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Neutrophilic inflammation is a hallmark of many monogenic autoin-
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flammatory diseases; pathomechanisms that regulate extravasation of dama-
ging immune cells into surrounding tissues are poorly understood. Here we
identified three unrelated boys with perinatal-onset of neutrophilic cutaneous
small vessel vasculitis and systemic inflammation. Two patients developed
liver fibrosis in their first year of life. Next-generation sequencing identified
two de novo truncating variants in the Src-family tyrosine kinase, LYN, p.Y508*,
p.Q507* and a de novo missense variant, p.Y508F, that result in constitutive
activation of Lyn kinase. Functional studies revealed increased expression of
ICAM-1 on induced patient-derived endothelial cells (iECs) and of 32-integrins
on patient neutrophils that increase neutrophil adhesion and vascular trans-
endothelial migration (TEM). Treatment with TNF inhibition improved sys-
temic inflammation; and liver fibrosis resolved on treatment with the Src
kinase inhibitor dasatinib. Our findings reveal a critical role for Lyn kinase in
modulating inflammatory signals, regulating microvascular permeability and
neutrophil recruitment, and in promoting hepatic fibrosis.

Next-generation sequencing (NGS) of disease probands and their
parents has propelled the discovery of monogenic causes of autoin-
flammatory diseases’, that present with severe, perinatal-onset, sys-
temic, and organ-specific inflammation. Tissue infiltration by activated
innate immune cells, including monocytes, macrophages, and neu-
trophils, if untreated, leads to rapidly progressive organ injury, that
can involve many organ systems. The discovery of de novo gain-of-
function (GOF) mutations in IL-1 activating inflammasomes (NLRP3,
NLRC4, pyrin, and NLRP1) and Type-1 IFN activating viral sensors
(STING, RIG-I, and IFIH1/MDAS5) linked key innate immune pathways to
sterile inflammation. Repurposing drugs that target inflammatory
cytokines has confirmed the prominent roles of pro-inflammatory
cytokines, including IL-1, Type-l IFN, and TNF in the disease patho-
genesis of autoinflammatory diseases, and identified the inflamma-
some and viral sensors as novel targets for drug development’.

A role of Src family kinase members in causing sterile inflam-
mation and human disease is only recently recognized. The often
redundant roles of Src kinases in modulating surface receptor

signaling including TLRs, Fc receptors, integrins, growth factor
receptors, and adhesion molecules®*, and their role in regulating
complex cellular functions such as proliferation, cell differentiation,
apoptosis, migration, and metabolism have been well documented”.
With the discovery of SRC as the first human proto-oncogene®, and
the recognition that somatic GOF mutations in SRC promote colon
cancer and liver metastasis’, and that germline GOF SRC mutations
cause thrombocytopenia, myelofibrosis, and non-inflammatory bone
pathologies®, an oncogenic potential of other Src family kinase
members has been of concern. Surprisingly, GOF mutations in the Src
family kinase members FGR’ and HCK™ that, in contrast to SRC, are all
highly expressed in human neutrophils and monocytes, have been
reported to cause systemic inflammatory diseases, which has
renewed interest in targeting specific Src kinases in inflammatory
diseases". Here, we describe three unrelated boys with three de novo
mutations in the Src-family tyrosine kinase, Lyn kinase, LYN; all pre-
sented with systemic inflammation and recurrent neutrophilic small
vessel vasculitis. Two patients with truncating mutations had liver
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fibrosis that in one patient resolved on treatment with the Src kinase
inhibitor dasatinib. We characterize the role of increased Lyn kinase
activity in neutrophils, endothelial cells and lesional liver biopsies
and utilized an iPSC-derived endothelial cell platform for disease
modeling of neutrophilic vasculitis and to screen and evaluate drug
efficacy.

Results

Identification of the LYN mutations and clinical characterization
We performed trio whole-exome sequencing (WES) on whole blood
from Patient 1, who presented with unexplained systemic inflam-
mation, and his parents, and identified a nonsense germline muta-
tion in a coding region of the Src kinase, LYN, ¢.1524C>G, p.Y508*
(transcript NM_002350), that resulted in truncation of five terminal
amino acids, including a regulatory tyrosine at position p.Y508. In
Patient 2, a targeted NGS panel revealed a missense mutation in LYN
¢.1523A>T, resulting in the replacement of tyrosine at position 508
by a phenylalanine (p.Y508F); and clinical WES in Patient 3 identified
a nonsense germline mutation in LYN, c.1519C>T, p.Q507* resulting
in loss of six terminal amino acids including p.Y508. The three
mutations occurred de novo (Fig. 1a, b and Supplementary Fig. 1),
and were predicted to be deleterious. All were absent in public
databases including gnomAD. LYN variant features, including amino
acid conservation and pathogenicity predictions are detailed in
Supplementary Table 1.

a Patient Pedigrees
Patient 1

Patient 2

Clinical and laboratory features of the three patients are outlined
in Table 1. All three patients developed diffuse purpuric skin lesions
(Fig. 2a, b), fever, and increased C-reactive protein (CRP) within the
first hours of life. Patient 1 and Patient 3 had hepatosplenomegaly,
transaminitis, and severe thrombocytopenia. Patient 1 underwent a
splenectomy for thrombocytopenia and developed leukocytosis,
thrombocytosis, and persistent anemia post-splenectomy. At the age
of 21 months, he also had transiently elevated circulating auto-
antibodies including ANA, anti-Sm, anti-SSA, anti-mitochondrial, and
anti-phospholipid antibodies without clinical autoimmune manifesta-
tions. Persistently elevated liver function tests (LFTs) led to a liver
biopsy at 22 months, which showed a mild periportal lymphocytic
infiltrate, clusters of macrophages and scattered neutrophils within
hepatic sinuses and portal areas, marked biliary ductopenia and early
peri-sinusoidal fibrosis (Fig. 2c). Other clinical manifestations included
intermittent abdominal and testicular pain, headaches, conjunctival
and periorbital erythema (Supplementary Fig. 2a), arthralgias, and
myalgias worse after exercise or trauma. A magnetic resonance ima-
ging (MRI) during myalgia showed fasciitis and muscle edema (Fig. 2a).
Patient 3 was recently born at 37 weeks of gestational age with
intrauterine growth restriction (IUGR) and congenital hydrocele. At
the age of 5 months, liver elastography was consistent with liver cir-
rhosis. His thrombocytopenia improved on etanercept and initiation
of dasatinib is considered if transaminitis and high elastography scores
do not improve.
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Fig. 1| Discovery of de novo GOF mutations in LYN as cause of cutaneous
vasculitis and liver fibrosis syndrome. a The pedigrees show a de novo variant in
LYN in each of the three patients. Squares and circles represent male and female
family members, respectively; solid symbols and open symbols indicate affected
and unaffected family members, respectively. b In Patient 1 and Patient 3 the
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truncating mutations p.Y508* and p.Q507* result in the loss of the 5 or 6 terminal
amino acids, respectively; and in Patient 2, the amino acid substitution from a
tyrosine to a phenylalanine prevents phosphorylation in the C-terminal regulatory
domain of Lyn kinase.
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Table 1| Clinical features in patients with gain-of-function mutations in LYN

Clinical and laboratory
features

Patient 1

Patient 2

Patient 3

Clinical presentation

Age of disease onset

1st day of life

1st day of life

1st day of life

Age at diagnosis

2 years 6 months old

15 years-old

4 months old

Presenting Symptoms

Purpuric rash, hepatosplenomegaly, fever,
thrombocytopenia at birth

Mild purpuric rash at birth, fever, and
generalized severe purpuric rash at the
age of 3 months

Hepatosplenomegaly, thrombocytopenia, and
discrete purpuric rash at birth

Hydrops fetalis Yes, intra-utero platelet and PRBC transfusion No No, had congenital hydrocele
at 29 weeks of GA
Liver fibrosis Yes No Yes

Other clinical
manifestations

Recurrent parotitis, abdominal pain, periorbi-
tal edema and erythema, conjunctivitis, epi-
didymitis, headaches, arthralgias, oral ulcers,
fatigue, GVHD-like colitis

Recurrent abdominal pain, periorbital
edema and erythema, conjunctivitis,
epididymitis, headaches, arthralgias,
oral ulcers, fatigue, GVHD-like colitis

Intrauterine growth restriction, failure to
thrive, transient periorbital erythema, jaun-
dice, direct hyperbilirubinemia

Laboratory findings®

ESR (mm/1h) 64 ND ND

CRP (mg/L) 14-86.5 46-166 6.5-107.6

SAA (mg/L) ND 182-984 ND

CBC Mild anemia, mild leukocytosis, moderate to  Mild leukocytosis Mild anemia, moderate leukocytosis, moder-
severe thrombocytopenia ate to severe thrombocytopenia

LFTs Increased ALT, AST and GGT Normal ALT, AST and GGT Increased ALT, AST and GGT

Autoantibodies

Positive ANA, anti-Sm, anti-SSA, ACL IgG, LAC,
anti-mitochondrial, RF, anti-TPO

Negative by clinical tests, transient
positivity for ANA on research
testing once

Borderline anti-PR3

Complement nl CH50, C3, C4 nl C3, C4 ND

CD4/CD8/B/NK lympho-  High/high/nl/nl nl/nl/nl/nl High/high/high/high

cytes (abs #)

IgG/IgA/IgM nl/nl/low nl/nl/low nl/low/nl

Skin biopsies Small vessel vasculitis with neutrophilic infil-  Perivascular neutrophilic dermal Small vessel vasculitis with neutrophilic infil-

trate and destruction of dermal vessel walls

infiltrate

trate and destruction of dermal vessel walls

Liver evaluation

Elastography (max)

6.7 kPa

ND, normal LFTs

18.7 kPa

Infections Enteropathogenic E. coli, Salmonella sp, Tox-  Post-streptococcal glomerulonephritis Late neonatal sepsis, COVID-19
ocara canis® (asymptomatic)
Treatment Poor response to IVIG, IVMP and oral pre- No response to anakinra and tocilizu- Partial improvement of CRP and thrombocy-

dnisolone, partial response to dasatinib
monotherapy, partial response to etanercept
monotherapy, good response to dasatinib and
etanercept combination therapy

mab, partial response to colchicine and
good response to etanercept and
colchicine

topenia, resolution of direct hyperbilir-
ubinemia, return of normal growth rate, and
persistence of liver fibrosis on etanercept
therapy

PRBC packed red blood cells, GA gestational age, GVHD graft versus host disease, ESR erythrocyte sedimentation rate, CRP C-reactive protein, SAA serum amyloid A, CBC complete blood count, LFT
liver function tests, ALT alanine aminotransferase, AST aspartate aminotransferase, GGT gamma-glutamyltransferase, ANA anti-nuclear antibody, Sm Smith, SSA Sjogren’s syndrome A, ACL anti-
cardiolipin, LAC lupus anticoagulant, RF rheumatoid factor, TPO thyroid peroxidase, PR3 proteinase 3, Igs immunoglobulins, abs # absolute number, max maximum value detected, IVIG intravenous

immunoglobulin, IVMP intravenous methylprednisolone, kPa kilopascal, nl normal, ND not done.

For definition of poor response, partial response, and good response, please see the online Supplementary Information file.

“Depicted laboratory findings were collected pre-treatment.
PAll infections occurred on dasatinib or dasatinib + etanercept therapies.

Histopathology of vasculitic skin lesions, liver, and colon
biopsies

All patients had histopathological evaluation of lesional skin biop-
sies, which showed a dense neutrophilic infiltrate around small ves-
sels including capillaries (Fig. 2a, b and Supplementary Fig. 2b, c)
suggestive of pauci-immune small vessel vasculitis (ANCA-negative).
Extravasated neutrophils formed neutrophil extracellular traps
(NETs) in areas of loss of vessel wall integrity (Fig. 2b and Supple-
mentary Fig. 2c). Lyn kinase is regulated similarly to other Src family
kinases (Supplementary Fig. 3a) and it is expressed in endothelial
cells of small vessels, in neutrophils, monocytes, and macrophages
(Fig. 2b, Supplementary Figs. 2b and 3b-d) and in liver sinusoidal
endothelial cells (LSECs) (Fig. 2c). Patient 1 and Patient 2 developed
both post-infectious diarrhea that resolved without treatment; colon
biopsies showed apoptotic crypt injury, reminiscent of graft-versus-
host disease (Fig. 2d).

Phosphorylation assays in wild-type and mutant Lyn

To further investigate the functional impact of the de novo muta-
tions, we assessed Lyn kinase phosphorylation. The C-terminal tail
tyrosine residue, p.Y508, inactivates wild-type Lyn kinase by asso-
ciation with its own SH2 domain (Fig. 1b, Fig. 3a, left panel)'>”. We
hypothesized that the C-terminal deletions of Lyn kinase p.Y508 or
the p.Y508F substitution increase Lyn kinase activity (Fig. 3a, left
panel)’. Transfection of mutant Lyn into HEK293FT cells showed
constitutive phosphorylation of the kinase activating tyrosine,
p.Y397, and absent phosphorylation of the “inhibitory tyrosine”,
p.Y508 (Fig. 3a, right panel). Mutant Lyn kinase caused increased
phosphorylation of several Lyn kinase targets including the adapters,
Scimp, involved in MHC-II signaling transduction in B cells", in sus-
taining CLEC7A/DECTINI signaling in dendritic cells”, and in scaf-
folding Lyn to activated TLRs", and Skap2, that is involved in B2
integrin activation and neutrophil recruitment (Fig. 3b)". The broad
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Fig. 2 | Clinical and histopathologic features of patients with LYN gain-of-
function mutations. a Periorbital edema and erythema in Pt.2 (left panel), non-
blanching vascular rashes in Pt.1's lower extremities (center panel), and left thigh
MRI from Pt.1 (right panel) depicting fasciitis (green circle) and periostitis (red
circle) are shown. b Hematoxylin & eosin (H&E) staining from lesional skin biopsies
of Pt.1 (first column images) and Pt.2 (second column images) show destruction of a
small vessel with surrounding inflammatory cells in Pt.1 (black arrow) and a peri-
vascular infiltrate in Pt.2 (asterisk) (upper panels, scale bars, 100 pm). The endo-
thelial cells and surrounding neutrophils are Lyn kinase (Lyn) positive in both
patients (middle panels, scale bars, 100 pm). The lower panels show the localized

LARTN

Ui

tan

LSO T3 o

cit-H4 DNA

accumulation of neutrophil extracellular traps (NETs) (pink) surrounding the small
vessels in Pt.1 and Pt.2, respectively. cit-H4, citrulline histone H4, scale bars, 20 pm.
c A Liver biopsy performed in Pt.1 at the age of 22 months illustrates a portal area
lacking a bile duct on H&E (left upper panel) and early peri-sinusoidal fibrosis on
Masson’s trichrome staining (right upper panel). Lyn staining of sinusoidal cells and
endothelial cells in the portal areas is shown in Pt.Is liver biopsy that was per-
formed at the age of 4 years (lower panel). Scale bars, 20 um. d Colon biopsy from
Pt.2 shows apoptosis of multiple crypt epithelial cells (black arrows). Scale

bar, 20 pm.

phosphorylation of mutant Lyn kinase is also shown for SAM68 and a
broad spectrum of phosphorylated downstream targets (Supple-
mentary Fig. 4 and 5). Flow cytometry analysis of anti-IgM stimulated
B cells from Patient 1 showed increased phosphorylation of Lyn
kinase substrates, including PLCy2, CD19, CD79A that was blocked by
the Src kinase inhibitors dasatinib and PP2 (Supplementary Fig. 5).
Furthermore, B cell stimulation assays reveal defects in central and
peripheral B cell tolerance (see Supplementary Figs. 11-13 in the
Supplementary Results).

Evaluation of inflammatory response

Serologic analysis from untreated Patients 1, 2, and 3 showed elevated
CRP and pro-inflammatory cytokines (i.e., IL-6) (Fig. 3c, left panel and
Fig. 4a). Patients 1 and 3 had marked elevation of biomarkers of neu-
trophil (sL-selectin and lipocalin) (center panel) and endothelial cell
(i.e., SICAM-1 and sE-selectin) (right panel) activation, comparable to
patients with NOMID and SAVI (Fig. 3c, middle and right panel).

Monocyte-derived macrophages, upon LPS stimulation, released
increased levels of cytokines TNF-a and IL-6, and chemokines CXCL10
and CCL3/4/5, and shed increased levels of sSICAM-1 when compared to
healthy and disease controls (Supplementary Fig. 6). Neutrophils
showed signs of constitutive activation, including low surface
expression of CD62L (Supplementary Fig. 7) and high expression of 32-
integrin adhesion molecules (Fig. 4b), with normal cytokine responses
to a broad range of endogenous, Toll-like receptor (TLR) and microbial
stimulants (Supplementary Fig. 7 and Supplementary Table 2). In
lesional skin biopsies, ICAM-1 was upregulated and colocalized with
the endothelial marker CD31/PECAM along the endothelial wall (Sup-
plementary Fig. 2c).

Clinical response to targeted treatment with dasatinib and TNF
inhibition

All patients responded partially (Patient 1 and Patient 3) or fully
(Patient 2) to treatment with the TNF inhibitor etanercept after failing
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Fig. 3 | Constitutive Lyn kinase activation and evidence of systemic inflam-
mation and endothelial activation. a Phosphorylation-dependent active and
inactive configuration of Lyn kinase. Disease-causing LYN variants lead to con-
stitutive activation (left panel). Western blot of lysates from transiently transfected
HEK293FT (wild-type (WT) or mutant LYN) demonstrate increased phosphorylation
of p.Y397 and absent phosphorylation of p.Y508 in the mutant constructs (center
panel). Data of 4 biologically independent experiments is graphed in a scatter plot
with bar graphs depicting mean values + SD. p.Y397 comparisons, WT versus:
p.Q507*, p=0.0082, p.Y508F, p=0.0228; or p.Y508*, p=0.0137. p.Y508 compar-
isons, WT versus: p.Q507*, p <0.0001, p.Y508F, p <0.0001 or p.Y508* p < 0.0001.
*p <0.05, **p < 0.01, ***p < 0.0001 as determined by ordinary one-way ANOVA with
Bonferroni’s multiple comparison post-test. b Phosphorylation of Lyn adaptor
proteins, Scimp (left panel), and Skap2 (right panel) in transiently LYN construct co-
transfected HEK293FT cells. Red arrow heads indicate phosphorylated Lyn kinase
substrates. Depicted are representative images of n=3 independent experiments
for Scimp and Skap2. ¢ Pre-treatment samples from the 3 patients (Pts.1-3) and from
patients with the systemic autoinflammatory diseases, neonatal-onset multisystem

inflammatory disease (NOMID), or STING-associated vasculopathy with onset in
infancy (SAVI), were compared with healthy controls (HC). For the CRP compar-
isons: Pt.1 (n=7, p=0.0009), Pt.2 (n=4, p<0.0001), and Pt.3 (n=18, p=0.028),
NOMID (n=11, p <0.0001) SAVI (n =7, p=ns), HC (n = 5) (left upper panel). For IL-6:
Ptl1(n=3,p=0.0153), Pt.2 (n=1, p=ns), Pt3 (n=1, p=ns), NOMID (n=12,
p<0.0001) and SAVI (n=6, p=0.0019), HC (n=26) (left lower panel). For neu-
trophil and endothelial markers, p-values for respective comparisons with HC are:
for sL-selectin: Pt.1(n=2, p=0.0186), Pt.3 (n=1, p=ns), NOMID (n =12, p < 0.0001)
and SAVI (n=6, p=0.0003), HC (n=105); for lipocalin: Pt.1 (n=2, p=0.0169), Pt.3
(n=1,p=ns), NOMID (n=12, p=ns) and SAVI (n =7, p=ns), HC (n =49); for ICAM-1:
Pt1(n=2,p=0.0044),Pt.3 (n=1, p=0.0198), NOMID (n=12, p=0.0002) and SAVI
(n=7, p=0.0001), HC (n=26); for sE-selectin: Pt.1 (n=2, p=0.0260), Pt.3 (n=1,
p=ns), NOMID (n=12, p<0.0001) and SAVI (n=6, p=0.0105), HC (n=105). Data
are presented as median values + interquartile ranges. *p < 0.05, *p <0.01,

***p < 0.001, ***p < 0.0001 as determined by Kruskal-Wallis test. Exact significant
p-values of patient vs. HC comparisons for each marker are stated above. Source
data are provided as a Source data file.
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Fig. 4 | Response to treatment in the three patients with gain-of-function
mutations in LYN. a Longitudinally obtained CRP levels are depicted for all
patients stratified by treatment. C-reactive protein (CRP), liver function tests
(LFTs), gamma-glutamyltransferase (GGT), and alanine aminotransferase (ALT). For
Pt.3 comparisons between pre-treatment (pre-tt) and post etanercept treatment
(etanercept) samples were depicted in scatter plots with bar graphs showing
median and interquartile ranges. For CRP: pre-tt n =28, etanercept n=5,
p=0.0056; platelets, pre-tt n =28, etanercept n=6, p = 0.0005; GGT, pre-tt n=15,
etanercept n=6, p=0.9568; ALT, pre-tt n=16, etanercept n=6, p=0.9591.
**p<0.01, **p <0.001 as determined by Mann-Whitney test with two-tailed
p-value. ns, non-significant. b Pt.1 neutrophils were assessed at baseline and on
dasatinib monotherapy or combination therapy with etanercept for expression of
B2 integrins CD11a/LFA-1a, CD11b/Mac-1a, CD11c, and CD18/LFA-1f3/Mac-1p. c Liver
responses to various treatments for Pt.1 show improvement of bridging fibrosis in
liver biopsies on dasatinib monotherapy (upper panels, scale bars, 100 pum), bile
ductopenia (lower left panel) and the liver function markers, GGT and ALT (lower
center and right panels). Scatter plot with bar graphs show median and
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interquartile ranges of pre-tt and variable post-treatment samples for GGT and ALT.
For GGT and ALT, respectively: pre-tt (n =8 and n=15), dasatinib (n=9 and n=14),
dasatinib stopped (n=3 and n=4), dasatinib 20 mg (n=7 and n=8, p=0.0005),
dasatinib 40 mg (n =11, p=0.0002 and n=13, p=0.0004), etanercept (n=4,
p=0.0074 and n=4, p=0.0002), etanercept + dasatinib (eta+dasa) (n=9,
p<0.0001 and n=10, p=0.0002). *p < 0.01, **p < 0.001 as determined by
Kruskal-Wallis test. d Heatmap depicts changes in serum cytokine and chemokine
concentrations in longitudinally collected samples from Pt.1 compared to HC
(n=3). (*) sample obtained when dasatinib was temporarily stopped. e Heatmap of
transcriptome analysis of 4 liver biopsies (Pt.1). A recovery of epithelial markers
(e.g., cholangiocytes) and improvement of fibrosis and inflammation markers, of
markers of liver sinusoidal endothelial cells (LSEC) activation, scar/fibrosis asso-
ciated mesenchymal cells (SAMecs) and macrophages (SAMacs) on dasatinib
treatment was observed. ECM extracellular matrix, HSC hepatic stellate cells, GC
glucocorticosteroids, IVIG intravenous immunoglobulin. Source data are provided
as a Source data file.

treatment with glucocorticosteroids and intravenous immunoglobulin
(IVIG) (Patient 1), or IL-1 and IL-6 targeted treatment (Patient 2). In
Patient 1, CRP levels were lower while on treatment with dasatinib
monotherapy or dasatinib and etanercept combination therapy.
Patient 2 had partial responses to colchicine, but recurrence of rash,
fatigue, and systemic inflammation led to empiric treatment with the
TNF inhibitor etanercept at the age of 14, which rapidly improved skin
rashes, normalized acute phase reactants, and led to long-term
remission (Fig. 4a). Patient 1 received glucocorticosteroids and IVIG
at age 2 years and 2 months. After 6 months on treatment, he con-
tinued to experience painful rashes, and fatigue and a repeat liver
biopsy showed progressive ductopenia involving 50% of portal areas
and development of bridging fibrosis (Fig. 4c, Supplementary Fig. 8,
Supplementary Table 3). The discovery of the gain-of-function (GOF)
mutation in LYN and the disease progression prompted treatment with
the Src kinase inhibitor dasatinib, which blocks Lyn kinase, and gra-
dually normalized CRP (Fig. 4a), 32 integrin expression on neutrophils
(Fig. 4b), and LFTs (Fig. 4c), as well as inflammatory cytokines and
chemokines in peripheral blood (Fig. 4d). Temporary discontinuation
of dasatinib resulted in skin rashes with a rise in inflammatory markers

and gamma-glutamyltransferase (GGT), that resolved on reinstitution
of dasatinib (Fig. 44, c, d). After 30 months on dasatinib monotherapy,
bile ducts were reconstituted, and liver fibrosis had regressed (Fig. 4c,
Supplementary Fig. S8, Supplementary Table 3). A recovery of epi-
thelial markers (e.g., cholangiocytes) and improvement of fibrosis and
inflammation markers was also observed in liver transcriptome ana-
lyses of bulk RNA seq data from four liver biopsies from Patient 1 on
dasatinib treatment Fig. 4e). ANA titers progressively decreased on
dasatinib, and all autoantibodies initially detected turned negative
either after the first course of corticosteroids or on dasatinib therapy
(see Supplementary Results). The patient has been in inflammatory
remission over the last 3.5 years. Patient 2 had CRP levels that were
most consistently controlled on treatment with etanercept and col-
chicine. Patient 3 was started on etanercept at the age of 4 months and
had partial improvement of systemic inflammation (CRP), thrombo-
cytopenia, and direct hyperbilirubinemia but had persistently elevated
LFTs (Fig. 4a).

Liver sinusoidal endothelial cells (LSEC) express Lyn kinase and
are specialized, fenestrated endothelial cells that play a central role in
liver homeostasis by regulating intrahepatic vascular tone, immune
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Fig. 5| Co-culture of neutrophils and induced endothelial cells (iECs) increases
neutrophil adhesion, and transendothelial migration (TEM). a mRNA expres-
sion of the endothelial cell markers ICAM-1, E-selectin, and VE-cadherin (VEcad) in
Pt.1’s iECs (Ptl iECs), a genetically corrected isogenic iEC clone (Ptl iso iEC) and a
healthy control iEC (HC iEC) was quantified upon stimulation with IL-1f (10 ng/ml).
The data were collected from n =3 independently derived iEC cell lines for HC and
Pt.1. One CRISPR/Cas9 edited Pt1 cell line was generated (iso iEC). Depicted are all
biological and technical replicates for HC and Pt1 iEC, and technical replicates for
Ptliso iEC. Data are presented as mean values + SEM. b Schematic representation of
neutrophil extravasation shows critical steps preceding diapedesis. Created with
BioRender.com. ¢ Co-cultures of HC neutrophils (Neut) with Pt.1iECs (upper panels)
or iso IECs (lower panels) for 48 h show neutrophil adhesion in mutant compared to
iso iEC (p=0.0058) and HC iEC (p = 0.0019) co-cultures, with the effect of treat-
ment with dasatinib (Das, p =0.0027), a TNF inhibitor (TNFi, p = 0.4089) or both
(Das+TNFi, p = 0.0135) on neutrophil adhesion. Images are representative of 3

independent experiments. Scatter plot graph on y-axis indicates fold-change of the
adhered neutrophil counts to HC iEC and HC neutrophil co-culture counts. Mean +
SEM of 3 technical replicates from 3 separate experiments are depicted. *p < 0.05,
**p =0.01, as determined by two-way ANOVA test. Scale bars, 50 pum. d Neutrophil
transendothelial migration (TEM) is quantified after 24 h in an endothelial cell
transwell migration assay. Data are presented as mean + SEM from biological
replicates of: HC iEC (n=4), Pt1 iEC (n=35), Ptl iso iEC (n = 3), neutrophils only
(n=8).*p=0.0179, *p =0.0079, as determined by Mann-Whitney test with one-
tailed p-value. Left panel was created with BioRender.com. e TEM of neutrophils is
inhibited by dasatinib (p = 0.0158), or the TNF inhibitor (TNFi) (p = 0.0496); y-axis
represents fold-change of the migrated neutrophil counts compared to Pt1iEC and
HC neutrophil co-culture counts. Mean + SEM from 5 biological replicates from

3 separate experiments. *p < 0.05, as determined by paired t-test with one-tailed
p-value. Source data are provided as a Source data file.

cell function, and quiescence of hepatic stellate cells (HSCs)'®*. Dur-
ing sustained hepatic injury, LSECs regulate the development of
fibrosis® through activation of HSC that differentiate into scar-
producing myofibroblasts®. Fibrogenic LSEC and HSC signatures
have been described in human and murine liver biopsies”*?*. We ana-
lyzed these transcriptional signatures associated with liver fibrosis in
the four liver biopsies from Patient 1 (Fig. 4e) and saw reduction in
markers of LSEC activation including the fibrogenic LSEC markers
CD34, and ACKRI and the NOTCH3-JAG1 axis that regulates HSCs
activation as well as of scar/fibrosis associated mesenchymal cells
(SAMec) and macrophages (SAMacs), which were upregulated in
biopsies with bridging fibrosis and decreased on dasatinib treatment.
Expression of genes encoding inflammatory cytokines, chemokines,
adhesion molecules (CAMs and integrins), extracellular matrix genes,

and those that drive HSC differentiation into mesenchymal cells also
decreased. In contrast, gene transcription of epithelial cell markers
increased, thus corroborating remodeling during fibrinolysis and
recovery from ductopenia (Fig. 4e).

Effect of LYN GOF mutation on neutrophil endothelial cell
interaction and neutrophil transendothelial migration (TEM)
The clinical phenotype and the upregulation of 2-integrin function
on neutrophils, and of ICAM-1 on skin endothelial cells and in the
liver biopsies combined with the treatment response to dasatinib
suggested a pivotal role of Lyn GOF mutations in endothelial dys-
regulation and as driver of vasculitis and liver fibrosis. We generated
induced pluripotent stem (iPS) cell-derived endothelial cells (iECs),
and genetically corrected (isogenic) iECs from Patient 1, and iECs
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Fig. 6 | Co-culture of neutrophils decreases transendothelial electrical resis-
tance by electric cell-substrate impedance sensing (ECIS) in mutant but not
isogeniciECs. a Co-culture of neutrophils with iECs leads to decreased VE-cadherin
staining (green) in Pt.1iECs (Lyn GOF iEC, white boxes) compared to healthy control
(HC) iECs. Scale bars, 50 um. b, ¢ ECIS data presentation of baseline absolute
resistance (ohm, Q) in iECs from Lyn GOF and isogenic control (iso Lyn) as well as
HC iECs. Real-time ECIS measurement of transendothelial electrical resistance
(TEER) across the endothelial monolayer upon co-culture with HC neutrophils (=
polymorphonuclear cells, PMN) shows a decrease in Lyn GOF iECs compared to HC
(p=0.0240) and iso Lyn iEC (p = 0.0099). Treatment with a TNF inhibitor (TNF-I,
p=0.0126) improved TEER in Lyn GOF iEC. Absolute values were normalized to the
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last reading before the additional treatment. Black line: iEC alone; red line: iEC and
PMN added; blue line: PMN plus TNF-I; green line: PMN plus dasatinib. The changes
and influence of resistance were analyzed as area under curve (AUC). Scatter plot
with bar graph depicts mean values + SEM of changes of resistance in iECs. The data
were collected from n = 3 biologically independent samples for HC and Pt1iEC and
n =1 biologically independent sample for Ptl iso iEC. *p < 0.05, **p < 0.01 as deter-
mined by two-way ANOVA for comparison between Lyn GOF PMN and PMN + TNF-I,
and ordinary one-way ANOVA for comparison between Lyn GOF PMN and HC or iso
Lyn. Turkey multiple comparisons post-test was used in all analyses. Source data
are provided as a Source data file.

from 3 healthy controls, and assessed the role of the Lyn kinase
mutations on endothelial immune activation, adhesion, and endo-
thelial transmigration, thus avoiding Lyn overexpression, which can
activate downstream pathways® (Fig. 5a, b). Cytokine (IL-1B) sti-
mulation of mutant iECs resulted in increased and prolonged mRNA
expression of ICAM-1 and E-selectin but not of VE-cadherin com-
pared to controls (Fig. 5a). Compared to isogenic patient derived
but genetically corrected iEC controls, treatment of mutant iECs
with dasatinib did not correct prolonged transcription in the
mutant iECs, which was reversed in the isogenic controls; dasatinib
treatment did, however, reduce ICAM-1 protein secretion (Supple-
mentary Fig. 9a-c). Co-culture of patient but not healthy control
neutrophils with mutant or isogenic iECs led to elevated IL-6 levels,
which was similarly elevated in co-culture with mutant and isogenic
iECs. IL-6 secretion was blocked by dasatinib and less by the TNF
inhibitor (Supplementary Fig. 9d). To separate the effect of the Lyn
kinase mutation on mutant endothelial cells and mutant neu-
trophils, the subsequent co-culture experiments were conducted
with healthy control (HC) neutrophils. Co-culture of HC neutrophils
with mutant but not isogenic or HC iECs led to clustered expression
of ICAM-1 beneath areas of firmly adherent neutrophils (Fig. 5c).
Neutrophil adhesion and ICAM-1 clusters were significantly blocked
with dasatinib and less with the TNF inhibitor at 48 h (Fig. 5¢). To
evaluate neutrophil diapedesis, we assessed HC neutrophil trans-
endothelial migration (TEM); TEM through patient iECs was sig-
nificantly increased compared to isogenic or HC iECs (Fig. 5d)
and improved with treatment with dasatinib or the TNF inhi-
bitor (Fig. Se).

Effect of LYN GOF mutation on vascular permeability measured
by electric cell-substrate impedance sensing (ECIS)

In areas of rich neutrophil adherence to mutant but not HC iEC
monolayers, VE-cadherin expression was focally reduced (Fig. 6a and
Supplementary Fig. 10), which suggested disruptions of cell-cell con-
tacts and increased vascular permeability. The internalization of VE-
cadherin into subcellular compartments and subsequent recycling or
degradation and the concomitant disruptions of cell-cell contacts
have also been linked to increased vascular permeability*, which can
be assessed using transendothelial electrical resistance (TEER)”. TEER
was decreased in mutant iEC layers but not isogenic iECs or HC iECs
upon co-culture with HC polymorphonuclear leukocytes (PMNs) that
was significantly improved with the TNF inhibitor, but not with dasa-
tinib. However, the genetic correction normalized the TEER, suggest-
ing off target effects of dasatinib on endothelial cell permeability.
Together, these data suggest complementary effects of dasatinib on
neutrophil recruitment and adhesion to endothelial cells and TEM, and
of TNF inhibition in improving endothelial barrier function, suggesting
that both drugs may be effective in improving neutrophilic small vessel
vasculitis®®.

Discussion

In summary, we describe an autoinflammatory disease, which is caused
by de novo GOF mutations in LYN, the gene that encodes Lyn kinase.
We propose to call this syndrome Lyn kinase-associated vasculopathy
and liver fibrosis (LAVLI). Disease-causing mutations eliminate an
inhibitory tyrosine (Y) at position p.Y508 that results in constitutively
active Lyn kinase?® and a severe clinical phenotype of cutaneous small
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vessel vasculitis and liver fibrosis. Functional data illustrate a pivotal
role of active Lyn kinase in regulating endothelial activation, neu-
trophil adhesion and transendothelial migration, partly through
upregulation of 32 integrins on neutrophils®**', and adhesion molecule
expression (i.e., ICAM-1) on endothelial cells*.

The clinical presentation of Lyn GOF mutations as autoin-
flammatory disease with sterile neutrophilic small vessel vasculitis was
unexpected, as mice engineered to carry the p.Y508F mutation, that is
disease-causing in Patient 2, develop high-titer autoantibodies and
glomerulonephritis reminiscent of systemic lupus erythematosus®.
Although clinical autoantibody tests have been negative in all 3
patients on treatment, Patient 1 had low titer autoantibodies at pre-
sentation and Patient 2 developed transiently elevated ANA auto-
antibodies in a research setting of ANA testing by Hep2 cell staining.
Furthermore, B cell stimulation assays identified defects in central and
peripheral B cell tolerance (Supplementary Results and Supplemen-
tary Figs. 11-13). Patients with GOF Lyn kinase mutations may thus be at
greater risk for the development of autoimmunity in the future and
should be closely monitored.

In contrast to Patients 1 and 3 with the truncating mutations,
Patient 2 with the LYN missense mutation, p.Y508F, did not develop
liver disease suggesting that the truncating mutations that eliminate
the 5 terminal amino acids may confer more severe disease.
The C-terminal tail interacts with the SH2 domain in all Src
kinases, including in Lyn kinase®, which restricts their activity.
Phosphorylation-independent low-affinity interactions of the SH2
domains with the C-terminal domain have been observed in vitro** and
could restrict Lyn kinase activity more in patients with the missense
mutation thus resulting in a milder phenotype. A dose-dependent
effect of Lyn kinase on liver fibrosis has been evaluated in a murine
model of carbon tetrachloride (CCl4) induced liver fibrosis, that was
reverted by treatment with a Src kinase inhibitor which attenuated
HSC activation®. As hepatic stellate cells do not express Lyn kinase,
their differentiation into scar producing fibroblasts is likely driven by
inflammatory cytokines produced by neighboring cells including liver
sinusoidal endothelial cells (LSECs) and Kupffer cells®.

The association of elevated c-Src activity with cancer
progression® and of mutations in c-Src in driving malignant progres-
sion of colon cancer® led to studies assessing the transforming
potential of Lyn kinase. These studies suggest a decreased tumorigenic
potential of Lyn compared to c-Src***” and failed to link increased Lyn
kinase activation in B cells to lymphoproliferative disease.

Instead, GOF mutations in HCK and LYN present with perinatal-
onset systemic inflammation, neutrophilic small vessel (or leukocyto-
clastic) vasculitis, and lung inflammation with a HCK GOF mutation'®
and liver fibrosis with LYN GOF, respectively. A recent case report of a
3-year-old girl with a LYN missense mutation, p.YS08H, who presents
with urticarial rash and systemic inflammation is largely consistent
with the LAVLI phenotype described®’. However, the findings of dys-
morphic features and developmental delay that are described in that
patient point to potential involvement of additional genetic factors.

Our clinical, functional, and the expression data suggest tissue
specificity of the Src kinases, however, currently available inhibitors
including dasatinib, target pan-Src kinases. In vitro, the treatment with
the pan-Src kinase inhibitor dasatinib does not result in full correction
of endothelial and neutrophil dysfunction caused by mutant Lyn,
which is, however, achieved with isogenic gene corrected iECs (Fig. 6
and Supplementary Fig. 9)*°. These discrepancies likely reflect the fact
that dasatinib blocks a large number of kinases including other reg-
ulatory Src kinases that are known to collaborate in regulating endo-
thelial homeostasis'>*. Supported by the organ-specific disease
manifestations revealed by the monogenic defects that affect the
function of the inhibitory tyrosine in the C-terminal tail of Src, Hck, and
Lyn®?, it is intriguing to speculate that engineering inhibitors against
specific Src family kinase members (i.e., Lyn kinase only) may provide

unique targeted therapeutic strategies by increasing tissue specificity
and reducing unwanted side effects.

Our study identifies Lyn kinase as potential treatment target** in
small vessel vasculitis and early-onset liver fibrosis and illustrates the
importance of a genetic diagnosis in patients with recalcitrant
inflammatory disease. Whether Lyn kinase-specific inhibition would be
a treatment strategy in a wider spectrum of non-syndromic forms of
neutrophilic vasculitis will require further evaluations.

Methods

Study participants

All research investigations were done as part of protocol 17-1-0016/
NCT02974595 and as such were approved by the NIAID and NIAMS/
NIDDK Institutional Review Boards. The patients were referred to the
NIH between 2013 and 2021. For Patient 3, the research investigations
were also approved by the Institutional Review Board of the Second
Faculty of Medicine, Charles University and University Hospital Motol.
Written informed consent was obtained from the parents of all
patients/healthy controls involved, and assent was obtained from the
patients/healthy controls where indicated. The index patient was
referred for unexplained systemic inflammation, and recurrent fever
and rashes and underwent trio analysis at the NIH Clinical Center. The
second patient was identified in Great Ormond Street Hospital for
Children, London, UK and the third patient in the University Hospital
Motol, Prague, Czech Republic. Clinical, laboratory and imaging data
and unstained slides from clinically indicated skin, gastrointestinal and
liver biopsies were obtained and stained for research markers. The
data collection period for some parameters is from birth to April 2022
for all patients. The NIH protocol enrolls parents and healthy siblings
as controls. The control experiments were conducted with blood from
the patients’ parents and or controls from the blood bank approved
under the protocol. The authors affirm that the patients (or their
parents/legal guardians) provided written informed consent for pub-
lication of the images in Fig. 2 and Supplementary Fig. 2 and the
medical information included in this paper. Dasatinib was initially
provided to Patient 1 under a compassionate use protocol. Etanercept
was provided to treat the three patients’ clinical phenotype on an off-
label basis. A statement from all 3 patients or their parents regarding
the effect of treatment are cited in the Supplementary Results section.
The study was reported according to CARE guidelines and conducted
in compliance with the Declaration of Helsinki principles.

Genetic and functional analyses
The primary objectives of the natural history study, the study the
patients were enrolled in, are to identify the genetic cause in patients
with early-onset severe systemic inflammation, and to characterize the
disease pathogenesis. We use trio WES or WGS and targeted genetics
to identify and validate a genetic discovery and cellular models to
mimic and interrogate immune dysregulation induced by a novel
mutation in a clinically relevant tissue or cell model.

We performed genetic analyses including whole exome and San-
ger sequencing of the patients and their parents. Genomic studies are
detailed in the Supplementary Information file.

Functional studies

Phosphorylation assay of lyn kinase and its substrates

Cell culture. HEK293FT cell line was purchased from Invitrogen
(cat#R70007 Thermo Fisher Scientific, Waltham, MA, USA) and cul-
tured in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum at 37 °C in 5% CO,.

Plasmid constructs. The plasmid construct encoding wild-type LYN in
pcDNA3 vector was kindly provided by S. Watson, University of Bir-
mingham, Birmingham, United Kingdom. Plasmids expressing mutant
LYN (LYN, c1519C>T; LYN, c.1523A>T and LYN, c.1524 C>G) were
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generated by site-directed mutagenesis (QuikChange™IIXL Site-
Directed Mutagenesis kit, Agilent Technologies, Santa Clara, CA,
USA) wusing the following primer pairs: 5-ctgctgctggtattacc
cttcegtggetg-3’ and 5-cagccacggaagggtaataccageageag-3’ for c.1519
C>T,; 5-ctgctgetggaattgeccttecgtggetgt-3’ and 5-acagccacggaagggce
aattccagcagcag-3’ for ¢.1523 A>T; 5’-gctgctgctgetattgeccttecgtgget-3”
and 5-agccacggaagggcaatagcagcagcage-3’ for ¢.1524 C > G). Success-
ful introduction of the mutations was confirmed by Sanger sequen-
cing. Plasmid encoding SKAP2 with N-terminal FLAG tag was generated
by PCR from HL-60 cell line cDNA with these primers: 5’-ctgaattctcc-
caaccccagcageaccte-3’ and 5’-atggatcctcaaatatcatacatctccattatgtagg-
¥, followed by cloning into EcoRl and BamHI sites of pFLAG-CMV-2
vector and Sanger sequencing.

Transfection. Plasmids encoding wild-type or mutant LYN or their
combination with a plasmid encoding the known Lyn kinase substrate
SCIMP* and SKAP2 were co-transfected to the HEK293FT cell line using
lipofectamine 2000 transfection reagent (Thermo Fisher Scientific,
Waltham MA, USA) according to manufacturer’s instructions.

Cell lysis and immunoblotting. 24h after transfection,
HEK293FT cells were lysed in SDS-PAGE sample buffer followed by 15 s
sonication (amplitude 50, 4710 Ultrasonic Homogenizer, Cole Parmer)
and immunoblotting with antibodies to phosphotyrosine (4G10 cul-
ture supernatant produced in house), phospho-Src Family Tyr416
(#2101, Cell Signaling Technology, Danvers, MA, USA), phospho-Lyn
Tyr508 (#2731, Cell Signaling Technology, Danvers, MA, USA), rabbit
polyclonal to Lyn (sc-015, Santa Cruz Biotechnology, Dallas, TX, USA),
or monoclonal antibody to SCIMP (NVL-07, produced in house)".

Immunoprecipitation and in vitro kinase assay. To detect SKAP2
phosphorylation, HEK293FT cells transfected in 12-well plates with
constructs encoding SKAP2 and LYN mutants as described above were
lysed in 250 pl lysis buffer containing 1% n-Dodecyl-B-D-maltoside,
30 mM Tris-HCI pH 7.4, 120 mM NacCl, 2mM KCI, 2mM EDTA, 10%
glycerol, cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche),
and PhosSTOP™ phosphatase inhibitor cocktail (Roche). Lysates were
cleared by centrifugation at 21,000 x g for 10 min at 4 °C. FLAG-tagged
SKAP2 was immunoprecipitated with 5ul anti-FLAG agarose beads
(Merck, Sigma-Aldrich) for 2 h at 4 °C, followed by elution with 33 pl
SDS-PAGE sample buffer. The immunoprecipitates were subjected to
immunoblotting with anti-phosphotyrosine (4G10) and anti-FLAG M2
antibodies (Merck, Sigma-Aldrich, St. Louis, MO, USA), and the lysates
to immunoblotting with antibodies against LYN (Santa Cruz Bio-
technology, Dallas, TX, USA) and GAPDH (Merck, Sigma-Aldrich, St.
Louis, MO, USA).

Serum cytokine analysis. Serum was collected from patients 1 and 3
and stored at -80 °C.

Patient 1: IL-6 and cytokines and chemokines depicted in Fig. 4c
were measured in 10 serum samples from patient 1 and 3 healthy
controls using the Bio-Plex ProTM Human Cytokine 27-Plex and 21-Plex
Immunoassays (Bio-Rad, Hercules, CA, USA). Human cytokine stan-
dard group I and Il were used for the standard curves. The sera were
diluted 1:4 with the sample buffer and 50 pl of the diluted serum were
used for the assays. All sera were analyzed simultaneously to avoid
batch effects. Values below the limit of detection were reset at the limit
of detection. Soluble ICAM-1, L-selectin, E-selectin, lipocalin/NGAL,
MMP-9, lactoferrin, MPO, and RANTES were measured on customized,
magnetic bead-based, multiplex assay (R&D Systems, Minneapolis,
MN, USA) according to the manufacturers specifications for standards
and dilutions. The magnetic beads were analyzed on Bio-Plex 3D
instrumentation (Bio-Rad). Standard curves were analyzed using non-
linear curve fitting and unknowns were calculated based on the
derived equation. Samples that exceeded the highest standards were

reanalyzed more diluted until the values fell within the range of the
known standards. Two control plasma samples and a control sample
spiked with a known quantity of each analyte were analyzed on each
plate to assess the inter-plate variation and to determine the effect of
the biological matrix on the measurement of each analyte. For most
analytes, the control samples had <20% variation from plate to plate,
and the recoveries were generally >70%.

Patient 3: Serum levels of E-selectin, L-selectin, ICAM-1, and lipo-
calin were detected by ELISA (Abcam, Waltham, MA) in the samples of
Patient 3 and 21 healthy controls. The absorbance was measured by
ELx800UV absorbance microplate reader (Agilent Technologies).
Serum IL-6 level was determined by routine in-house method (che-
miluminescence), and the data were acquired using Immulite 2000 XPi
(Siemens Healthcare, Erlangen, Germany).

Normalization procedure: In order to plot patients 1, 2, and 3’s
serum markers IL-6 (Patients 1, 2, and 3), ICAM-1, L-selectin, E-selectin
and lipocalin (Patients 1and 3) on the same graphs, we normalized data
using the 2.5th and the 97.5th percentiles for the healthy controls (HC)
for the respective assays that were used. Normalized values depicted in
the graphs correspond to the analyte concentration minus 2.5%ile of
HC, divided by the 97.5%ile minus 2.5%ile of HC, as follows:

analyte conc. — 2.5%ile of HC
97.5%ile — 2.5%ile of HC

Normalized value =

Neutrophil characterization and functional assessment

PMN surface antigen expression. Whole blood samples from healthy
controls and patients were collected into EDTA tubes (Vacutainer; BD
Biosciences). Aliquots (100 pl) of whole blood were incubated for
15 min at ambient (room) temperature with the following antibodies:
CD11b, CD11b (activation epitope) (eBioscience), CD11a, CD1ic, CD16,
CD18, CD32 CD45, or CD63, CD62L, CD63, CD64 (BD Biosciences). The
tubes were treated with OptiLyse C (Beckman Coulter Inc) for 10 min at
room temperature to lyse the erythrocytes, washed twice, and then
analyzed on the BD FACSCanto Il cytometer (BD Biosciences).
Expression, as measured by mean fluorescence intensity (MFI), was
measured for each surface antigen.

Detection of NETs in tissue. NETs were detected in tissue as pre-
viously described®. Briefly, tissues were dehydrated with various
ethanol dilutions. After antigen retrieval, samples were blocked and
incubated with anti-citrullinated histone H4 (Millipore, 1:100) over-
night. After a series of washes with PBS, tissues were incubated with
Anti-rabbit Alexa Fluor 555 (Life Technologies) secondary antibody.
Nuclei were counterstained with Hoechst for 10 min. Images were
acquired on a Zeiss LSM780 confocal laser-scanner microscope.

Generation of iECs and isogenic controls and functional studies.
The patient-specific induced pluripotent stem cells (iPSC) were gen-
erated from patient fibroblasts via activation of Yamanaka’s tran-
scription factors (Oct4, Sox2, KIf4, and C-Myc). By using CRISPR-Cas9
gene editing technology, we obtained the isogenic control iPSC line
originating from patient-specific iPSC. We have also derived iPSC lines
from healthy volunteers (control) who did not have the LYN mutation.
The iPSC lines were differentiated into endothelial cells (iEC) following
our previously published protocol*. In brief, iPSCs were seeded in
Matrigel-coated plates at low-density supplement with TeSR-E8. After
24 h, culture cells were induced toward mesoderm progenitors in
mesoderm differentiation medium for 6 days. Consequently, the CD31
positive cells from the induction culture were enriched by using CD31
magnetic beads, and further cultured and expanded in Collagen I
coated plates or dishes with endothelial culture medium. For immu-
nostaining, cells were fixed with 4% paraformaldehyde (PFA) and
stained using antibodies for CD31, CD144, and von Willebrand factor
(VWF). Nuclei were visualized with DAPI (Thermo Fisher Scientific).
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Stained cells were photographed with a fluorescence microscopic
system (Zeiss, Oberkochen, Germany).

A low-density lipoprotein (LDL) uptake assay was performed as
described previously*. Briefly, the iECs were incubated with 10 pg/ml
acetylated LDL (Ac-LDL) labeled with 1,1’-dioctadecyl-3,3,3’,3-tetra-
methylindo-carbocyanine perchlorate (Dil-Ac-LDL) (Invitrogen, Cata-
log# L3484) for 4 h at 37 °C. The Dil-Ac-LDL uptake was assessed and
quantified by fluorescent microscopy. Subsequently, cells were dis-
sociated into single cells with TrypLE TM Express Enzyme. The data
acquisition was performed on a MACSQuant Flow Cytometer (Miltenyi
Biotec, Bergisch Gladbach, Germany) and the results were analyzed
with FlowJo software (FlowJo, LLC).

Co-culture assays

Transmigration assay. The transwell inserts of a 24-well plate were
coated with fibronectin (31.25 ug/mL) for 30 min and followed seeding
iPS-derived endothelial cells (iECs) at density of 60,000 cells/well in
the upper insert. After iECs formed a confluent monolayer (24-48 h
later), freshly isolated healthy control neutrophils at neutrophils/iECs
10:1 ratio were added to the top insert with 1:1 ratio mixed media (iEC
media/RPMI with 10% FBS); the same media was added to the bottom
chamber. The neutrophils that transmigrated to the bottom chamber
were collected at 24 h after co-culture. Cells were counted with Bio-
Rad cell counter.

Neutrophil adhesion assay. iECs in passage 3 were used for experi-
ments. iECs were co-cultured with or without fresh isolated healthy
control neutrophils at neutrophils/iECs 10:1 ratio for 48 h then fixed
with 4% paraformaldehyde for 10 min at RT. The primary antibody VE-
cadherin (1:100 Santa Cruz) and ICAM-1 (1:100, Abcam) were applied
overnight at 4 °C, followed by the corresponding secondary antibody
for 1h at room temperature. DAPI (1:1000) was used for cell nuclei
detection. Cells were imaged using a Zeiss inverted fluorescence
microscope. Counting of adhered neutrophil nuclei via DAPI staining
for adhesion was conducted on 10 random fields of view of 6 (Ptl iso
iEC & HCiEC) to 9 (Pt1iEC) technical replicates conducted in 4 separate
experiments. IL-6 in the co-culture supernatant was analyzed by ELISA
(R&D Systems, Minneapolis, MN).

Electric impedance spectroscopy (EIS) in assessing transendothe-
lial electrical resistance (TEER). The barrier function of endothelial
cells was measured by using Electric Cell-substrate Impedance Sensing
(ECIS) technology (Applied BioPhysics, Troy, NY, USA). ECIS Z6 tech-
nology is used to assess and quantify endothelial permeability. The
ECIS arrays (8WI0E+) were pretreated with 10 mM L-cysteine, followed
by coating with fibronectin (Sigma). The iEC were seeded at 120,000
cells per well in 400 pL of iEC growth medium. The barrier integrity of
iEC was monitored for 48 h when the cells were treated with dasatinib
(10 nM, and 50 nM, Selleckchem, Houston, TX), TNFa« inhibitor adali-
mumab (12 pg/ml), and dasatinib plus TNFa inhibitor. The multiple
frequency data were collected for barrier modeling as recommended
by Applied Biophysics. ECIS measurements were acquired from three
independent biological repeats with three replicates per experiment.
The panel shown in Fig. 6 is from one independent experiment with
three replicates, which is representative of the three biological repeats.
The results of all three independent biological repeats were graphed in
panel c of the figure. Graphs were generated using GraphPad Prism
software (GraphPad Software).

Gene expression by RT-qPCR. The iEC were seeded and cultured into
collagen I coated 12-well plates at the density of 100,000 cells per well
for overnight. Followed by treatment with IL-1f, total RNA of iEC was
isolated by using RNeasy Mini Kits (Qiagen, Hilden, Germany). cDNA
was synthesized by reverse transcription (RT) using Super Script™ III
(Invitrogen, Waltham, MA, USA). RT-qPCR was performed using SYBR

Green Premix on a Real-Time PCR Detection System (Bio-Rad). Assays
were run in duplicate, and results were normalized to 18S ribosomal
RNA expression. Primers used for RT-qPCR for ICAM-1 (/ICAMI),
E-selectin (SELE), and VE-Cadherin (CDHS) are shown in Supplementary
Table 5.

Tissue immunofluorescence staining. Formalin-fixed, paraffin-
embedded skin samples were deparaffinized with two 30 min washes
in xylene, then a series of two 100% ethanol washes for 1 min each, and
1min washes in 90%, 80%, 70%, 50% ethanol then water. Antigen
retrieval was performed in a solution of 10 mM sodium citrate (pH 6.0)
or 1 mM EDTA buffer (pH 8.0) for 40 min at 95 °C. Once cooled to room
temperature (RT) samples were blocked for 1 h in 5% BSA, 20% donkey
serum, and 0.1% Triton-X100 in PBS. Primary antibodies for CD31 (1:50,
DAKO, Glostrup, Denmark), E-selectin (1:25, Abcam), ICAM-1 (1:50,
Abcam), and vVWF (1:200, DAKO) were applied overnight at 4 °C, fol-
lowed by the corresponding secondary antibody for 1 h at room tem-
perature. Slides were mounted using DAPI-containing mounting media
(Vector Laboratories). Slides were imaged using a Zeiss LSM 510 META
confocal microscope.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Next-generation sequencing data from patients 1, 2, and 3 are not
publicly available due to patient privacy and confidentiality. Requests
for data use for medical research should be directed to the corre-
sponding author. Upon request, we will provide the data within two
weeks provided that the requesting investigator will use appropriate
protection of the patient’s privacy according to data use agreement.
The LYN (NM_002350.4) variants were deposited in ClinVar (https://
www.ncbi.nlm.nih.gov/clinvar/) under accession numbers
SCV002822944 for c.1519 C>T, p.Q507% SCV002822945 for c.1523
A>T, p.Y508F;, and SCV002822946 for c.1524 C>G, p.Y508* The
variants were also added to the Infevers database (https://infevers.
umai-montpellier.fr/web/), The Registry for Autoinflammatory Dis-
orders Mutations, shortly after publication. Source data are provided
with this paper.
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