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Materials and Methods

Patient Selection

Patients accepted for evaluation in the UDN study typically have previously undergone
comprehensive evaluations and testing that have not led to a diagnosis and have overt
phenotypic features or family history that suggest a novel disease process. In collaboration with
the UDN Clinical Site at Harvard Medical School, we selected a subset of these patients who
had presentations that were suspicious for having a component of immune dysregulation (Table
S1). Clinical and laboratory characteristics that prompted inclusion into our study included
elevated inflammatory markers without alternative explanation, evidence for inflammatory
infiltrate in one or more organs, or the presence of autoantibodies with a clinical phenotype that
did not match the clinical disease typically associated with that autoantibody. 17 UDN patients
were initially accepted for evaluation, though 1 sample could not be analyzed due to insufficient
cells available for analysis after mass cytometry data acquisition. SLE patients enrolled in this
study met the 1997 American College of Rheumatology (ACR) classification criteria for SLE (1)
as well as the 2012 Systemic Lupus International Collaborating Clinics (SLICC) criteria for SLE
and the 2019 European Alliance of Associations for Rheumatology (EULAR)/ACR classification
criteria for SLE (2, 3). RA patients who were enrolled met the 2010 ACR/EULAR classification
criteria for RA (4). For RA patient samples processed for RNA sequencing, PBMCs were

collected from 28 patients at two time points.

Study Approval

UDN patients were enrolled with informed consent under NIH IRB Protocol 15HG0130. SLE
patients, RA patients, and non-inflammatory controls whose PBMCs were used for mass
cytometry were enrolled at Brigham and Women’s Hospital with informed consent under IRB

protocols 2014P002558 and 2016P001660, which were approved by the Mass General Brigham



IRB. RA patients whose PBMCs were used for scRNA-sequencing were enrolled with informed

consent under IRB Protocol 2019P001807.

Mass Cytometry

Blood samples were collected using heparin tubes, and density centrifugation with Ficoll-
Hypaque was used to isolate PBMCs. After washing the PBMCs with PBS, samples were
cryopreserved in a solution containing 90% fetal bovine serum (FBS) (Life Technologies) and
10% DMSO. We analyzed PBMCs from 16 UDN patients with inflammatory conditions plus 98
non-inflammatory controls, 24 SLE patients, and 20 RA patients as comparators using two
panels that were T cell and B cell focused (Table S2). For mass cytometry analysis,
cryopreserved PBMCs were thawed and processed in 9 batches, each containing both patients
with active disease and controls. In total, there were 5 batches of RA patients and controls
processed sequentially, 3 batches of SLE patients and controls processed sequentially (5), and
1 batch of UDN patients and controls. PBMCs were thawed into RPMI Medium 1640 (Life
Technologies #11875-085) containing with 5% heat-inactivated FBS (Life Technologies), 1 mM
GlutaMAX (Life Technologies), antibiotic-antimycotic (Life Technologies), 2 mM MEM non-
essential amino acids (Life Technologies), 10 mM HEPES (Life Technologies), 2.5 x 10-5 M 2-
mercaptoethanol (Sigma-Aldrich), 20 units/mL sodium heparin (Sigma-Aldrich), and 25 units/mL
Benzonase® Nuclease (Sigma-Aldrich). 500,000 to 1 million cells were taken from each
sample. After centrifugation and aspiration of the media, cisplatin viability staining reagent
(Fluidigm) at a 5 uM concentration was added for 2 minutes and then the samples were diluted
with the culture media. The cells were centrifuged and then blocked for 10 minutes using
Human TruStain FcX Fc receptor blocking reagent (BioLegend) diluted 1:100 in media
containing bovine serum albumin (Sigma Aldrich) and sodium azide (Sigma Adrich). The cells
were then incubated for 30 minutes with conjugated surface antibodies at the indicated dilutions

(Table S2). All antibodies were obtained from the Harvard Medical Area CyTOF Antibody



Resource and Core (Boston, MA). Cells were then fixed in 4% paraformaldehyde (PFA) (Fisher
Scientific) for 10 minutes, followed by permeabilization using the FoxP3/Transcription Factor
Staining Buffer Set (ThermoFisher Scientific). The samples were barcoded by incubation with
SCN-EDTA coupled palladium based barcoding reagents for 15 minutes. The samples were all
combined into a single sample, and then incubated with conjugated intracellular antibodies for
30 minutes. 1.6% formaldehyde was then used to fix the cells in a 10-minute incubation. Cells
were incubated in an iridium intercalator solution (Fluidigm) at 18.75 uM for 20 minutes to label
the DNA. Samples were washed and EQ™ Four Element Calibration Beads (Fluidigm) mixed in
Milli-Q filtered distilled water was added to the cells for at a dilution of 1 million cells/mL.

Samples were analyzed on the Helios CyTOF Mass Cytometer (Fluidigm).

Mass cytometry data processing

Bead-based normalization was performed on the raw mass cytometry files from UDN, SLE, RA
and non-inflammatory patients as previously described (6) using the premessa R package
(Parker Institute for Cancer Immunotherapy). Files were then analyzed and cleaned to removed
debris and doublets through gating in FlowJo™. The files were then processed through the R
package CATALYST (7) to perform debarcoding and compensation. Viable PBMCs were
manually gated using FlowJo™, and FCS files were created for each sample containing only the
PBMCs. Samples containing fewer than 5000 PBMCs were excluded from further analysis. The
resultant FCS files along with the metadata were formatted to build a Seurat object (8). We
performed principal components analysis, downsampling to 5000 PBMCs per sample, Harmony
batch correction (9), clustering (resolution = 0.6), and UMAP visualization using Seurat (8). In
the Seurat analysis of samples stained with the T cell marker mass cytometry panel, data on the
expression of CRTH2/CX3CR1 and TIGIT were excluded due to inadequate antibody staining.
We identified patients who appeared as unique individual outliers by assessing the frequency of

the cluster as a proportion of total PBMCs or as a proportion of the immune cell subtype of T



cells, B cells or monocytes and NK cells. We defined an extreme upper outlier as a case in
which the single highest frequency of a cluster for a particular patient is greater than 2-fold
higher than the next highest cluster frequency with a threshold cluster size for the patient at 250

cells or greater, representing 5% of the patient’s total PBMCs.

Single cell RNA sequencing

For CITEseq analysis of UDN #1, CD4" T cells were selected from cryopreserved PBMCs
collected at baseline, after abatacept, and after tofacitinib using the CD4* T Cell Isolation Kit
(Miltenyi Biotec). After incubating the cells with an Fc receptor blocking solution, Human
TruStain FcX™ (BioLegend), in Cell Staining Buffer (BioLegend) for 10 minutes at 4°C, hashing
antibody staining was performed for 30 minutes at 4°C. The cells were washed three times with
Cell Staining Buffer and 100,000 cells from each time point sample were mixed. Cells were then
stained with TotalSeq™-C Human Universal Cocktail (BioLegend) for 30 minutes at 4°C,

washed 3 times, and resuspended in 0.4% BSA in PBS.

For CITEseq analysis of RA patients, PBMCs were incubated in Human TruStain FcX
(BioLegend) for 10 minutes at 4°C and stained with the LIVE/DEAD™ Fixable Aqua Dead Cell
Stain Kit (ThermoFisher Scientific). The BD FACSAria™ Fusion Flow Cytometer was used to
sort 100,000 live lymphocytes. Cells were stained with hashing antibodies and the TotalSeq-C

Universal Cocktail (BioLegend) as described above for CITEseq of UDN #1.

After counting live cells in 0.4% BSA in PBS using Trypan blue, a maximum of 30,000 cells
were loaded onto a Chromium Next GEM Chip G (10x Genomics). cDNA and library generation
were performed according to the manufacturer’s protocol. mRNA libraries were sequenced
using the Novaseq S4 flow cell (lllumina). CITE-seq antibody-derived tag (ADT) libraries were

sequenced using the Hi-Seq X Ten System (lllumina). mRNA and ADT unique molecular



identifier (UMI) counts were quantified using Cell Ranger v6.1.1. The FASTQ files were aligned
to the GRCh38 human reference genome using Cell Ranger v6.1.1 (10X Genomics). Gene and
ADT reads were quantified simultaneously using Cell Ranger count. The files were then
processed through the R package Seurat 4.0.6 (8). After normalizing expression of each
hashing antibody with the centered-log ratio (CLR), demultiplexing was performed with
HTODemux function using positive.quantile = 0.99 (10). Doublets and cells that did not exhibit

hashtag staining were excluded.

For the QC filter, we removed cells that expressed fewer than 750 genes, more than 4000
genes, or contained more than 10% of total UMIs associated with mitochondrial genes. After the
QC process, we normalized mRNA expression using log-normalize (scale.factor = 10,000) and
normalized protein expression with CLR. Then, the top 2,000 most highly variable genes based
on a variance stabilizing transformation were selected and scaling was performed. After
calculating 20 principal components (PCs) based on the mRNA data, samples were batch
corrected with the Harmony R package (9). UMAP visualization and clustering (resolution = 0.5)
were performed. We performed pathway enrichment analysis using the ReactomePA package
(11). For the top 3 enriched pathways in the Treg cluster, the module scores based on the
genes listed in the Reactome pathways (GSEA M983, M705, M965) were calculated with the
AddModuleScore function in Seurat. To evaluate T cell activation, we used genes listed in the
GSEA Human Gene Set GOBP_T_CELL_ACTIVATION to calculate an activation score using
the AddModuleScore function in Seurat. For mapping, we used the mapQuery function in Seurat
to map Treg cluster cells of UDN #1 to the reference atlas of heathy donors’ peripheral blood

data (12).

TCR Repertoire Analysis
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TCR Repertoire Analysis was performed with the scRepertoire package (13). After TCR
information of each cell barcode was added as metadata with the Seurat object file, cells
sharing the same amino acid paired complementarity-determining regions (CDR3) sequences
were identified as the same TCR clones. We defined clonality based on number of cells sharing

clonotypes: 1 = Single, 2-3 = Small, 4-10 = Medium, 11-30 = Large.

Histology

Formalin-fixed, paraffin-embedded (FFPE) skin biopsies from UDN #1 and a healthy control
patient were sectioned at a thickness of 5um. Sections were separately processed for H&E and
immunofluorescence (IF) staining. For sections processed for IF, samples were incubated with
the BOND Epitope Retrieval Solution 2 (Leica Biosystems) for 20 minutes at 98°C. They were
then incubated with anti-CD4 antibody diluted 1:400 (DAKO #M7310, Clone 4B12) for 30
minutes at room temperature. Subsequently, the cells were incubated in the Post Primary,
Polymer, and Peroxide Block solutions from the BOND Polymer Refine Detection Kit (Leica
Biosystems) at room temperature for 10 minutes, 10 minutes, and 5 minutes, respectively. Cells
were then incubated with the Alexa Fluor™ 488 Tyramide Reagent (ThermoFisher Scientific) for
5 minutes at room temperature. The sections were then incubated in the BOND Epitope
Retrieval Solution 2 (Leica Biosystems) for 10 minutes at 98°C and anti-FoxP3 (Cell Signaling
Technology #98377, Clone D2W8E) at a dilution of 1:50. Samples were incubated with the
Polymer and Peroxide Block solutions from the BOND Polymer Refine Detection Kit (Leica
Biosystems) at room temperature for 10 minutes and 5 minutes, respectively. They were
subsequently incubated in the Alexa Fluor™ 594 Tyramide Reagent (ThermoFisher Scientific)
for 10 minutes at room temperature. The sections were incubated again in the BOND Epitope
Retrieval Solution 2 (Leica Biosystems) for 10 minutes at 98°C. Anti-IL2/CD25 antibody (Abcam
#ab128955, Clone EPR6452) was applied at 1:250 dilution at room temperature for 30 minutes.

Samples were incubated with the Polymer and Peroxide Block solutions from the BOND
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Polymer Refine Detection Kit (Leica Biosystems) at room temperature for 10 minutes and 5
minutes, respectively. Samples were incubated in the Alexa Fluor™ 647 Tyramide Reagent
(ThermoFisher Scientific) for 10 minutes at room temperature. Samples were then incubated
with NucBlue™ Fixed Cell ReadyProbes™ Reagent for DAPI staining (Invitrogen) for 15

minutes at room temperature.

Flow cytometry

Cryopreserved PBMCs were thawed into RPMI supplemented with 10% FBS, washed with
PBS, and stained with the LIVE/DEAD™ Fixable Dead Cell Stain Kit (ThermoFisher Scientific).
After washing with PBS, the cells were incubated with the following antibodies for 30min at 4°C:
anti-CD3 (BioLegend, Clone UCHT1), anti-CD4 (BioLegend, Clone RPA-T4), anti-CD25
(BioLegend, Clone BC96), anti-CD127 (BioLegend, Clone A019D5). After washing, the cells
were resuspended into PBS with 1% BSA. The data were acquired using the BD

LSRFortessa™ CellAnalyzer and analyzed by FlowJo™ v10 (Tree Star).

Proliferation suppression assay

CD4" PI' CD25" CD127" Treg cells were sorted from 3 healthy donors, 3 RA donors, and UDN
#1 with the aforementioned flow cytometry antibodies using the FACSAria™ Fusion cell sorter
and labeled with CellTrace Violet diluted 1:1000 (Invitrogen) at 37°C for 15 minutes. CD4™ T
cells from a separate healthy donor were enriched using the CD4* T Cell Isolation Kit (Miltenyi
Biotec) and were labeled with CellTrace CFSE diluted 1:1000 (Invitrogen) at 37°C for 15
minutes. These labeled cells were mixed in a 1:1 ratio (20,000 cells each) in RPMI/10% FBS/L-
Glu/0.01 M HEPES with penicillin-streptomycin in 96 U-bottom well plates and stimulated with
Dynabeads™ Human T-Activator CD3/CD28 at a ratio of 1:5 bead:cell. After 4 days, the data

were acquired using the BD FACSCanto™ Il Flow Cytometer. The proliferation of CFSE+
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responder T cells was assessed by FlowJo™ v10 (Tree Star). Percent suppression was

calculated using standard methods (14).

Western blot

100,000 PBMCs were resuspended with 10 pL of 4X Laemmli sample buffer (Bio-Rad) and
mixed with 2uL DTT (1M), 28 uL of dH20. After incubating lysates for 5 minutes at 95°C, the
samples were loaded onto a 10% Criterion TGX Midi Precast Gel (Bio-Rad) in running buffer
(Bio-Rad). After electrophoresis was performed at 120V for 2 hours, the proteins were
transferred onto a PVDF membrane at 100V for 1 hour. Then, the membrane was blocked with
5% milk in TBST buffer for 1 hour at room temperature. After washing 3 times with TBST, the
membrane was incubated with PSTPIP1 antibody diluted 1:100 (Santa Cruz Biotechnology
#sc390727, Clone B-10) and GAPDH antibody diluted 1:5000 (Abcam #ab9485) in TBST at 4°C
overnight. After washing in TBST, the membrane was incubated with HRP-conjugated
secondary antibodies each diluted 1:10,000 (Invitrogen #G21234, Invitrogen #31430) in TBST.
After washing, the membrane was incubated for 5 min with 10 mL of Clarity ECL Substrate (Bio-

Rad) and bands were visualized with the ChemiDoc imaging system (Bio-Rad).

ELISA

Serum samples were stored at -80 °C until analysis. Serum IL-18 levels were assessed using
Quantikine ELISA Human Total IL-18/IL-1F4 Immunoassay kit (R&D Systems). First, 50ul of a
standard control and serum diluted with 50uL of RD1N diluent were added into a plate coated
with an IL-18 capture antibody and incubated for 2 hours at room temperature. After washing
three times with wash buffer, 200uL of IL-18 detection antibody was added into the plate and
incubated for 1 hour at room temperature. After washing three times, 200uL of streptavidin-HRP
was added into the plate and incubated for 30 min at room temperature. After washing three

times, 200uL of substrate solution (mixture of hydrogen peroxide and tetramethylbenzidine) was

13



added into the plate and incubated for 30 min at room temperature. Then, 50uL of stop solution
(2N sulfuric acid) was added into the plate and the optical density was measured using a

microplate reader (Bio-Rad) set to 450 nm.

Statistics

Individual patients were identified as outliers if the abundance of any individual cluster was the
highest abundance detected in the cohort and if the value was twice as high as the next highest
individual. This method of outlier detection was more stringent than using a cutoff of 3 standard

deviations from the mean.
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Supplemental Figure 1: Multiple patients with outlier clusters identified through mass

cytometry.
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(A) Framework and criteria for patient selection. (B,C) UMAP visualization of major immune cell
populations identified in clustering analyses of mass cytometry data from panels consisting of T
cell-related markers (B) and B cell-related markers (C). (D-H) For all UDN and comparator
samples, the frequency of each cluster as a proportion of total PBMCs (E) or as a proportion of
the indicated cell populations (D, F-H) is depicted as calculated from analysis of the mass
cytometry panel consisting of T or B cell-related markers as indicated. In cases where an outlier
cluster frequency was detected in a sample, the cluster is depicted in red and the sample name
is labeled. (1) Feature plots showing expression of CD25 and CD127 in the outlier cluster
(arrows) from UDN #1. (J) UMAP visualization of outlier cluster (arrows) from individual patients
as plotted from T or B cell marker panels as indicated. (K) Feature plots depicting major
markers that are expressed or absent (arrows) from the outlier cluster in the indicated patient
from (J). (L,M) Biaxial gating plots (L) and bar charts (M) depicted show the frequency of the

outlier cluster as a proportion of total T cells for UDN #2 or PBMCs for UDN #3 and UDN #4.
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Supplemental Figure 2: UDN #1 exhibits a marked expansion of a regulatory T cell

populations and enhanced activation and interferon response signatures.
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(A) Pedigree outlining major medical conditions of UDN #1 (indicated by the arrow) and her
family. The patient’s father was unavailable for segregation testing but her mother was negative
for the variant, meaning the PSTPIP1 variant is either de novo or paternally inherited. (B)
Western blot showing the expression of PSTPIP1 and GAPDH in PBMCs from a non-
infammatory control patient and from UDN #1. (C) ELISA data showing serum IL-18 levels in
UDN #1 and comparator patients including non-inflammatory controls (n=16), SLE patients
(n=16), and RA patients (n=16). (D) Flow cytometry analysis depicting CD25"CD127- CD4 T cell
numbers as a proportion of total CD4" T cells in RA patients (n=4) and UDN #1 at enrollment,
after CTLA4-Ig therapy (abatacept), and after JAK inhibitor therapy (tofacitinib). (E) Expression
of T cell associated markers in mass cytometry T cell panel among CD4 T cells clusters from
UDN #1. The CD25"CD127 CD4 T cell cluster (Cluster 12) is highlighted in the grey box. (F)
Immunofluorescence microscopy of skin biopsies from a control patient showing CD25 (green)
and FoxP3 (red). (G) scRNA-seq data showing regulatory T cell numbers as a proportion of total
CD4" T cells in RA patients (n=28) and UDN #1 at enrollment, after CTLA4-Ig therapy
(abatacept), and after JAK inhibitor therapy (tofacitinib). (H) UMAP of Tregs from UDN patient
#1 (top right) mapped to a reference dataset (12) of blood Treg subsets from non-inflammatory
control patients (n=8) (top left). Feature plots of HLA-DRB1 and CCR7 expression are shown
below. (I) UMAP showing frequency of clonotypes in UDN #1 as determined by single cell TCR
repertoire sequencing. Treg population highlighted with an arrow. (J) Dot plot showing
expression of cytokines from scRNA-seq data from RA patients (n=28) and UDN #1. (K) Top
pathways enriched in memory CD4" T cells from UDN #1 compared to memory CD4" T cells
from RA patients (n=28) are listed with gene ratio values depicted from enrichment analysis. (L)
Violin plots depicting calculated activation scores for Tregs from RA patients (n=28) and UDN
#1. (M) Violin plots depicting interferon signaling and activation scores in memory CD4" T cells

from UDN #1 at enrollment, after CTLA4-Ig therapy, and after JAK inhibitor therapy.
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Supplemental Table 1: Clinical Characteristics of UDN Patient Cohort

Patient| UDN ID | Age |Sex|Duration| Clinical Description Sequencing Candidate Cytometric
years (years) Variant Finding
Identified?
UDN#1| UDN 58 | F 9 Global erythroderma, anhidrosis, Duo WGS Heterozygous | Expanded cluster
083072 alopecia, and palmar plantar variant in of CD25hi CD127-
keratoderma. The patient had an PSTPIP1* CDA4 T cells
inadequate response to multiple gene comprising 54% of
immunosuppressive regimens T cells (average =
including methotrexate, TNF inhibitors, 4.5+4.5%)
IL-17 inhibitors, IL-4 inhibitors, and
intravenous immunoglobulin.
UDN #2| UDN 35 | F 3 Suspected immune-mediated Proband No Expanded cluster
364812 cerebellar ataxia and extensive white WGS of Vo2 T cells
matter disease affecting the frontal comprising 28% of
lobe, parietal lobe, occipital lobe, T cells (average =
brainstem and cerebellum in the 2.4£3.3%).
setting of low-level GAD65 antibodies
(0.04 nmol/L) and isolated N-type
voltage-gated calcium channel
antibodies (3.57 nmol/L) of unclear
significance.
UDN #3| UDN 56 | M 12 Progressive, symmetric, length- Trio WGS No Expansion of
291978 dependent polyneuropathy and CD138" CD56*
relapsing weakness associated with monocytes
white matter disease not characteristic comprising 15% of
of multiple sclerosis or other known PBMCs (average
autoimmune neurologic disease. =1.3+£1.6%).
UDN #4| UDN 66 | M 6 Cranial nerve palsies resulting in Proband No Expanded cluster
907695 dysarthria, dysphagia, diplopia, ptosis, WES of CD5" Bcl-2* B

facial muscle weakness, hearing loss,
proximal lower extremity weakness
and balance problems. The patient had
low-level voltage-gated potassium
channel antibodies (0.04 nmol/L). A
paraneoplastic syndrome was
suspected, as the patient exhibited
elevated voltage-gated calcium
channel P/Q-type (15.0 nmol/L) and N-
type (20.9 nmol/L) antibodies.
However, extensive evaluation for a
primary malignancy, including imaging
through PET-CT and other modalities,
flow analyses, and bone marrow
aspiration and biopsy were
unrevealing. Of note, a specified
leukemia/flow panel had not been
performed. The patient exhibited an
inadequate response to multiple
immunosuppressive therapies
including steroids, intravenous
immunoglobulin, plasmapheresis, and
rituximab

cells comprising
22.2% of PBMCs
(average =
0.0016+0.0178%).
Strikingly, 85.9%
of all cells in this
unique cluster
originated from
UDN #4.
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UDN #5

UDN
683706

20

Fevers, myalgias, erythema nodosum
and persistent cervical necrotizing
lymphadenitis. The patient was
refractory to steroid treatment though
responded well to adalimumab.

Quad WGS,
trio RNA seq

No

Expanded
monocyte subset
(cluster 16) that
could not be
readily defined by
individual markers.

UDN
125449

44

Eosinophilia, chronic inflammatory
demyelinating polyneuropathy, multiple
allergies and sensitivities, asthma,
postural orthostatic tachycardia
syndrome.

Proband
WES, trio
WGS

No

UDN
974141

24

5-10

Severe chronic sinusitis and atopic
dermatitis, unexplained sinus
tachycardia, small fiber neuropathy,
arthralgias, and myalgias in the setting
of marked IgE elevation. Frequent
steroid use with partial response of
atopic dermatitis to cyclosporine.

Duo WGS,
proband
RNA seq

Heterozygous
variants in
PLA2G7 gene

UDN
052220

34

Persistent enhancing multifocal brain
lesions resulting in relapsing sensory
and motor deficits. Initially diagnosed
with multiple sclerosis but brain
pathology not consistent and patient’s
symptoms and brain lesions
progressed despite therapy with
steroids, natalizumab, interferon beta-
1a, fingolimod, rituximab,
cyclophosphamide, and plasma
exchange.

Trio WGS

Compound
heterozygous
variants in
ABCA2 gene

UDN
500889

33

Arthralgias, inflammatory ocular
disease, aphthous ulcers, recurrent
fevers, splenic necrotizing granulomas,
chronic non-specific hepatitis, and
gastrointestinal bleeding thought to be
secondary to inflammatory lesions. It
was felt that the patient’'s symptoms
had features of Behcet's disease and
Crohn’s disease but were not classic.
Though his disease was steroid
responsive, he had either no or
insufficient response to colchicine,
methotrexate, azathioprine,
etanercept, adalimumab, anakinra,
tocilizumab, and vedolizumab.

Trio WGS,
trio RNA seq

Heterozygous
variant in
CSMD1 gene

UDN
916494

53

Small fiber polyneuropathy, arthralgias,
aphthous ulcers, dry eyes, rashes,
angioedema, erythromelalgia, and
recurrent thrombophlebitis. Testing
notable for low C4 and SSA (Ro)
antibody positivity. Medications trialed
included methotrexate, adalimumab,
abatacept, rituximab, and
mycophenolate mofetil. Her disease
was responsive to steroids and
intravenous immunoglobulin.

Proband
WES and
RNA seq

Heterozygous
variants in
TNFRSF13B
gene
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UDN 66 Since | History of recurrent infections in the Proband No
583127 childho | setting of mild WES and
od hypogammaglobulinemia, sensory & RNA seq
motor polyneuropathy, and
erythrocytosis among other medical
issues.
UDN 30 6 Fevers, arthralgias, muscle weakness, |[Quad WGS, | Heterozygous
384036 small fiber neuropathy, pancreatic trio RNA seq variants in
exocrine insufficiency, and livedo NLRP12 and
reticularis. RAPGEFL1
genes
UDN 34 Since | Atypical pervasive developmental Quad WGS, | Heterozygous
287030 childho | disorders in the setting of ornithine proband variants in
od transcarbamylase and RNA seq MPO and
myeloperoxidase deficiencies, MCM®6 genes
gastrointestinal dysmotility, frequent
urinary tract infections, seizure
disorder, hiatal hernia, autonomic
instability, mast cell activation disorder,
and peripheral neuropathy.
UDN 32 5-10 Eosinophilia, nausea, vomiting, Trio WGS, Heterozygous
753472 atypical psoriasis, and joint swelling. proband variant in
RNA seq IQGAP1 gene
UDN 58 12 Moyamoya disease, livedo reticularis, Duo WGS No
046412 acrocyanosis, and multiple painful
lipomas.
UDN 47 2 Recurrent face, chest, upper back and Proband Heterozygous
462335 arm dermatitis. WGS variantin FLG
gene

WGS, whole genome sequencing; WES, whole exome sequencing; RNA seq, RNA sequencing.

* While the patient did not have a family history of inflammatory disease manifestations (Supplemental Figure
2A), clinical genetic testing identified a novel heterozygous variant ¢.1222dupG (p.Val408Glyfs*56) in the SH3
domain of an autoinflammatory disease-associated gene PSTPIP1. Because the variant has not been reported
in the literature in individuals with PSTPIP1-related disease, it was classified by the clinical reporting lab as a
variant of uncertain significance (VUS). Mutations in PSTPIP1 are associated with autoimmune disease,
including a spectrum of PSTPIP1-associated inflammatory diseases such as PAPA syndrome, which is an
autosomal dominant disorder characterized by pyogenic arthritis, pyoderma gangrenosum, and acne. While
the patient’s late age of onset and specific clinical features are unusual for PAPA syndrome and other related
diseases, we considered whether this mutation could be relevant for disease manifestation. Western blot
analysis of PBMCs demonstrated that the size and quantity of the PSTPIP1 protein in UDN #1 was similar to
the control individual (Supplemental Figure 2B). Moreover, serum IL-18 levels were not substantially elevated
in this patient compared to controls (Supplemental Figure 2C), far less than expected in PSTPIP1 mutation-
positive patients with PAPA syndrome (15).
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Supplemental Table 2: Mass Cytometry Panels

*Mass cytometry panel below used for all patients except for the following changes for analysis of the RA patient cohort:
the CRTH2 antibody was replaced with a CX3CR1 antibody (Clone 2A9-1, Metal 145Nd) in the T cell marker panel and
the TRAIL antibody was replaced with a CCR2 antibody (Clone KO36C2, Metal 163Dy) in the B cell marker panel.

T cell panel B cell panel

Antigen Clone Metal | Dilution Antigen Clone Metal | Dilution
CD20 2H7 113In__ [ 1:100 CD20 2H7 113In_ [ 1:100
CD3 UCHT1 115In [ 1:100 CD3 UCHT1 115In [ 1:100
CcD27 0323 141Pr_[ 1:100 CcD27 0323 141Pr_[ 1:100
CD45RA HI100 142Nd [ 1:100 CD11b M1/70 142Nd | 1:100
PD-1 EH12.2H7 | 143Nd | 1:100 CD1c L161 143Nd | 1:100
CD39 A1 144Nd [ 1:100 CD24 ML5 144Nd | 1:25
CRTH2* BM16 145Nd [ 1:100 CD19 HIB19 145Nd | 1:100
CD14 M5E2 146Nd [ 1:100 CD14 M5E2 146Nd | 1:100
CD45RO UCHL1 147Sm | 1:50 CD86 IT2.2 147Sm | 1:100
CXCR3 GO025H7 | 148Nd [ 1:100 TLR4 HTA125 | 148Nd | 1:100
Granzyme K | GM26E7 149Sm | 1:50 CD22 HIB22 149Sm | 1:100
CD96 628211 150Nd [ 1:100 CD38 HIT2 150Nd | 1:200
TCRVd1 REA173 | 151Eu | 1:100 CD5 UCHT2 151Eu | 1:100
CTLA-4 L3D10 152Sm [ 1:100 Bcl-2 100 152Sm | 1:100
CD69 FN50 153Eu [ 1:100 TACI MAB1741 | 153Eu | 1:100
CXCR5 J252D4 154Sm [ 1:100 CXCR5 J252D4 154Sm | 1:100
CD4 RPA T4 155Gd [ 1:100 CcD23 EBVCS-5 | 155Gd | 1:100
CD9%4 DX22 156Gd | 1:100 CD95 DX2 156Gd | 1:100
CD16 3G8 157Gd | 1:200 T-bet 4B10 158Gd | 1:100
CD8a RPA T8 158Gd [ 1:100 CD11c Bu15 159Tb [ 1:100
CD57 HCD57 159Tb [ 1:200 CD307d 413D12 160Gd | 1:100
ICOS C398.4A | 160Gd | 1:100 CD138 B-A38 161Dy | 1:100
AHR FF3399 161Dy | 1:50 CD56 NCAM16.2 | 162Dy | 1:100
CD56 NCAM16.2 | 162Dy | 1:100 TRAIL* RIK-2 163Dy | 1:100
CCR2 K036C2 | 163Dy | 1:100 cPARP D64E10 | 164Dy | 1:100
Ki67 8D5 164Dy | 1:100 IgE MHE-18 | 165Ho | 1:100
FoxP3 PCH-101 | 165Ho | 1:200 CD40 5C3 166Er | 1:100
CD40L 24-31 166Er [ 1:100 CD10 HI10a 167Er | 1:100
Granzyme B | GB11 167Er | 1:400 I9A IS11-8E10 | 168Er | 1:100
Helios 22F6 168Er [ 1:200 BAFFR 11C1 169Tm | 1:100
PU.1 phpu13 169Tm | 1:100 PD-L1 29E.2A3 | 170Er [ 1:100
CcD127 eBioRDR5 | 170Er | 1:100 [¢[€] G18-145 | 171Yb | 1:100
TCRVd2 123R3 171Yb [ 1:100 IgM MHM-88 | 172Yb | 1:100
NKG2D 149810 172Yb [ 1:100 CD21 Bu32 173Yb | 1:100
CD25 M-A251 173Yb [ 1:100 Ki67 8D5 174Yb | 1:100
TIGIT MBSA43 [ 174Yb | 1:100 IgD IAB-2 175Lu | 1:100
T-bet 4B10 175Lu | 1:100 Perforin Dg9 176Yb | 1:100
CCR7 G043H7 | 176Yb [ 1:100 HLA-DR L243 209Bi | 1:200
HLA-DR L243 209Bi | 1:200
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