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Molecular Pathogenesis of Genetic and Inherited Diseases
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Gene Drives a Systemic Autoinflammatory Disease in
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We found a spontaneous autosomal mutation in a
mouse leading to neutrophil infiltration with ulcer-
ation in the upper dermis of homozygous offspring.
These animals had increased neutrophil numbers, as-
sociated with normal lymphocyte count, in periph-
eral blood and bone marrow, suggesting a myelopro-
liferative disorder; however, granulocyte precursor
proliferation in bone marrow was actually reduced
(because circulating neutrophils were less susceptible
to apoptosis). Neutrophil infiltration of the skin and
other organs and high serum levels of immunoglob-
ulins and autoantibodies, cytokines, and acute-phase
proteins were additional abnormalities, all of which
could be reduced by high-dose corticosteroid treat-
ment or neutrophil depletion by antibodies. Use of
genome-wide screening localized the mutation within
an 0.4-Mbp region on mouse chromosome 6. We iden-
tified insertion of a B2 element in exon 6 of the Ptpn6
gene (protein tyrosine phosphatase, non-receptor
type 6; also known as Shp-1). This insertion involves
amino acid substitutions that significantly reduced
the enzyme activity in mice homozygous for the
mutation. Disease onset was delayed, and the clin-
ical phenotype was milder than the phenotypes of
other Pipn6-mutants described in motheaten (me,
mev) mice; we designated this new genotype as
Ptpn6™<B2™52 and the phenotype as meB2. This
new phenotype encompasses an autoinflammatory
disease showing similarities to many aspects of the
so-called neutrophilic dermatoses, a heterogeneous
group of skin diseases with unknown etiology in

humans. (Am J Patbol 2011, 178:1701-1714 DOI:
10.1016/j.ajpath.2010.12.053)

The motheaten (me) mouse phenotype with patchy ab-
sence of hair and pigment in the skin was first identified in
1965 in a C57BL/6 mouse at the Jackson Laboratory and
was published in 1975." The me mutation is a deletion of a
cytosine residue in the Ptpn6 gene (protein tyrosine phos-
phatase, non-receptor type 6; also known as Shp-7) that
generates a frame shift and a premature stop codon,
whereby the Ptpn6 protein is truncated and becomes func-
tionally inactive.?® Since the motheaten phenotype was first
described,*® additional me forms have been discov-
ered,®” all associated with different mutations in the mouse
Ptpn6 gene. However, both the type of mutation in the Ptpn6
gene and the environmental conditions can dramatically
affect the clinical (inflammatory) symptoms.”

Protein tyrosine phosphatases (PTPs) comprise a large
family of 107 proteins, both receptor and nonreceptor types,
and both human and murine. For reviews, see Alonso et al®
and Mustelin et al.®° The PTPNG human and Ptpn6 murine
proteins are nonreceptor PTPs and possess a relatively
unique structure, with two SH2 domains at the N-terminus
and a catalytic domain at the C-terminus of the enzyme (see
Supplemental Figure S1B at http://ajp.amjpathol.org).
Aliases and synonyms in the literature include Ptp1C, SH-
PTP1, and Hcph.

Apparently, both SH2 domains [exons 2 to 3 (SH2,) and
exons 4 to 5 (SH2.)] are required for binding to the phos-
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phorylated tyrosine residues of the target protein, and the
catalytic (phosphatase) domain (exons 7 to 13), which has
a highly conserved crystal structure,® is responsible for
tyrosine dephosphorylation.”” Ptpn6 is thought to down-
regulate signaling pathways of a number of cytokine recep-
tors, T-cell and B-cell receptors (TCR and BCR), and
chemokine and integrin receptors via tyrosine dephosphor-
ylation of the cytoplasmic domains of these receptors.'?'4
The SH2 tandem repeat occurs in only one other nonrecep-
tor phosphatase (PTPN11; also known as SHP-2), other-
wise, the dual SH2 binding (docking) site is typical for the
Syk family of protein tyrosine kinases.'® The other special
feature of the Ptpn6 gene is that it has two promoter regions.
The two translation start sites (ATG) are 7 kbp apart, and,
whereas the longer form (IA) is expressed mostly in epithe-
lial cell types, the slightly shorter (IB) transcript of Ptpn6 is
expressed mostly in hematopoietic cells.'®”

Consistent with the importance of Ptpn6, mice harboring
the me/me mutation have a short lifespan (2 to 3 weeks).
The viable me mutation (me-v) has two forms of alternative
splicing, both of which affect the phosphatase catalytic
domain®; however, the mutant Ptpn6 protein maintains ap-
proximately 10% to 20% activity of the wild-type en-
zyme.2'® This phosphatase activity is, however, insufficient
for normal intracellular regulation, and the lifespan of me-v/
me-v mice is only slightly longer (9 to 10 weeks) than that of
me/me mice.® The third and most recently described moth-
eaten phenotype, spin [ie, mice with spontaneous inflam-
mation (Pion6™78™)], is associated with a longer lifespan,
compared with previously described me phenotypes: male
and female mice are fertile and survive past 1 year of age.”

Here, we describe a new spontaneous mutation, the in-
sertion of a B2 element into exon 6 of the mouse Pipn6 gene
leading to alteration in the normal function of Ptpn6. Ho-
mozygous Plon6™e2meB2 (meB2) mice develop early skin
inflammation of the paws and later an autoinflammatory
disease involving other organs. The meB2 mice identified in
our colony had an intermediate lifespan (between that of the
me and the spin mice), and the homozygous mice could
reach 6 to 8 months of age without treatment. We charac-
terized this novel meB2 mutation, and intercrossed the me
and me-v lines to generate combined Pipn6 heterozygosity.
We concluded that altered phosphatase function due to the
defects in Ptpn6 drives this autoinflammatory disease. Many
of the clinical symptoms and laboratory parameters asso-
ciated with the meB2 phenotype bear a resemblance to
those described in human neutrophilic dermatoses
(Sweet's syndrome and pyoderma gangrenosum).'®-21

Materials and Methods

Materials and Animals

All chemicals, unless indicated otherwise, were purchased
from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Chi-
cago, IL). Mouse recombinant cytokines and enzyme-
linked immunosorbent assay (ELISA) kits were purchased
from R&D Systems (Minneapolis, MN) or BD Biosciences
(San Diego, CA). Inbred BALB/c, C57BL/6, 129SV, CAST/
Ei, and heterozygous motheaten C57BL/6J-Pton6"°/J,

C57BL/6J-Pton6™¢/J, and C3Fele.B6 a/a-Ptpon6"¢/J mice
were purchased from the Jackson Laboratory (Bar Harbor,
ME). All animal procedures were conducted under a proto-
col approved by the Institutional Animal Care and Use Com-
mittee of Rush University Medical Center (Chicago, IL).

A hereditary ulcerative autoinflammatory skin disease
caused by massive polymorphonuclear neutrophil infiltra-
tion in the upper dermis was found in our breeding colonies.
Based on the pedigree of four generations (n = 92), we
identified the heterozygous founder male. Because of the
clinical signs and histopathology resembling those that
might occur in the human neutrophilic dermatoses (a het-
erogeneous group of diseases with unknown etiology),
which are uniformly associated with sterile neutrophil infil-
tration of the skin, we initially designated this autoinflamma-
tory skin disorder as neutrophilic dermatosis-like disease, or
NDLD.

Healthy littermates (wild type or heterozygous) were
maintained and bred under standard pathogen-free condi-
tion in the Comparative Research Center at Rush University
Medical Center (Chicago, IL). Clinically sick mice were eu-
thanized, or separated as soon as possible after the onset
of the disease and maintained under different treatments.
After identification of the Ptpn6 meB2 locus on chromosome
6, heterozygous males were mated with inbred wild-type
females of various strains to identify additional recombina-
tions and to reduce the size of the locus. Later, when the
mutation was found in the Pipn6 gene, all commercially
available motheaten heterozygous mice (as listed above)
were intercrossed with our meB2 mice to generate com-
bined heterozygosity for the various mutations of the Pipn6
gene.

Mice were assessed for paw inflammation and skin le-
sions three times a week, and body weight was measured
weekly. In the absence of other treatments or during exper-
iments, the mice received 10 mg hydrocodone bitartrate
and 650 mg acetaminophen in 100 mL drinking water
changed twice a week. Animals were euthanized before
reaching the moribund stage. Blood or serum was collected
by cardiac exsanguination under anesthesia. Organs and
tissues were collected, fixed in 10% neutralized formalin,
and embedded in paraffin. Sections (5 um to 6 um thick)
were stained with hematoxylin and eosin or were deparaf-
finized, rehydrated in phosphate-buffered saline (PBS, pH
7.4), and stained with monoclonal antibody (mAb) specific
for Gr-1/Ly-6G granulocyte marker (clone RB6-8C5; eBio-
science, San Diego, CA).

Genome-Wide Screening

A set of 72 simple sequence length polymorphism (SSLP,
microsatellites) markers that cover all mouse chromosomes
was used for initial genome-wide screening of the mouse
genome. DNA samples from 21 sick and 71 healthy mice
(males and females) were tested. This population repre-
sented all parents of the first sick mice detected (generation
0) and the generations of three subsequent intercrosses.
The association of the disease with each genomic
marker was estimated using x? statistics. The sick phe-
notype was scored as a binary trait, either O (not sick) or
1 (sick), and the genotype of each marker was either



heterozygous or homozygous for the two parental ge-
nomes. As a result of the genome-wide scan, marker
DeMit254 on chromosome 6 demonstrated a particularly
high association with the disease, with a x* value of 18.7
(P < 0.000015). An additional eight markers on mouse
chromosome 6 were used to confirm locus association
(see Supplemental Figure S1A at http://ajp.amjpathol.
org). Based on the pattern of inheritance for a single
recessive gene causing the disease, we further mapped
the locus on chromosome 6 using an additional 16 mark-
ers and narrowed the expected locus to a region of 5.1
Mbp (see Supplemental Figure S1A at http.//ajp.amjpathol.
org). Additional animals with additional recombinations
and the use of higher marker densities allowed us to
narrow the locus to 0.4 Mbp between markers D6Abn176
(124.5 Mbp) and D6Abn123 (124.9 Mbp) (see Supple-
mental Figure S1A at http://ajp.amjpathol.org).

Twenty genes were found within this 0.4-Mbp NDLD
locus (Ensemble release 52, December 11, 2008; http.//
www.ensembl.org/Mus_musculus). To identify any dis-
ease-causing gene or genes, we used real-time PCR with
TagMan probes (Applied Biosystems, Foster City, CA) for
all 20 genes and found no significant differences at the
level of transcription (data not shown). Gene expression
profiles (bone marrow and spleen cells; GEO accession
code GSE17161) were also tested using Affymetrix mi-
croarray chip hybridization (unpublished data) (Mouse
Genome 430 2.0 gene chips) as described previ-
ously,?223 put all 20 genes within the 0.4-Mbp locus
demonstrated 1.01- to 1.48-fold changes.

Based on analyses of clinical phenotypes, histology
sections and laboratory results, and publications related
to any of the 20 genes present in the 0.4-Mbp locus, we
selected a few candidate genes and sequenced their
cDNA products. One of the candidate genes was protein
tyrosine phosphatase, non-receptor type 6 (Ptpn6), in
which we discovered the insertion of a B2 element
in exon 6. A 16-nucleotide-long sequence of exon 6 was
duplicated, and a 246-bp sequence (called B2 repeat or
short interspersed element, SINE)?*2® was inserted be-
tween the duplicated exon 6 sequences (see Supple-
mental Figure S1C at http://ajp.amjpathol.org). This rear-
rangement resulted in the loss of 36 nucleotides of the
wild-type coding sequence (see Supplemental Figure
S1E at http.//ajp.amjpathol.org), which was replaced with
21 nucleotides of a B2 repeat within the Ptpn6 cDNA
sequence between exons 6 and 7 (see Supplemental
Figure S1, C-E, at http://ajp.amjpathol.org). Overall, exon
6 was shortened by five amino acids (see Supplemental
Figure S1E at http://ajp.amjpathol.org), but the insertion
did not cause a frame shift. This deletion and insertion
evidently affected the tertiary structure of the Ptpn6 pro-
tein,© but the primary structure (amino acid sequences
of both SH2 and the phosphatase domains) remained
intact in meB2 mice (see Supplemental Figure S1B
at http://ajp.amjpathol.org). A repeated genome-wide
screening of NDLD sick mice and their healthy homozy-
gous wild-type littermates in the BALB/c background (af-
ter 12 backcrosses) did not reveal any linkage to any
other chromosomal region, nor did the cDNA sequences
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of the other 19 genes carry any mutation that would
change the protein sequence (data not shown).

Mutations in the Ptpn6 gene have been previously
described in association with the motheaten phenotype.
Therefore, to follow standard nomenclature associated with
Ptpn6 deficiency in mice, we changed the original NDLD
designation to meB2 phenotype and Ptpn6me52meB2 ho-
mOzygous genotype.

Cytokine Measurements and Laboratory Tests

Measurements of IL-18, IL-4, IL-6, IL-10, IFN-vy, and TNF-«
were determined in the sera and 4-day supernatants of
spleen cell cultures of wild-type, heterozygous, and ho-
mozygous meB2 sick mice by ELISA. Spleen cell cultures of
the three genotypes were also stimulated with 20 ug/mL
lipopolysaccharide or 2.5 ug/mL concanavalin-A, and the
secreted cytokines were measured in 72-hour superna-
tants. Secreted cytokine concentrations were normalized
and expressed as picograms per million cells.?®

Total peripheral blood leukocyte counts in wild-type,
heterozygous, and meB2 sick mice were determined
in Turk-stained cell suspensions, and differential leuko-
cyte cell counts were assessed in Wright-Giemsa-
stained smears. Monoclonal antibodies specific for CD45
(a ubiquitous leukocyte marker), Gr-1 (neutrophil), CD3
(T lymphocyte), and B220 (B lymphocyte markers) were
used for flow cytometry (described below). In addition,
antibodies specific for histone, C-reactive protein, serum
amyloid A, single-stranded and double-stranded DNA,
and anti-nuclear antibodies (all from Alpha Diagnostic
International, San Antonio, TX) were measured in the
sera. Antibodies against citrullinated cyclic peptides
(Quanta Lite kit with anti-mouse IgGAM; Inova Diagnos-
tics, San Diego, CA) and anti-mouse IgG and IgM rheu-
matoid factors (BioVendor/Shibayagi Co., Shibukawa,
Gumma, Japan) were also determined in the sera of sick,
heterozygous, and healthy littermates. Of note, from this
list only anti-citrullinated antibodies were not detected in
meB2 sick mice older than 3 to 4 months of age.

The neutrophil accumulation in various tissues was
investigated by monitoring myeloperoxidase activity as
described previously.3° Briefly, different organs were ho-
mogenized in 0.5% hexadecyltrimethilammonium bro-
mide in PBS and ultrasonicated at 3 X 50 W ultrasonic
power (Virsonic Digital 50; VirTis, Gardiner, NY) for 90
seconds on ice. Myeloperoxidase activity was measured
in the supernatants based on the H,O, oxidation of
3,3',5,5'-tetramethylbenzidine.®® The results were nor-
malized to myeloperoxidase activity measured in puri-
fied neutrophils (1 x 10°) from the peripheral blood of
normal mice. Enzyme activity was measured using the
human/mouse/rat active DuoSet IC kit from R&D Sys-
tems.

Monoclonal Antibodles, Fluorescent Cell
Surface Labeling, and Flow Cytometry

The following fluorochrome-labeled or biotinylated mAbs
were purchased from BD Biosciences: fluorescein iso-
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thiocyanate-conjugated Armenian hamster anti-mouse
CD69 (clone H1.2F3), phycoerythrin (PE)-conjugated
rat anti-mouse CD8 (clone 53-6.7), PerCP-Cy5.5-con-
jugated rat anti-mouse CD4 (clone RM4-5), PE-Cy7-
conjugated rat anti-mouse B220 (clone RA3-6B2) or
PE-Cy7-conjugated rat anti-mouse CD19 (clone 1D3),
allophycocyanin (APC)-conjugated rat anti-mouse
CD25 (clone PC61), APC-Cy7-conjugated, Alexa Fluor
488-conjugated or PE-conjugated Armenian hamster
anti-mouse CDS3 (clone 145-2C11), fluorescein isothio-
cyanate (FITC) conjugated rat anti-mouse IgD (clone
11-26¢.2a), biotinylated or PE-conjugated Gr-1/Ly-6G,
PerCP-Cy5.5-conjugated rat anti-mouse IgM (clone
R6-60.2), APC-conjugated rat anti-mouse CD5 (clone
53-7.3), biotin-conjugated rat anti-mouse CD23
(clone B3B4), and Alexa Fluor 488-conjugated rat anti-
mouse CD44 (clone IM7). Biotinylated mAbs were de-
tected with APC-Cy7-conjugated streptavidin. FITC-
annexin 'V and propidium iodide (both from BD
Biosciences) staining were used to distinguish early
and late apoptotic cells.®' Labeling was performed
according to the manufacturer’s instructions, and cells
were immediately analyzed by flow cytometry. Live
cells are negative for both annexin V and propidium
iodide; early apoptotic cells are positive for annexin V
and negative for propidium iodide; late apoptotic
(death) cells are positive for both annexin V and pro-
pidium iodide.

We used a three- to six-color labeling technique for
the simultaneous detection of cell surface and intracel-
lular molecules in cells harvested from heparinized
peripheral blood, spleen, and occasionally bone mar-
row or thymus. Briefly, 1 X 10° cells (after erythrocyte
lysis) were seeded in 96-well U-bottom assay plates
(Falcon; BD Biosciences). Fc receptors were blocked
with anti-CD16/32 (Fc Block; BD Biosciences) for 15
minutes at 4°C, and the cells were then incubated with
mAb cocktails in 100 L flow cytometry staining buffer
for 30 minutes at 4°C in the dark. Cells were washed
twice and finally resuspended in 200 pL 0.1% formal-
dehyde in PBS.

Samples were measured and analyzed using a
FACSCanto Il flow cytometer and FACSDiva software
version 5.0.3 (BD Biosciences). Acquisition was per-
formed by gating on leukocytes (CD45™), neutrophils
(Gr-1%), and lymphoid cells in the forward/side scatter
dot plots. Cell surface marker-defined populations
were as follows: CD3": total T cells; CD3" CD4™:
CD4* T cells; CD3* CD8*: CD8™ T cells; B220*: total
B cells; IgD'*" IgM"e" CD19* CD23~ CD5"/~: B1 cells
(B1a/b); and IgD™" IgM'™®" CD19* CD23": conven-
tional B2 cells.®® Specific cell proportions were ex-
pressed as percentage of total cells unless otherwise
stated. Data were collected from 10,000 cells within the
lymphoid gate in each sample. Fluorescent histogram
plots were used to compare the mean fluorescence
intensities of different samples and to calculate the
proportions of positively stained cells.

Determination of in Vivo Proliferation of
Neutrophils and Their Lineage Distribution in
Bone Marrow and Peripheral Blood

Mice in each group were injected intraperitoneally with the
thymidine analog 5-ethynyl-2'-deoxyuridine (EdU) at a dose
of 250 ug and were sacrificed 3 to 5 days later. Blood was
collected into heparinized tubes, and bone marrow was
harvested by flushing the marrow cavity of femurs and tibias
with cold PBS. Red blood cells were eliminated by hypo-
tonic lysis. The nucleated cells were dispensed into flow
cytometry tubes or 96-well microplates and were fixed and
permeabilized using a commercially available kit (BD Bio-
sciences). Alexa Fluor 488-labeled azide was added to the
cells, and a click reaction®® between EdU and the azide
was performed using a Click-T cell reaction buffer kit (In-
vitrogen, Carlsbad, CA) according to the manufacturer’'s
instructions. Cells were then washed and surface-stained
simultaneously with APC-conjugated anti-CD45 antibody
(common leukocyte antigen) and PE-labeled Gr-1 mAb
specific for the myeloid lineage (both antibodies from eBio-
science). Flow cytometry was performed using a BD FAC-
SCanto Il instrument and FACSDiva software version 5.0.3.
Phycoerythrin fluorescence was measured after gating on
APC-CD45™ leukocytes and was expressed as percent
Gr-1" (myeloid) or Gr-1~ (nonmyeloid) populations of all
gated CD45" cells. Alexa Fluor 488 fluorescence (EdU/
thymidine incorporation) inside the cells was also measured
and expressed as percent Gr-1"EdU™ or Gr-1"EdU™ of all
CD45™" cells.

Treatments

In addition to the pain-killer and any necessary antibiotics
(cefazolin, sulfamethoxazole, or trimethoprim), which did
not affect the onset, severity, or cellular reactions of af-
fected animals, both sick and healthy homozygous wild-
type and heterozygous meB2 littermates were also
treated with i) 15 mg/kg i.m. daily dose of methylpred-
nisolone (Solu-Medrol; Pfizer, New York, NY), ii) purified
rat neutralizing mAb against mouse TNF-« (eBioscience),
iii) rat anti-CD44 mAb IM7,3435 or iv) rat anti-mouse gran-
ulocyte Gr-1 mAb. Purified rat IgG (from naive animals)
was administered to age-matched controls (littermates, if
possible). Anti-CD44 mAb (clone IM71; ATCC, Manassas,
VA) induces shedding of CD44-bearing cells, and so
CD44™ leukocytes are unable to leave the circula-
tion.®*37 Anti-Gr-1 rat mAb (clone RB6-8C5) is specific
for mouse neutrophils and cytotoxic to these cells in
vivo.3338 The initial dose was 200 wg mAb or normal rat
IgG injected intravenously, and then 100 ng i.p. was
injected every second day. Antibodies were diluted in
PBS for in vivo treatment and were sterilized with 0.22 um
pore-size syringe filters. As a fifth treatment, gliotoxin
(Biomol, Plymouth Meeting, PA), a strong inhibitor of IkBa
degradation and thus an inhibitor of NF-«kB activa-
tion,3°~*? was dissolved in dimethylsulfoxide at a con-
centration of 25 mg/mL and then was further diluted with
sterile PBS. Mice were injected i.p. with 10 ug gliotoxin
(or no gliotoxin) in 200 uL sterile PBS once a day. For a
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Figure 1. Progression of paw inflammation and therapeutic effects of various agents. Untreated homozygous PipnG™<?2¢52 (meB2 sick) animals (A) develop
severe paw inflammation, which starts with edema and redness of the digits and carpal/tarsal areas (B), resembling arthritis. Inflammation leads to superficial scars
and, if infected, abscesses (C). If these animals were not treated, they died of interstitial pneumonia within a few months (Figure 2, E and F). If the treatment was
started in time (8 to 12 weeks of age; E and H), even without antibiotics, the healing process was fast and impressive, and only mild inflammatory reactions could
be observed after 2 to 3 weeks of therapy (F and D). Clinically complete recovery (with or without mild scars, depending on the efficacy of the therapy) could
be achieved by 6 to 7 weeks of therapy (G and J) and could be maintained for more than 1 year with a low dose of oral prednisone (2 X 5 mg/kg per week)
with 100 ug anti-CD44 monoclonal antibody (once a week) or 10 ug of gliotoxin (twice a week). If, however, the mice were weaned off the treatment, a dramatic
recurrence of the condition occurred within 1 to 2 weeks, with even more severe symptoms and a diminished response to resumed therapy. (D) Cumulative results
of treatment. Each treatment group comprised 9 to 12 mice; only 1 to 3 mice were simultaneously treated in each group. Sick mice were selected for treatment
10 to 12 days after disease onset. *P < 0.01; **P < 0.001 relative to day 0 of treatment. Each group displayed massive healing or progression that was highly

significant after day 4 (**P < 0.01). Macroscopic images show the same paw of a representative animal.

long-term and combined treatment, mice were injected
once a week with 100 pg of anti-CD44 mAb IM7 and 5 mg
prednisone or with 100 g to 200 ng IM7 mAb and 10 ug
gliotoxin (i.p.) with ad libitum 10 mg hydrocodone and 650
mg acetaminophen in 100 mL of drinking water (approx-
imately 1 mL/day). These two treatment regimes (anti-
CD44 and steroid or anti-CD44 and gliotoxin) had the
same results, and homozygous Ptpn67°82/me52 mice re-
mained symptom-free for 6 months posttreatment.

The efficacy of treatment was measured using a digital
microcaliper (World Precision Instruments, Sarasota, FL)
before the treatment and then every second day, imme-
diately before subsequent injections. The results are ex-
pressed as percent changes in cumulative (sagittal and
frontal) joint thickness (mm) relative to the initially mea-
sured (before the treatment) value. Measurements were
performed early on the same area (digits, paw, joint di-
ameter, etc), selected before the treatments (Figure 1D).

Combined Heterozygosity

Heterozygous C57BL/6J-Ptpn6™°/J (Jackson Laboratory
stock no. 000810;), C57BL/6J-Ptpn6™°"/J (stock no.
000811) and C3FelLe.B6 a/a-Pton6™°/J (stock no.
000225; same allelic variant as stock 000810 but in a
mixed genetic background) males were intercrossed with
our heterozygous BALB/c-Pipn6™°B2*/~ females, and
combined heterozygosity (heterozygous for two different
mutant alleles of the Ptpn6 gene) was assessed by the
evaluation of clinical phenotypes. Any combination of

mutant Ptpn6 alleles resulted in the motheaten pheno-
type, and disease onset, disease severity, and maximum
lifespan all reflected the combination of the original phe-
notypes. For example, combined heterozygosity of
Ptpn6™emeB2 exhibited early paw inflammation and a
short lifespan (~1.5 to 2 months), which is shorter than
the homozygous meB2 but longer than the me/me ho-
mozygous littermates. The Ptpn67e"™52 genotype de-
veloped the first symptoms of the disease at 2 to 4 weeks
of age and survived up to 3 to 4 months (data not shown).

Bone Marrow Chimeras

Wild-type female BALB/c mice (5 to 6 weeks old) were
lethally irradiated twice with 4.5 Gy (Gammacell, Cs-
source; Atomic Energy of Canada, Mississauga, ON,
Canada)®® 4 hours apart and then injected intravenously
with 2.5 X 107 bone marrow cells of the Ptpn6me52/meB2
genotype or their wild-type littermates. Chimera mice
(n = 5and n = 6 in two experiments) that received bone
marrow from Ptpn67°82/meB2 qonor mice that were not yet
sick developed the disease 3 to 5 weeks after the bone
marrow transplantation. The clinical phenotypes were
very similar to those described for homozygous meB2
sick mice, with the gradual development of leukocytosis.
However, the disease-affected chimera recipients (at the
time of disease onset) exhibited almost 50% fewer lym-
phocytes (both B and T cells) and 20% fewer neutrophils
in the peripheral blood, compared with mice that under-
went normal control bone marrow transplantation. The
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wild-type (littermate) bone marrow donor cells did not
transfer the disease phenotype into wild-type recipients
(n = 2 X 5 recipients).

DNA Binding Studies

Transcription factor binding activity was determined us-
ing the electrophoretic mobility shift assay (EMSA, or
super gel-shift assay) as described previously.**44
Briefly, nuclear protein extracts (3 ug to 10 ug protein)
prepared from spleen or bone marrow cells of 5- to
6-week-old mice were incubated with 50,000 cpm of *2P
end-labeled oligonucleotide probes for 20 to 30 minutes
at room temperature in 10- or 20-uL reaction volumes
containing 12% glycerol, 12 mmol/L HEPES-NaOH (pH
7.9), 60 mmol/L KCI, 5 mmol/L MgCl,, 4 mmol/L Tris-Cl
(pH 7.9), 0.6 mmol/L EDTA (pH 7.9), 0.6 mmol/L dithio-
threitol, and 0.25 ug of poly(dl-dC). The *2P-labeled con-
sensus double-stranded NF-kB binding oligonucleotide
sequence (5'-AGTTGAGGGGACTTTCCCAGGC-3’; the
recognition site is underlined) was used to detect NF-«B
subunits. To demonstrate binding specificity, a 100-
fold molar excess (10 ng) of nonlabeled specific (see
above) or nonspecific (5'-GCAGAGCATATAAGGTGAGG
TAGGA-3’) oligonucleotides was included in the binding
reaction. For the super gel-shift assays, 2 png each of
anti-Rel A (p65), anti-NF-«B1 (p50), anti-c-Rel, or anti-
RelB antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA) were included in the binding reaction. Protein-DNA
and protein-DNA-antibody complexes were resolved in
5% polyacrylamide gels (PAGE) that had been pre-elec-
trophoresed for 30 minutes at room temperature in 0.25 X
TBE gel-running buffer (22.5 mmol/L Tris borate and 0.5
mmol/L EDTA, pH 8.3). Gels were dried and exposed to
radiographic film at —70°C for 8 to 16 hours, or the
radioactivity of the samples was measured and analyzed
by scanning densitometry on a STORM Phospholmager
(Molecular Dynamics, Sunnyvale, CA). NF-«B subunits
were measured by ELISA (Active Motif, Carlsbad, CA).

Western Blot Analysis

Spleen cells (after erythrolysis) or bone marrow samples
were homogenized for 30 seconds (10,000 rpm) on ice
and then lysed (100 mg tissue or 1 X 10° cells in 1 mL)
in cold radioimmunoprecipitation (RIPA) lysis buffer con-
taining Halt protease inhibitor cocktail (Pierce; Thermo
Fisher Scientific, Rockford, IL) and 0.1% NaN; for 1 hour
at 4°C. Cell lysates were sonicated as described above.
The protein content of the lysates was measured using
Pierce’s bicinchoninic acid assay and analyzed by West-
ern blotting as described previously.*®4* Briefly, proteins
were separated in a sodium dodecyl sulfate containing
10% to 12% polyacrylamide gel (SDS-PAGE) and elec-
trophoretically transferred to a nitrocellulose membrane
(Bio-Rad Laboratories, Hercules, CA). The membrane
was stained with anti-I-kBe, anti-I-kBe, or anti-NF-«B an-
tibodies (Santa Cruz Biotechnology), rabbit anti-mouse
Ptoné mAb (Abcam, Cambridge, MA), or anti-mouse
B-actin (Santa Cruz Biotechnology). The reactions were
visualized using the enhanced chemiluminescence

(ECL) detection system (Amersham International, Arling-
ton Heights, IL).

Statistical Analysis

In vitro and in vivo results were analyzed using the Stu-
dent’s t-test to compare means and the one-way analysis
of variance method using least significant difference post
hoc tests for multiple comparisons. The group means and
SEM (mean = SEM) was applied. All statistical analyses
were performed using the SPSS statistical software pack-
age (version 16.0; SPSS, Chicago, IL). A value of P <
0.05 was considered statistically significant.

Results

Macroscopic Features of the Ptpne™meB2/meB2
(meB2) Phenotype

Sterile neutrophil invasion of the skin, especially in the
paws, dominated the clinical phenotype observed in our
mouse colony. As described under Materials and Meth-
ods, an extensive genome-wide screening narrowed the
genomic region of interest (see Supplemental Figure S1A
at http://ajp.amjpathol.org), and sequencing of the Ptpn6
gene revealed a novel mutation (see Supplemental Fig-
ure S1C at http://ajp.amjpathol.org). The earliest inflam-
matory symptoms of paws of disease-affected animals
appeared as soon as 3 to 5 weeks of age, a time point
equivalent to the entire lifespan of the me mice."*® The
earliest spontaneous skin lesions appeared on the trunk,
most likely because of the microinjuries of intracage
movement by the mother, which became less evident as
soon as fur covered the body (data not shown). In con-
trast, inflammation of the paws was noted approximately
2 weeks later, and paw inflammation never healed spon-
taneously thereafter, because of the constant cage ac-
tivity and microdamages of the pups (Figure 1, A-C). The
disease was progressive, both macroscopically (Figure
1, A-C) and histologically (Figure 2). The animals were
maintained under pathogen-free conditions and received
0.1 g/L hydrocodone bitartarate and 6.5 g/L acetamino-
phen in drinking water. Homozygous meB2 mice could
survive up to 1 year, the longest period tested to date.

Before any paw inflammation started, up to 3 to 5
weeks of age, a gentle but continuous irritation (eg, 5 to
10 minutes massage) or relatively brief hypoxia (induced,
for example, with strangulation above the wrist or ankle
for 20 minutes) triggered paw inflammation within 24 to
48 hours. Similar exogenous manipulation is used for
differential diagnosis to challenge symptom-free pyo-
derma gangrenosum (pathergy). Moreover, the warming
(39°C to 40°C for 20 to 30 minutes) of a symptom-free,
seemingly normal paw of a homozygous Ptpn6me52/me52
mouse was an even greater stimulant and initiated paw
inflammation within a few hours. Notably, whenever swell-
ing and inflammation of the paw started, either sponta-
neously or induced by exogenous factors, it did not heal
spontaneously (data not shown).
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Figure 2. Skin (A-E) and lung (F-H) histology
and immunohistochemistry for polymorphonu-
clear (neutrophil) leukocytes in normal sections
from control wild-type littermates of 5-week-old
animals (A and F) and from age-matched sick
mice (B-E, G, and H). B-E: Inflamed skin sec-
tions with neutrophilic infiltration in an un-
treated animal. G and H: Lung (serial sections)

Histopathological Features of the Skin and
Other Organs

In addition to the epidermal thickening and spongiosis
(Figure 2, A and B), the histopathology of sections pre-
pared from the initial skin lesions revealed a predomi-
nantly neutrophilic dermal infiltrate with intraepidermal
(occasionally subcorneal) neutrophil occupation forming
pustules and ulcerations (Figure 2C). The blood vessels
were dilated, but there was no evidence of leukocytoclas-
tic vasculitis. Scattered macrophage-like cells were lo-
cated primarily in the superficial dermis (Figure 2C). Im-
munohistochemical staining of the cell infiltrate with a
granulocyte marker (Gr-1) and assessment of the nuclear
shape under higher magnification showed that the infil-
tration was composed predominantly of neutrophils. Ac-
cumulations of immune deposits of IgG and IgM in kidney
glomeruli were demonstrated several weeks after onset
of the paw inflammation (data not shown). Although in the
early stage the swelling of digits and paws mimicked
arthritis (Figure 1B), the inflammation did not affect inter-
nal joint structure.

The most characteristic histological alterations in the
early stage were detected in the skin, but more subtle
changes could also be observed in the lungs, which

with interstitial pneumonia in an untreated ani-
mal. Sections were stained with hematoxylin and
eosin (A, B, D, F, and G) or paraffin-embedded
and rehydrated sections (C, E, and H) were
stained for neutrophils using biotinylated Gr-1
monoclonal antibody and peroxidase-labeled
streptavidin (the brown cells are neutrophils).
B—E: Boxed areas are shown in higher magnifi-
cation in the inset (B and ©) or in the adjacent
full-height image (D and E). In panel D, the area
outlined in white is a microabscess in the epi-
dermis, a portion of which appears in the inset.
In the high-magnification images, black arrows
indicate neutrophils, based on cell and nuclear
shapes and staining with mAb Gr-1 (B, C, D, and
E), arrowheads indicate macrophages/histio-
cytes (C), and white arrows indicate fibroblast-
like cells (©). Original magnification X20 (A-H,
main image; scale bar = 100 um); X40 (B-E,
high-magnification image; scale bar = 50 um).

consistently exhibited varying degrees of neutrophil and
macrophage infiltration in the peri-alveolar interstitium,
resembling interstitial pneumonia (Figure 2, G and H),
even while the general condition and behavior of the
animals appeared to be almost normal. The hypercellular
(myeloid leukemia-like) bone marrow with massive bone
resorption and osteoclast formation (data not shown),
massive splenomegaly with myeloproliferative chan-
ges,®>*>% and small neutrophil islands in the submuco-
sal layer of the colon (data not shown) were evident
histopathological abnormalities. Although the thymus
was smaller in Ptpn6m52mB2 mice than in their wild-
type or heterozygous littermates, its morphology was nor-
mal (data not shown). Homozygous Ptpn6me52/me52 fg.
males were infertile, their gonads were atrophic, and
Graafian follicles could not be detected in the ovaries
even after hormone-induced superovulation.*” In con-
trast, the testes histology was normal, and homozygous
Pton6meB2/meB2 males were fertile if they had a late onset
of the condition (6 to 8 weeks) or were being treated with
early (preventive) suppressive therapy (Figure 1D). Thus,
the meB2 homozygous phenotype was less severe than
the phenotype of either me/me or me-v/me-v mice,>*°
but it appeared to be more extensive and progressive
than that described in spin mice.”
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Pathophysiological Abnormalities in meB2 Mice

The observed autoinflammatory skin disease, occasion-
ally associated with mild neutrophilic infiltration of other
organs, compelled us to test for serum biomarkers and
abnormalities in the cellular composition. First, serum
cytokines and various biomarkers were measured using
a multiplex cytokine and growth factor panel (Figure 3A),
and then serum cytokines, acute phase proteins (serum
amyloid-A and C-reactive protein) (Figure 3B), serum
immunoglobulins  (Figure 3C), differential leukocyte
counts in the peripheral blood (Figure 3D), and myelo-
peroxidase activities in different organs (Figure 3F) were
determined in wild-type and homozygous meB2 mice.
The high levels of anti-DNA (both single-stranded and
double-stranded), anti-nuclear, and anti-histone antibod-
ies (up to mg/mL levels) might have contributed to the
massive hypergammaglobulinemia, including both IgG
and IgM isotypes (Figure 3C). This hypergammaglobu-
linemia could be detected as early as 4 to 6 weeks after
disease onset and increased with age (data not shown).
Significant leukocytosis associated with relative lym-
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Figure 3. Serum bioassays and markers of normal [healthy wild-type (WT)]
and age-matched PipnG"e#2™me#2 (meB2 sick) mice. A: Multiplex cytokine
assay showing the relative abundance of various cytokines in the sera of sick
(PipnG"eB2meB2) mice (Chemicon ChemiArray mouse cytokine array T map;
Millipore, Temecula, CA). The positive control dots (at the right top and left
bottom corners) were cut out (after a 2-second exposure) and reincorporated
into the panel to show the relative amounts of different cytokines, receptors,
and growth factors detected after a 15-second exposure time. Standard ab-
breviations are used (including R, receptor; s, soluble; TPO, thrombopoietin).
The sera of five homozygous meB2 sick animals were pooled, and 1:50 serum
dilution was used. Only the positive controls were positive in membranes
blotted with pooled sera of wild-type littermates (also 1:50 dilution) (data not
shown). B: The serum levels of the measured cytokines and acute-phase
protein serum amyloid A (SAA) (B) were similar to those observed on the
capture immunodot membrane (A). C and D: Serum immunoglobulin levels
(O in healthy and sick mice (sick for >8 weeks) and ratios (and numbers) of
lymphocytes (Ly) and neutrophils (PMN) in the peripheral blood (D) (72 = 12
in each group). E and F: Gr-1" (neutrophil) cell ratio in the peripheral blood
and spleen (E) and myeloperoxidase activity in the paws, spleens and lungs
(F) measured in 12 wild-type and 12 meB2 sick littermates 3 to 4 days after the
onset of inflammatory paw disease. Data are reported as means = SEM. *P <
0.05; *P < 0.01; **P < 0.001. G: Ptpn6 protein expression in bone marrow
cell lysates of wild-type, heterozygous, and homozygous (meB2 sick) mice,
the B-actin expression in the same cell lysates, and the corresponding Ptpn6
activities measured in six bone marrow cell lysates (means £ SEM). P <
0.01.

Ci

phopenia was detected in meB2 sick mice (Figure 3D);
however, absolute T and B cell numbers were normal or
close to normal, although most of the CD4* T and B cells
were present in an activated state after the onset of the
disease (Table 1). Only trace amounts of Ptpn6 protein
could be detected in Western blot, associated with nearly
zero enzyme activity (Figure 3G). A twofold to threefold
greater percentage of CD4%/CD25%/CD69" activated T
cells and B220*/CD69™ activated B cells (Table 1), and
an unusually high ratio of B1a/b cells, were the most
prominent characteristic abnormalities associated with
this relative lymphopenia (Figure 3D) observed in the
peripheral blood and spleen of meB2 mice (Table 1).
Large numbers of Gr-1* polymorphonuclear (neutrophil)
leukocytes were detected in the peripheral blood and
spleen (Figure 3E). Thus, Ptpn67°2/me52 homozygous
mice were not immunodeficient, as is frequently de-
scribed for Pton6™%™e or Pton6™” ™V mice.!45:48:49 |n.
stead, they possessed an autoinflammatory tendency
early in life that eventuated into an autoimmune state over
time. Nonetheless, the strength and level and especially
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Table 1. Cellular Composition of Blood and Spleen of Wild-Type and Homozygous meB2 Littermates Assessed by Flow Cytometry
Peripheral blood Spleen
Healthy Ptpnemes2/mesz Healthy PtpnemeB2/mes2
Cell type® % total % sub % total % sub % total % sub % total % sub
T cell (CD3) 51232 222 +1.4* 47.8 £ 3.6 22.1+0.3"
CD8" T cell 172+ 41 156 =34 6.8+05 4.4 +0.1
CD4* T cell 30.0 £0.8 11.0 = 25" 26.7 £ 0.6 171 +=0.1*
Subpopulation
CD4+CD69+_ 0.3 =01 1.0 1.2x0.1* 10.9** 6.2*x1.0 23.2 9.1 +23" 53.2**
CD47CD44Mian 159+15 53.0 9.5 +x22 86.4** 124+1.0 46.4 58 = 0.3 33.9
B cell (B220™) 27.3+0.8 16.3 = 1.0* 26.3 47 14.2 = 0.9
B cell (B220™") 27.3 0.8 16.3 = 1.0* 26.3 £4.7 14.2 = 0.9**
Subpopulation
B1a/b 69+ 11 25.3 7.2*39 44.3** 6.1 1.6 23.2 85*24 60.5**
B2 (conventional) 173+ 1.6 63.4 15754 52.3* 16.1 25 61.3 41 =21 28.8**
CD69"B220* 03=x0.2 11 0.2*=01 15 08=*x1.2 2.2 1.1x02 7.8*
Gr-1* neutrophils 36.2 23 78.8 £ 2.3** 27.0£4.0 79.6 + 2.8**
Subpopulation®
Live 17.7+43 66.5 63.4 £4.4 80.5* 88*13 51.8 48.2 £ 4.3 60.6
Pre-apoptotic 7.4+03 27.8 124 =24 15.7* 29+03 17.1 27356 34.9**
Late apoptotic 25+03 9.4 41+09 5.2** 53+04 31.2 46+1.2 5.8**

Cells were analyzed (in all cases, n = 8 sick and n = 7 healthy littermates) at 2 days after disease onset together with their wild-type littermates.

Data are reported as percentage of the mean = SEM.
AnxV, annexin V; PI, propidium iodide; sub, subpopulation.
*P < 0.05; **P < 0.01 compared with healthy mice.

TBecause of the relative lymphopenia, T-cell and B-cell numbers may be similar in healthy and sick (Ptpn67°52/m52) mice, but the ratio (activated cell

types, or B1a/b cells) is significantly higher in the sick mice.

*Live cells: AnxV~PI~. Pre-apoptotic cells: AnxV*™PI~. Late apoptotic: AnxV*PI™.

the size of the window of autoimmune components char-
acteristic of this inflammatory phenotype remain unclear,
and more extensive studies are needed.

Therapeutic Efficacy of Various Compounds on
the meB2 Sick Phenotype

Cyclosporine (15 mg/kg daily dose for 4 weeks) and
neutralizing antibody against TNF-« (clone TN3-19, eBio-
science) had a relatively modest effect, mostly during the
progressive or chronic phase of the disease (data not
shown), compared with the other therapeutic regimens
evaluated. A high daily dose of steroid (10 mg/kg), anti-
CD44 mAb (clone IM7; 200 png to 100 ug), Gr-1 mAb
specific for mouse neutrophils (clone RB6-8C5), and glio-
toxin, a strong inhibitor of IkBa degradation (10 ug/day),
had a beneficial effect on paw inflammation, which was
resolved almost completely during the treatment period
(Figure 1, D-J). However, weaning from the effective
therapy provoked a dramatic recurrence of multiorgan
inflammation within 1 to 2 weeks, necessitating euthani-
zation. On the other hand, maintenance of a relatively
low-dose therapy (see Methods) protected the animals
against disease flare-ups. Conventional anti-inflamma-
tory drugs, such as ibuprofen (7.5 mg/kg per day), and
acetaminophen with hydrocodone, uniformly failed to
provide a therapeutic benefit.

Neutrophil Proliferation and Survival

The hyperproliferative-like bone marrow associated with
massive leukocytosis, slightly increased numbers of im-

mature neutrophils, and relative lymphopenia in the pe-
ripheral blood suggested an increase in neutrophil pro-
liferation. Bone marrow neutrophil proliferation and
survival were therefore measured using a thymidine an-
alog, 5-ethynyl-2’'-deoxyuridine (EdU), and were moni-
tored using the click reaction (Figure 4, E-J).33 Although
the numbers of Gr-17 cells in wild-type and heterozygous
meB2 mice were approximately the same, the Gr-17 cell
ratio relative to the total leukocyte cell number (CD45™)
was significantly higher both in bone marrow (Figure 4A)
and in peripheral blood (Figure 4B) in Ptpn6me82/mes2
homozygous sick mice. Unexpectedly, the increased
number of neutrophils was associated with reduced EdU
incorporation into these cells, both in bone marrow and in
peripheral blood of meB2 sick mice (Figure 4, C and D).
Overall, these observations indicate an extended half-life
of neutrophils, which resulted in leukocytosis and an in-
creased number of neutrophils in blood (Figure 3D), po-
tentially contributing to the accumulation of these cells in
the spleen, skin, and lung (Figure 3F).

IkBa and IkBe Deficiencies Increase NF-kB
Activity in Homozygous Ptpne™e82/MeB2 pjice

Neutrophils express a significant amount of the NF-kB
inhibitor 1kBa,®° and IkBa deficiency®' results in a sus-
tained NF-«B response that constitutively maintains pro-
inflammatory cytokine and acute-phase protein levels (as
measured in the sera of Pipn6™52/m°B2 mice) (Figure 3,
C-D, and Table 2). IkBa deficiency may induce a severe
widespread dermatitis and early death in mice,®’
whereas |kBe-null mice present a constitutive up-regula-
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Alexa Fluor 488 azide in vitro using the Click-iT
cell reaction cocktail (Invitrogen). Cells were then
surface-stained with an APC-conjugated antibody
against CD45 (common leukocyte antigen) and
PE-conjugated anti-Gr-1 (a myeloid lineage
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tion of IgM and 1gG1,%2 which was also detected in our
homozygous Ptpn6m°82meB2 mice (Figure 3C). Based on
this information, we decided to test the expression levels
of a few key regulatory components of the NF-«B path-
way in our mice. First, we determined the levels of NF-«xB
components and found no intact c-Rel (p75) (Figure 5A)
or RelA (p65) (Figure 5B) in the spleen cell lysates of
homozygous meB2 mice. However, the low molecular
weight forms of c-Rel and p65 could be detected in the
total cell lysates, suggesting the presence of the free
(non-1kB bound) forms of these proteins (Figure 5A). To
test this hypothesis, we measured the levels of the acti-
vated (DNA binding) form of p65 in total spleen cell
lysates by ELISA. Indeed, the spleen cells of sick animals

Table 2. Cytokine Concentrations in the Supernatants of Spleen
Cell Cultures with or without Stimulation with LPS or
Con-A in Healthy Wild-Type and Asymptomatic
PlpnGH'wb’z/msz Mice

Cytokine level (pg produced by 1 x 108 cells)

LPS Con-A
Cytokine No stimulation (10 pg/mL) (2.5 pg/mL)

IL-18

Healthy 2.79 = 3.80 77.3 +55.2 3.67 + 655

Ptpne™eB2/meB2 18.2 + 9.7 417 +197* 18.3 = 10.1**
IL-6

Healthy 5.68 + 18.8 387 + 263 61.1 + 62.1

PtpnemeB2/mes2 35.5 + 20.2** 2091 + 837** 339 + 171**
TNF-a

Healthy 7.80 + 4.09 195 + 65.1 149 + 39.6

PtpnemeB2/mes2 142 + 93.2** 1087 + 238*** 196 + 81.7
IL-10

Healthy 14.2 + 18.2 822 + 213 554 + 603

Ptpng™eB2/meb2 281 + 56.5* 4311 + 215** 599 + 552
IFNy

Healthy 69.9 * 78.4 176 = 1.3 2279 + 426

Ptpne™eB2/meB2 90.3 +90.7 81.1 + 54.7* 827 + 416™*

Cytokines were measured by ELISA in 72 hours supernatants of lipo-
polysaccharide (LPS) or concanavalin-A (Con-A)-stimulated spleen cell
cultures. No significant differences were observed for IL-4, IL-17, and
GM-CSF expression (data not shown). [Spleen cells from heterozygous
mice were also tested using the same conditions. Elevated cytokine levels
were measured in the conditioned medium, but only IL-6 was significantly
elevated, compared with wild-type littermates (data not shown).]

Data are reported as means + SEM. Duplicate samples of 10 mice in
each group.

*P < 0.05; **P < 0.01; *™*P < 0. 001 compared with wild type.

contained a high level of the activated form of p65 (Rel
A), whereas no active p65 could be detected in the
spleen cells of healthy littermates (Figure 5C).

IkBa and 1kBe, the two major cytoplasmic inhibitors of
NF-kB, were measured in spleen cell lysates of homozy-
gous meB2 mice and their wild-type littermates. Both
inhibitors were present at significantly lower levels in
meB2 sick mice than in normal wild-type animals (Figure
5, D and F), which suggests that both factors have a role in
the pathomechanisms responsible for the Pipn6me52meB2
phenotype. The degradation of IkBs is tightly regulated
via a multistep process that involves the site-directed
phosphorylation and ubiquitination of these pro-
teins.”%354 We therefore determined the phosphorylation
status of these proteins. Because the level of phosphor-
ylated IkBa was elevated in total spleen cell lysates from
homozygous meB2 mice (Figure 5F), we concluded that
the decreased levels of IkB proteins (Figure 5, D and E)
were due to increased degradation, rather than de-
creased production (Figure 5D); furthermore, the phos-
phorylation processes seemed to be normal. Thus, it
appears that the defect in Ptpn6 function affects one or
more different inhibitory components that indirectly con-
trol the level of NF-kB (Figure 5E)—which indeed was
extremely high, as demonstrated by super gel-shift as-
say. One of the best examples of the overactivated NF-«xB
system was obtained when spleen cells (either purified B,
T, or polymorphonuclear cells from the spleen of symp-
tom-free mice) were activated with TNF-a for a short
period of time, and the nuclear extracts were tested by
the EMSA super gel-shift assay (Figure 5G). Whereas all
of the cells responded to TNF-«, the amounts of p50 and
p65 were high in the nuclear extracts of wild-type cells
but scarcely detectable or even undetectable in those
isolated from Ptpn67¢52meB2 mice.

To gain insight into the mechanisms by which NF-
kB-controlled cytokine expression drives the autoin-
flammatory status in meB2 mice, spleen cells from
wild-type, heterozygous (Ptpon6™%%~), and homozy-
gous Ptpn6meB2/meB2 mice. all 4 to 5 weeks old and
asymptomatic (still healthy), were tested for cytokine pro-
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Figure 5. Western blots of the major components of NF-kB [c-Rel and p65
(RelA)], IkBa, and IkBe and phosphorylated IkBa (pIkBa) in spleen cell
lysates from wild-type (healthy) and PipnG™e#2™e52 (sick) mice (A, B, and
D-F), quantification of p65 (RelA) by ELISA (C), and a representative EMSA
super gel-shift assay (G). Spleen cells were isolated and pooled from two
wild-type and two sick littermates at 5 weeks (lanes 1 and 4), 7 weeks (lanes
2 and 5), and 9 weeks (lanes 3 and 6) of age. Erythrocytes were lysed, the
cells washed twice with PBS and spleen cells were dissociated in lysis buffer.
Cell lysates were normalized for protein content (10 ug/lane) and loaded for
SDS-PAGE. After electrophoresis and transfer onto nitrocellulose, the same
membrane was probed for c-Rel (A), then developed with ECL reagent,
stripped, and restained with anti-RelA antibody (B). The other membrane (A)
was stained, stripped, and restained with antibodies against IkBa (D), IkBe
(E), and plkBa (F). (C) Nuclear extracts were isolated from the same cells
used for Western blotting, and 10 ug of nuclear protein was incubated with
an NF-kB consensus-binding sequence in an ELISA plate and the results were
quantified using a p65-specific antibody. Cell lysates (10 pg nuclear protein
each) from the Hela cell line without stimulation or after 1 hour of TNF-a (10
ng/mL) stimulation were used as negative (—) or positive (+) controls,
respectively. G: EMSA super gel-shift assay using neutrophil lysates (one of
the three cell types: T cells, B cells, and PMNs) from healthy and symptom-
free Pipn6"eP2meB2 mice. NC, nonspecific control; SC, specific control. (For
details, see under Materials and Methods.) A, B, and D-F: Single asterisks
indicate the appropriate protein bands. B: Healthy wild-type mice were
significantly different from sick Pipn6”*#2""*52 mice at P < 0.0001.

duction in response to the Toll-like receptor (TLR) ligands
lipopolysaccharide and concanavalin-A or were left un-
stimulated for 72 hours. The most important results ob-
tained are summarized in Table 2. Mice with the
Ptpon6meB2/meB2 genotype spontaneously produced sig-
nificantly more IL-1B, IL-6, IL-10, and TNF-«a than their
wild-type littermates, and all of these cytokine levels in-
creased dramatically in response to stimulation with lipo-
polysaccharide (ligand for TLR4) and concanavalin-A
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(which induces the expression of various Toll-like recep-
tors).%® Only IFN-y was significantly suppressed (Table 2).
The stimulation of spleen cells with concanavalin-A signifi-
cantly increased IL-18 and IL-6 secretion in 3-day-old cul-
tures, indicating that T cells also are affected by Ptpn6
deficiency. Taken together, our results show that homozy-
gous Ptpne™eE2meE2 mjce still presenting a healthy pheno-
type (3 to 6 weeks of age) were strongly driven toward an
autoinflammatory condition via Toll-like receptor activation.
In sum, lymphocytes (adaptive immunity) and neutrophils
and possible macrophages (innate immunity) appeared to
be involved in and/or affected by the inflammatory mecha-
nisms associated with the phenotype of Ptpng™eE2mes2
mice.

Discussion

Diseased animals were discovered in our breeding col-
onies. The pedigree of the affected siblings identified one
male that most likely carried a mutation in an unknown
gene. Because approximately 25% (both males and fe-
males) of the selected breeding pairs spontaneously de-
veloped the condition (sterile inflammation), we con-
cluded that the founder male had carried a recessive
autosomal mutation in a single gene in the heterozygous
state. Using genome-wide screening, we localized the
genomic region on mouse chromosome 6 and narrowed
the region to a size of 0.4 Mbp. This chromosome region
contained 20 genes, including Pton6 (also known as
Shp1), which carried a B2 insertion in exon 6. The inser-
tion of the B2 element modified the function of Ptpn6,
resulting in the development of an autoinflammatory dis-
ease characteristic of the motheaten (me) phenotype in
mice. Although the clinical symptoms were delayed in
onset and the pathophysiological abnormalities were
milder in Ptpn6meB2/meB2 than in either me or me-v mice,
the penetrance of the autoinflammatory phenotype was
100%, and the overall clinical features were closely sim-
ilar to the me phenotypes described in all Pipn6 mutant
mice to date (see Supplemental Table S1 at http.//ajp.
amjpathol.org). We observed a severe inflammatory skin
disease, occasionally accompanied with neutrophilic in-
filtrations in other organs (mostly in the lung), and the
autoinflammatory phenotype was fully suppressible. Be-
cause of this altered but not completely abrogated Ptpn6
function, we were able to examine the pathophysiological
and immunoregulatory abnormalities associated with this
genotype and thus could assess the therapeutic effects
of various treatments (Figure 1D) and compare the clin-
ical features associated with this genotype for potentially
unlimited periods of time.

Ptpn6 contains two tandem Src homology 2 (SH2) do-
mains at the N-terminus, followed by a single phospha-
tase domain at the C-terminus that encompasses two
tyrosine phosphorylation sites.®® Ptpn6 has been impli-
cated in the negative regulation of a number of receptor
tyrosine kinases (c-kit, CSF-1 receptor), cytokines
(TNF-a, IL-18, IL-3, IFN-aB), Toll-like receptors,”575°
and NF-«B,%%®" as well as receptors of the immune sys-
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tem that contain a tyrosine-based inhibitory motif (eg,
CD22, FcyRIIB, TCR, and BCR).29:12:53.62

The major etiological component was the limited
amount of functionally active Ptpn6 enzyme (Figure 3G),
which seemed to delay neutrophil apoptosis, leading to
an extended lifetime of otherwise short-lived granulo-
cytes. Although the hyperproliferative-like bone marrow
suggested increased neutrophil proliferation, this was not
the case; rather, the immature and mature neutrophils
accumulated in both the bone marrow and peripheral
blood (leukocytosis). In turn, neutrophils accumulated in
the peripheral blood, and the retrograde effect of leuko-
cytosis apparently created a myeloproliferative-like bone
marrow hypercellularity and leukocyte deposition in the
spleen (splenomegaly). Clearly, environmental injuries
accelerated neutrophil invasion into the skin or other first-
exposed organs, which may not occur in germ-free con-
ditions, as described in spin mice.” The reduction of
apoptotic events in neutrophils was most likely the con-
sequence of a defect in NF-«B regulation, due to the
partial deficiency of Ptpn6,'2°354 which affected mostly
myeloid cell types® but affected also lymphocytes®*©°
and macrophages.®® The NF-«B machinery was affected
at various levels in various hematopoietic cell types in
which the myeloid form of Ptpn6 was preferentially ex-
pressed. c-Rel and RelA were present in free forms in
neutrophils, most likely because of the absence or ex-
tremely low levels of IkBa and 1kBe and possibly because
of a defect in the degradation of the NF-kB/IkB complex,
as demonstrated by the accumulation of nondegraded
phosphorylated IkBa (Figure 5F). This seems to be es-
pecially important in the present case, because c-Rel
dimers specifically promote the transcription of the anti-
apoptotic Bcl-xL gene,®78 and RelB deficiency results in
the development of skin lesions.®® The apparent growth
retardation observed for all me phenotypes, the oste-
oclastogenesis associated with TNFR-associated factor 6
(TNFRAF-6),”%7" and the inhibition of new bone formation
are also secondary consequences of diminished NF-kB
regulation.”?

Although the diminished Ptpn6 activity affected both
lymphoid and myeloid cell types, the autoinflammatory
symptoms were due to altered neutrophil function (and
possibly some macrophage function). Dramatically al-
tered function of innate immunity dominated the clinical
symptoms, and a less pronounced autoimmune pheno-
type could be detected weeks after disease onset, most
likely as a secondary phenomenon. The accumulation of
neutrophils in skin (or other organs) does not require
the presence of T and B cells, but certain chemotactic
factors or bacterial endotoxins are required for neutro-
phil extravasation.”® Ptpn6 is a negative regulator of
both BCR and TCR signaling,22 3874 and thus a
diminished expression and activity of Ptpn6 may acti-
vate B or T cells, as observed in the sick mice, which
demonstrated high levels of anti-nuclear antibodies,
significantly higher ratios of activated T and B cells,
and a high ratio of Bla/b cells.®? Thus, the lymphope-
nia was mild and only relative, and indeed, although
lymphopenia is a critical component of the me pheno-
type, the autoimmune reactions were overlapped by

overwhelming inflammatory reactions caused by innate
immune responses.”®

Many cytokine-receptor signaling pathways in myeloid
cells are activated by tyrosine phosphorylation, and the
dephosphorylation caused by Ptpn6 mediates a regula-
tory signal leading to the deactivation of these signaling
pathways. Overall, the loss or partial loss of the negative
regulatory function of Ptpn6 in me phenotypes may lead
to both inflammatory and autoimmune phenotypes, as
evidenced by the increased amounts of a wide range of
autoantibodies against single-stranded and double-
stranded DNAs, histones, and chromatins, potentially
mimicking a number of autoimmune diseases. In turn,
depending on the type of mutation and possibly because
of the heterogeneity of environmental factors, the me
phenotype appears to result from the combination of
these two states (ie, both autoinflammatory and autoim-
mune), and the exposure to exogenous injury (pathergy,
as seen in pyoderma gangrenosum) may dominate the
clinical phenotype in more severe forms of the condition.

The mutation in the Ptpn6 gene did not affect either the
two docking sites (SH2 and SH2.) or the catalytic do-
main of the enzyme, and resulted in the transcription of a
slightly shorter mRNA. We therefore expected the mu-
tation in the Ptpn6 gene to result in an almost full-length
protein with some functional deficiency. However, only
trace amounts of Ptpn6 protein (Figure 3G) and even-
tually only a trace amount of phosphatase activity
could be detected in the bone marrow or spleen cell
lysates using the human/mouse/rat active SHP-1 kit
from R&D (Figure 3G).

In addition, the autoinflammatory symptoms were even
milder than those observed in me or me-v mice and
resembled some features found in the human neutro-
philic dermatoses, a heterogeneous group of human dis-
eases with an unknown etiology that share the presenta-
tion of inflammatory or autoinflammatory symptoms
driven by neutrophil extravasation. We have discovered
numerous functionally inactive splice variants in a num-
ber of patients with Sweet's syndrome and pyoderma
gangrenosum. The partial deletion of exon 4 with the
complete lack of exon 5 of the PTPN6 gene in all patients
with pyoderma gangrenosum may have a diagnostic
value, and might indicate PTPN6 involvement in this dis-
ease. These preliminary results in human patients sug-
gest an association of PTPN6 gene expression with neu-
trophilic dermatoses.”® It is clear that PTPNG alone does
not drive dominant phenotypes in pyoderma gangreno-
sum or Sweet’s syndrome, but most likely is involved in
the pathomechanisms of these diseases, either in a
downstream signaling pathway or in association with a
defect in another phosphatase gene. For example, in
PAPA syndrome (pyogenic sterile arthritis, pyoderma
gangrenosum, and acne)’® mutations in both PTPN12
and proline-serine-threonine phosphatase interacting
protein 1 (PSTPIP1; alias CD2BP1) might be involved in
this autoinflammatory condition (unpublished data). An-
other disease-modifying alteration appears to be a cor-
relation between altered PTPNG function and NF-«B reg-
ulation,®%®" which may significantly affect neutrophil
survival. Regardless, the me phenotype in mice and neu-



trophilic dermatoses in humans are fully suppressible,””
and the treatment repertoire may be not restricted to
steroids (Figure 1D), TNFa blockade (etanercept or inf-
liximab),”®7® or IL1R antagonist protein (anakinra).®®
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