin of 53 M 9y R169Q/R169Q X X
55 F 17y N370K/c.973-2A>G X X Not clear to MRI X X
56 M 20y G47VIG4TV X X X X X
57 M 8y R169Q/Y453C X X X 6 X X X
58 F 55y 193T/c.973-2A>G X X X X
59 F 15y R169Q/N423K X X X X X X

Ab, Antibody; ANA, antinuclear antibody; CRP, C-reactive protein; DBA, Diamond-Blackfan anemia; EM, effector memory; F, female; ID, identifier; /g, immunoglobulin; M, male;
MRI, magnetic resonance imaging; N/A, not available; NGS, next-generation sequencing; PAN, polyarteritis nodosa.

hypermutated fraction in B-cell repertoires. Key features such as ~ were encoded using a one-hot encoding scheme, whereas physi-
clonotype fractions, lengths of CDR3 sequences, and VDJ  cochemical properties of the individual amino acid sequence of
arrangements were extracted from each repertoire. VDJ genes  CDR3 regions were augmented by using the 10 Kidera factors.
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Vasculitis/
autoimmunity Immune dysfunction
Inadequate Low Low
Low Ab cb4* CcD20*
PAN Raynauds ANA Adenopathy Ig response Pancytopenia Neutropenia Thrombocytopenia Lymphopenia Anemia EM memory
X X
X X
X X X X X X
X N/A
X X X X
X
X N/A X X
X N/A X
X X X X
X X X N/A X X
X X X X X X X X
X X X X X
X X
N/A X X N/A X X
X X X
X X X X N/A X X
X X N/A
X X X X X
X X X
X X X
X X X X X X
X N/A
X X N/A
X X X X X
X X X X
X X X X
X X X X
X X X X
X X X X
X X X N/A X X
X
X X N/A X
X X DBA X X
X X DBA X
X X X
X X X
X X X
X X X
X X X X X X
X N/A
X X X
X X X
X X X
X X
X X X X X X
X X X
X N/A X X X X X X X X
N/A X X X
X X X X X X X X X
N/A X X X X X X X X X
X X X X

To address the variable number of clonotypes per repertoire, we  with the remaining clonotypes discarded. For repertoires with
adopted a strategy in which a fixed number n of clonotypes per  fewer than n clonotypes, we applied zero padding to ensure
repertoire was extracted on the basis of their clonotype fraction,  consistent input dimensions across all samples. The features of
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the n selected clonotypes and the immune repertoire metrics were
concatenated into a single vector, representing each repertoire. To
fully leverage both B- and T-cell information, we matched and
concatenated the repertoire vectors for every subject in the study.
Subjects with missing B- or T-cell repertoires were excluded from
the data. Ultimately, our preprocessing pipeline resulted in
matched repertoire of 22 patients with DADA?2 and 37 healthy do-
nors that was ready for further analysis.

Training. To facilitate robust model training and evaluation,
we partitioned the data set into a training set comprising 75% of
the data and a test set containing the remaining 25%. Importantly,
we ensured that the proportions of classes were maintained in
both subsets. During the training phase, we randomly traversed a
predefined feature space and compared the performance of 3
distinct models: logistic regression, random forest, and light
gradient boosting machine (LightGBM) classifiers. For hyper-
parameter tuning and model evaluation, we applied a k-fold cross-
validation training regimen with k set to 3. To streamline model
complexity and enhance interpretability, we initially reduced
the feature space by excluding strongly correlated features iden-
tified within the training set. This systematic approach allowed
us to fine-tune the model parameters and identify the most infor-
mative features, thereby optimizing model performance and
generalization capabilities.

Testing. After thoroughly exploring the hyperparameter and
feature space, we identified the best-performing models on the
basis of its performance during the training phase. Subsequently,
we evaluated the model’s accuracy by using previously unseen
test data. This evaluation step ensures that our model‘s perfor-
mance could be assessed objectively, providing valuable insights
into its effectiveness in generalization to new, unseen data. By
prioritizing performance on the test set performance, we were
able to ascertain a more real-world applicability and robustness.
The whole analysis was implemented in python 3.11.6 with
scikit-learn 1.3.2, lightgbm 4.1.0, and shap 0.45.0 by using a
Conda environment (conda 24.3.0). All calculations were per-
formed on a MacBook Pro by using a M1 processor, Kernel
Version Darwin 22.6.0 and macOS 13.5.2. All code is available
under github.com/paulovic96.

Statistics

P values for comparison of 2 groups were calculated using un-
paired 2-tailed Mann-Whitney U tests. P values are indicated as
follows: *P <.05; **P <.01; ***P <.001. In the principal compo-
nent (PC) analyses (PCAs), Pillai-MANOVA was used as a statis-
tical test. The ellipse in PCA plots refers to 3 times the euclidian
distance. Raincloud plots were created by using Matplotlib 3.8.4,
and statistical analyses were performed by using python 3.11.6
with scipy.stats 1.12.0 or statsmodels 0.14.0.

RESULTS
Clinical characteristics of the DADA2 cohort

We analyzed the samples of 52 patients with DADA?2 who were
seen at the NIH Clinical Center between 2014 and 2022. At
presentation, a median age of 12 years (range 1-56 years; 60%
female and 40% male). A detailed description of the study design
is provided elsewhere.'® Basic clinical, demographic, and genetic
characteristics are summarized in Table I. The most common clin-
ical manifestations were livedo racemosa (73% [in 38 of 52
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patients]), fever (69% [in 36 of 52 patients]), and polyarteritis no-
dosa (PAN)/nodules (48% [in 25 of 52 patients]). Further com-
mon symptoms related to autoimmunity or vasculitis were
antinuclear antibody positivity (27% [in 13 of 49 individuals
tested]), Raynaud syndrome (25% [in 13 of 52 patients]), and
lymphadenopathy (16% [in 8 of 51 patients with available
data]) (Table I). From the sampled patients with DADA2, 24
(47%) had at least 1 stroke (Table I). Serologic manifestations
included increased C-reactive protein levels in 77% of patients
(40 of 52) and low immunoglobulin levels in 65% of patients
(34 of 52) (Table I and Fig 1, A). Of all the hypogammaglobuline-
mic patients, 43% had reduced IgM levels, 33% had reduced IgG
levels, and 32% had reduced IgA levels (Fig 1, A). Immunoglob-
ulin serum titers positively correlated with each other (Fig 1, B). If
not supplemented, the immunoglobulin titers persisted over time
in most of the patients (Fig 1, C). In addition, 48% of the analyzed
patients (25 of 52) displayed cytopenias (Table I and Fig 1, D).
Flow cytometric lymphocyte profiling revealed normal counts
for CD4% and CD8™ T cells, as well as for CD20" B cells in
most patients (Fig 1, D). However, the memory B-cell compart-
ment (CD207CD27%), as well as CD4 effector memory
(CD4"CD62LTCD45RA*) and CD4 central memory
(CD4"CD62L"CD45RA™) populations, were commonly con-
tracted (Fig 1, D). In addition, the numbers of circulating
CD56" natural killer cells were reduced in 40% of patients
with DADA2 (Fig 1, D).

Cytokine dysregulation in patients with DADA2
Next, we quantified the levels of 21 soluble factors essential to
B- and T-cell immune regulation in 18 patients with available
serum samples. Serum samples from healthy individuals (n = 19)
served as a control. We observed substantially elevated serum
levels of the proinflammatory cytokines TNF and IL-8; the B-
cell survival and proliferation factors a proliferation-inducing
ligand (APRIL), B-cell activating factor (BAFF), and soluble
CD40 ligand (sCD40L); and the type 1 IFN-B— and IFN-
y-responsive factor I[P-10 (CXCL10) in line with IFN-
associated T-cell transcriptome signatures in DADA?2-derived T
cells** (Fig 1, E). The mean levels of IFN-a2, IFN-v, and IFN-
A1 also trended toward higher levels but did not achieve statistical
significance (Fig 1, E). Although the levels of IL-8, APRIL and
the interferons normalized under anti-TNF therapy, elevated
serum levels of TNF, IP-10, BAFF, and sCD40L persisted (Fig
1, E). A correlation analysis of the detected serum levels revealed
a strong positive correlation between BAFF, APRIL, sCD40L, IL-
8, and IFN-a2 in untreated patients that, with the exception of
BAFF and IL-8, resolved in TNF-treated patients (Fig 1, F).
Although interferons generally appeared positively correlated,
the clearest correlation patterns differed between treated and un-
treated patients (Fig 1, F). Untreated patients with DADA?2 dis-
played strong positive correlations of IFN-$ and IFN-A2/3,
whereas treated patients with DADA?2 exhibited correlations be-
tween IFN-B and IFN-A1 as well as between IFN-A2/3 and
IFN-a2 (Fig 1, F). Interestingly, the levels of TNF showed no pos-
itive correlation with any of the analyzed factors but were rather
negatively correlated with IFN-vy, IFN-A1, and IL-10 in untreated
patients (Fig 1, F). Notably, we observed positive correlations be-
tween CD4 effector memory cell frequencies and IL-8 levels, as
well as between nonmemory CD20 populations and IL-1(3 and
IL-8 (see Fig El in the Online Repository at www.jaciconline.
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FIG 1. Immunologic features of the DADA2 cohort. A, Proportions of patients with DADA2 with increased,
decreased, or normal titers of IgM (n = 47), IgG (n = 37), and IgA (n = 47) serum titers at presentation. B,
Correlation of IgM, IgG, and IgA titers. Spearman correlation coefficients (rs) and P values are indicated.
C, Migration plot indicating change in Ig levels between first presentation and follow-up. D, Flow cytometric
quantification of indicated peripheral B- and T-cell populations. Detected cell numbers per microliter as dot
plots, with dotted lines indicating the normal range. Bar plot indicating the proportions of patients with
DADAZ2 (n = 37-41) with increased, decreased, or normal cell counts. E, Quantification of indicated soluble
factors and cytokines in the serum of patients with DADA2 (n = 18) and healthy donors (HD [n = 19]). Un-
treated patients with DADA2 (n = 7) and patients with DADA2 under anti-TNF (infliximab) therapy (n = 9).
Bars indicate means + SDs. Unpaired 2-sided ttest; *P < .05; **P < .01; ***P < .001. F, Correlation matrix of
soluble serum cytokines in patients with DADA2.
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FIG 2. Blood T-cell repertoire metrics of the DADA2 cohort versus those of age-matched control individuals.
A-C, Normalized TCR repertoire richness (A), diversity (B), and clonality (C) of patients with DADA2 (n = 34)
versus control immune repertoires from age-matched healthy individuals (n = 37) and patients with HA20
(n = 31) as disease controls. Mann-Whitney U test; *P < .05; **P < .01; ***P < .001. D, Median generation
probability per repertoire in the DADA2 versus control cohort. E, TCR V gene distribution as assessed by
PCA. Statistics: Pillai-Bartlett test of multivariate ANOVA (MANOVA) of all PCs. F, V genes contributing
most to the repertoire skewing on PC 1. G, Mean frequency of V gene use from (F) in patients with
DADA2 and patients with HA20 versus in healthy individuals.

org). IFN-A2 and IFN-A2/3 levels correlated with transitional B
cells. TNF, BAFF, and APRIL levels showed trends of negative
correlation with most lymphocyte subsets, although these did
not reach statistical significance (see Fig E1).

Immunogenetic profiling of the DADA2 cohort and
age-matched control individuals

To get further insights into DADA2 immune dysregulation, we
determined the peripheral blood immune repertoire architecture
of T and B cells in our patients with DADA2 by next-generation
sequencing of the rearranged TRB and IGH loci. Because age has
a fundamental impact on the adaptive immune architecture,” >’
we compiled an age-matched control cohort of 45 healthy individ-
uals with a median age of 15 years (range 1-55 years) and a
female-to-male ratio of 53%:47% as an unbiased control,”® As
a disease control for a monogenetic autoinflammatory disease
characterized by nuclear factor-kB (NF-kB) dysregulation and
systemic TNF elevations, we used the immunogenetic data
from a cohort of patients with haploinsufficiency of A20
(HA20).” TCR repertoires of patients with DADA2 showed
reduced richness and diversity but higher clonality than those of
their age-matched healthy peers (Fig 2, A-C). The HA20 TCR
repertoires showed a similar architecture but were more pro-
nounced than in the DADA2 setting with high clonality and
reduced indices for diversity and richness (Fig 2, A-C). The me-
dian generation probability of TCR rearrangements as a measure
of the frequency of public clonotypes was similar between the
DADA2, HA20, and healthy control T-cell repertoires (Fig 2,
D). PCA of the TRBV gene use showed considerable skewing
of the DADA2 and HA20 T-cell repertoire as compared with
that of the healthy controls (Fig 2, E). Although patterns of
TRBV19, TRBV27, TRBV6-5, and TRBV6-1 use were shared
between patients with DADA?2 and patients with HA20 versus

with healthy controls, DADA?2 skewing was additionally driven
by differential use of TRBV29-1 genes (Fig 2, F and G).

In contrast to the TCR repertoires, the BCR repertoires of
patients with DADA?2 displayed less clear differences in basic
repertoire metrics such as richness, diversity, and clonality than
their age-matched healthy controls did (Fig 3, A-C). In contrast,
the HA20 BCR repertoires were characterized by reduced rich-
ness and diversity, as well as by higher clonality (Fig 3, A-C).
As expected, the rate of somatic hypermutation of BCRs was sub-
stantially lower than that of the healthy controls and patients with
HA20, reflecting the known lack of memory B cells in patients
with DADA?2 (Fig 3, D). PCA analysis also revealed a strongly
biased IGHV gene distribution towards specific receptor rear-
rangements in patients with DADA?2 (Fig 3, E). The BCR reper-
toires of patients with DADA?2 were especially characterized by
increased use of IGHV4-34, which has inherent autoreactive
properties® ™" (Fig 3, F and G). Notably, patients with DADA2
share this pattern with patients with HA20 (Fig 3, F and G).

Machine learning analysis of antigen receptor
imprints

TCR and BCR repertoire data contain complex multilevel
information on the immune architecture of an individual (or group
of individuals) that can be extracted by developing machine
learning tools with high predictive performance.3 23 To identify a
set of repertoire features that specifically defines DADA?2 immu-
notypes by using machine learning, we trained a binary classifier
to distinguish the T- and B-cell immune repertoires of patients
with DADAZ? from those of age-matched heathy controls. This re-
sulted in a LightGBM classifier exhibiting the best performance
among all tested models. The classifier showed robust perfor-
mance, with an accuracy of 80% and an area under the curve of
0.88 on unseen data. The receiver operating characteristic curves
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FIG 3. Blood B-cell repertoire metrics of the DADA2 cohort versus those of control individuals. A-C, Normal-
ized BCR repertoire richness (A), diversity (B), and clonality (C) of patients with DADA2 (n = 50) versus con-
trol immune repertoires from age-matched healthy individuals (n = 45) and patients as HA20 (n = 32) as a
disease control. Statistics: Mann-Whitney Utest; *P < .05; **P<.01; ***P < .001. D, Somatic hypermutation
(SHM) of BCRs in the DADA2 cohort versus in control cohorts. E, PCA of BCR V gene use in the DADA2
cohort versus in age-matched healthy individuals and patients with HA20. Statistics: Pillai-Bartlett test of
multivariate analysis of variance (MANOVA) of all PCs. F, V genes contributing most to the repertoire skew-
ing on PC 1. G, Mean frequency of V gene use from (F) in patients with DADA2 and patients with HA20 versus

in healthy individuals.

of the LightGBM classifier on the training, validation, and test
samples are shown in Fig 4, A. A feature importance analysis re-
vealed key features driving the classification of patients with
DADA2? (Fig 4, B and C). The most important features for accu-
rate classification of DADA2 were related to the B-cell space,
mainly reduced B-cell richness and hypermutated B-cell frac-
tions. Additionally, the model leveraged information regarding
B-cell clone fraction; CDR3 length; and Kidera factors 2 (side
chain size), 3 (extended structure preference), and 4 (hydropho-
bicity) of the CDR3 sequence of the most dominant clonotype
within each repertoire. T-cell repertoire features also contributed
to the classifier but were of relatively lesser importance. These
included T-cell richness, V gene use (especially TRBV29-1 use
of the dominant TCR clonotype), and length of CDR3. Impor-
tantly, there were no obvious correlations between the individual
features of the model (see Fig E2 in the Online Repository at
www.jaciconline.org). Fig 4, D and E show model performance
in 2 exemplary cases. Taken together, the data show that our
trained LightGBM classifier captured the autoimmune imprint
of DADA?2 immune repertoires with high fidelity, with a high
feature importance for B-cell repertoire metrics.

DISCUSSION

The intersection of immunodeficiency and inflammation pre-
sents a complex challenge in many inherited immunologic
disorders, such as DADAZ2, in which patients exhibit hypogam-
maglobulinemia and impaired T- and B-cell functionality along-
side autoinflammation and autoimmune-mediated organ
damage.”***’ Besides, chronic dysregulation in adaptive cells
may predispose patients with primary immunodeficiencies to
develop lymphomas.*® Our investigation of the adaptive immune

architecture of patients with DADA?2 in combination with soluble
blood-circulating factors sheds light on the aberrant immunologic
subpopulations present in DADA?2 that warrant discussion and
consideration for clinical management.

One of this study’s key findings was the machine learning—
based identification of patients with DADA?2 using immunoge-
netic repertoire data. Our machine learning approach identified
reduced richness and diversity metrics, as well as considerable
skewing of TCR and BCR repertoires as major determinants of
DADA?2 immunotypes with high predictive value. The observed
skewing was dominated by increased use of TRBV29-1-encoded
TCR rearrangements, which are often found on autoreactive T
cells*”* and by an enrichment of IGHV4-34—encoded antigen re-
ceptor configurations in B cells, which are known for their
inherent autoreactive properties.’”*'** In addition, the predictive
value of reduced somatic hypermutation is in line with the obser-
vation that autoimmune flares or de novo autoreactivity, espe-
cially in the context of IGHV4-34—encoded BCRs, are often
characterized by activated naive cells.*** The observed reper-
toire restriction is consistent with the immunosuppressive pheno-
type of patients with DADA?2, whereas the immunogenetic shifts
suggest a clinically relevant predisposition to autoimmunity.
Importantly, the high accuracy of our trained LightGBM classifier
inidentifying patients with DADA?2 on the basis of immune reper-
toire metric data alone, but not sequence-level labels, highlights
the unique immunogenetic architecture in DADA2 and
particularly emphasizes B-cell repertoire biases. Elevated levels
of inflammatory cytokines, notably, TNF, BAFF (TNF superfam-
ily member 13b), and interferons, likely contribute to
these autoimmune-like imprints. This is supported by recent
finding that the TNF/NF-kB signaling axis can shape immune
repertoires by selectively driving the polyclonal expansion of
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FIG 4. Machine learning classifier of autoimmune imprint in adaptive immune repertoires of patients with
DADAZ2. A, Receiver operating characteristic (ROC) curve of lightGBM classifier on training, validation, and
test samples. Curves demonstrate the classification performance of the trained classifier for distinguishing
DADA2 from healthy immune profiles as a trade-off between true positive rate (sensitivity) and false-
positive rate (1 - specificity). Area under the curve of 0.85 showed superior discriminatory ability of the
trained model in identifying cases of DADA2 compared with the chance level. B, Variable importance anal-
ysis of a LightGBM classifier using Shapley Additive exPlanation (SHAP) values. Importance of the top 10
global features determined by mean absolute magnitude of SHAP value across all training samples. Values
represent absolute changes in log odds, with higher values indicating greater feature importance. C, Distri-
bution of SHAP values across training samples along with their corresponding feature value. Whereas pos-
itive SHAP values indicate that the feature contributes to raising the predicted probability of the positive
class (DADA2), negative values suggest the opposite effect. D, Impact of individual features predicting a
positive class (DADA2) test sample, showcasing how each feature contributes to shifting the model from
its baseline prediction. Positive values indicating a higher likelihood of predicting the positive class,
whereas negative values indicate a lower tendency to predict the positive class. E, Similarly, individual fea-

tures have an impact on predicting a negative class (healthy donor [HD]) test sample.

IGHV4-34—encoded BCRs in patients with HA20,?? a pattern that
we also observed in patients with DADA?2 and systemic TNF el-
evations that persisted under therapy, although this latter observa-
tion needs to be validated in additional patients. The high TNF
levels originate mostly from proinflammatory polarization of
macrophages driven by the loss or reduction of ADA2 function.*®
Interestingly, BCR repertoires can normalize under anti-TNF
treatment in HA20.”’ These data align with the notion that NF-
kB dysregulation is a shared molecular driver of HA20 and
DADA2 pathology,*”*® and they are consistent with the observa-
tion that TNF inhibitors are highly effective in reducing HA20
symptoms and suppressing inflammation in patients with
DADA2.7%7*84% The persistence of TNF elevations under ther-
apy also aligns with the recurrence of disease flares after subop-
timal dosing or discontinuation of anti-TNF therapy.’’

In the context of stroke, the detected serum levels of sSCD40L are
noteworthy. The soluble form of CD40L (sCD154) is shed mainly
from activated T cells and associated with platelet activation and
aggregation, and it serves as marker for cardiovascular disease,
carotid atherosclerosis, and recurrent stroke.’”>* The observation
of persisting sSCD40L elevation under anti-TNF therapy may indi-
cate a contributing role in mediating vascular inflammation,
thrombosis, and recurrent strokes in patients with DADA2. Never-
theless, this aspect needs further investigation, especially with
respect to the observation that anti-TNF therapy prevents ischemic
and hemorrhagic strokes in patients with DADA2.'%-*”

Despite a few reported lymphoma cases in patients with
DADAZ2, the risk of lymphoma potentially associated with the
DADA?2 genotype remains unclear.”*>* Yet, the clonal expansion
of immune cells bearing autoreactive antigen receptors such as
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IGHV4-34, which is preferentially used in diffuse-large B-cell
lymphoma, raises concerns regarding the transformation potential
of these cells.”””’ This is also supported by the association of
ADA?2 variants with certain lymphoid malignancies.”’ At the
same time, the requirement of TNF and BAFF signaling for sur-
vival of malignant lymphocytes in the tumor microenviron-
ment®"*" may equally be a mechanism sustaining survival of
premalignant lymphocyte stages in the DADA2 setting. TNF
blockade, therefore, not only emerges as a promising strategy to
reverse autoimmunity but may also mitigate lymphoma risk in pa-
tients with DADA?2. Along this line of reasoning, machine learning
holds promise as a tool for unbiased detection of pathologic reper-
toire patterns and longitudinal monitoring of immune dynamics,
offering insights into disease progression and treatment response.

Moving forward, further research is warranted to elucidate the
drivers of autoimmune imprinting in DADA?2 and explore the
efficacy of targeted interventions, including TNF blockade, in
mitigating autoimmunity and lymphoma risk. Longitudinal
studies leveraging machine learning approaches can provide
valuable insights into the evolving immune landscape of patients
with DADA?2, guiding personalized therapeutic strategies and
improving clinical outcomes.
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Key messages

e DADA2 is an autoinflammatory disease with a broad
range of immune-related clinical features.

o Immunogenetic analyses of T and B cells reveal a unique
immune architecture that not only reflects autoimmunity
but also displays lymphoma-like imprints.
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