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Background: Inborn errors of immunity are traditionally
understood as monogenic germline disorders. However, somatic
mosaicism can also result in immune-mediated diseases,
mimicking inborn errors of immunity. While early postzygotic
mosaicism is the predominant mechanism, genetic variants
causing a selective advantage to hematopoietic progenitors and/
or mature immune cells may cause immune dysregulation and
initiate disease at any age. Somatic mosaicism for STAT5BN¢+?H
was linked to severe allergic disease in infancy, but its full
clinical spectrum and underlying mechanisms remain
incompletely defined.

Objective: We elucidated how somatic N642H mutations of the
STAT5B gene shape lineage-specific mosaicism, immune cell
function, and clinical phenotypes.

Methods: We investigated 3 new patients—including one
adult—with STAT5B~**?M mosaicism using deep sequencing, flow
and mass cytometry, and functional immune assays. Mutant cell
distribution was mapped across blood lineages. A mouse model
with mosaic STAT5BN*?" mutation in hematopoietic stem cells
was generated to study clonal dynamics and immune phenotypes.
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Results: Patients displayed variable lineage mosaicism
correlating with two predominant clinical outcomes: early-onset
severe atopy with hypereosinophilia, and autoimmune-
lymphoproliferative immunodeficiency with expansions of CD8
and yo T cells. Functional studies revealed enhanced IL-2—
mediated proliferation, effector differentiation, and oligoclonal
T-cell expansions. In mice, a few mutant hematopoietic stem
cells reproduced the patient lineage-skewed immune landscapes
with variable growth advantage of mutant cells across
hematopoietic development and recapitulated patient T-cell
phenotypes. Targeted mTOR inhibition successfully controlled
lymphoproliferation in patients.

Conclusion: A single somatic variant in a few stem cells can
remodel hematopoiesis, generating variable immune mosaics
and heterogeneous immune disease. (J Allergy Clin Immunol
2026;157:964-76.)
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Abbreviations used
Bcl-2: B-cell lymphoma 2
BM: Bone marrow
FACS: Fluorescence-activated cell sorting
HD: Healthy donor
HSC: Hematopoietic stem cell
HSCT: HSC transplantation
JAK: Janus kinase
LSK: Lineage Sca-1"c-Kit™"
mTOR: Mammalian target of rapamycin
NK: Natural killer
pY: Tyrosine phosphorylation
RNA-Seq: RNA sequencing
T-bet: T-box expressed in T cells
WT: Wild type

Inborn errors of immunity are traditionally linked to germline
mutations in immune-related genes.' More recently, however, so-
matic mosaicism has emerged as an alternative mechanism, often
leading to phenocopies of germline inborn errors of immunity.”
Somatic mosaicism involves genetic changes present in a subset
of cells and can arise from early postzygotic cells during embry-
onic development to mature immune cells in adulthood. Like
germline variants, somatic mutations can alter activity of
immune-related proteins, leading to aberrant immune cell func-
tion and disease.

The pathophysiologic consequences of a somatic mutation—
from the initial mutation in a single cell to its effect on larger
immune cell populations and disease—must be decoded for each
gene separately. Among the more than 20 genetic errors of
immunity with somatic mosaicism described so far, most
conditions can be explained by an early postzygotic somatic
event.” Here, the mutation is present in a fraction of all somatic or
all hematopoietic cells without the need for a proliferative advan-
tage of mutant cells. In a few exceptions, the initiating mutation is
acquired at a later developmental stage in a hematopoietic stem
cell (HSC).*® In these cases, the mutation must confer a signifi-
cant growth advantage to eventually cause relevant mosaicism
in the immune system. Depending on the affected gene and the re-
sulting pathophysiology, the variant allele frequency in different
immune cell types can vary significantly. For example, somatic
FAS mutations are enriched in double-negative T cells, but they
are rare in hematopoietic progenitors.” In contrast, UBAI muta-
tions are largely restricted to myeloid cells as a result of impaired
survival of mutant lymphoid progenitors.® At the stem cell level,
inflammation caused by UBAI mutations disrupts normal hema-
topoiesis and drives clonal dominance.” Understanding lineage-
specific clonal dynamics conferred by these genetic variants is
crucial for improving diagnostic and prognostic tools and therapy.

Recently the somatic STATSBN®**" variant has been identified in
3 children with severe early-onset atopy.” '’ This was unexpected
because the STATSBN**?" variant is a known driver in T-cell, nat-
ural killer (NK) cell, and eosinophil malignancies.''"” It confers
gain-of-function activity by stabilizing a hyperactive protein
conformation, increasing transcriptional activity, accelerating cell
cycle progression, and increasing resistance to apoptosis. la-1
STATSB signaling in response to various cytokines—including
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IL-2, IL-3, IL-5, IL-7, IL-9, IL-11, and IL-15 as well as
granulocyte-macrophage colony-stimulating factor—regulates
the development, differentiation, proliferation, and survival of mul-
tiple hematopoietic and immune cell types, including T cells, NK
cells, and eosinophils.'*'” In previously reported patients, the mu-
tation was found in all hematopoietic lineages, leaving open
whether disease originated from early postzygotic events or later
HSC mutations conferring proliferative advantage. Moreover, the
functional consequences of STATSB™®**" in nonmalignant human
immune cells remain poorly defined.

Here we expand the phenotypic spectrum of somatic
STATSBN®**M_associated disease by describing autoimmune lym-
phoproliferative disease in the absence of atopy in two patients,
including one with late-onset presentation. Restriction of the mu-
tation to NK and T cells supports the concept that acquisition in a
single hematopoetic progenitor may suffice to cause disease. To
model this, we generated mice with mosaic STAT5BN®+H expres-
sion in a few HSCs. This system confirmed that selective advan-
tage across hematopoietic subsets drives lineage-specific
mosaicism creating diverse immune landscapes, resulting in
diverse immune-mediated diseases.

METHODS
Patients and mice

Patients were recruited to this study after receipt of their
informed consent (approval 409/16). Mouse experiments were
approved by the Regierungsprasidium Freiburg (G-21/090). Wild-
type (WT) C57BL/6 Ly5.1/CD45.1 mice were purchased from
Charles River Laboratories. Bones of hSTATSB™***" transgenic
(BON-Tg(STAT5BN/H)726Biat female mice were obtained from
Richard Moriggl, Vienna.'* Mice were housed under specific
pathogen—free conditions. More information about the generation
of bone marrow (BM) chimeras is available in the Methods section
in the Online Repository available at www.jacionline.org.

Flow cytometry

Blood samples of patient 5 were obtained and frozen before any
immunosuppressive therapy was administered. Patient 6 under-
went sampling 1 month after he had stopped a 6-month course of
ruxolitinib and while he was receiving 5 mg decortin and 2 mg
rapamycin. We thawed and analyzed the samples of patients 5 and
6 and respective controls on the same day to avoid variations in
flow cytometry. Staining details, antibodies, and functional
immunologic assays including immunoblotting are provided in
the Methods section in the Online Repository.

Mass cytometry

Mass cytometry reagents were commercially obtained or
generated by custom conjugation to isotope-loaded polymers
using MAXPAR kit (Fluidigm). Single-cell suspensions were
pelleted, incubated with 20 pmol lanthanum-139 (Trace
Sciences)-loaded maleimido-mono-amine-DOTA  (Macrocy-
clics) in phosphate-buffered saline for 5 minutes at room temper-
ature. A 3,-microglobulin—based barcoding approach was used to
minimize batch effects.'® More details are provided in the
Methods section in the Online Repository.


http://www.jacionline.org
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TABLE |. Clinical summary of patients with somatic STAT58V%*?" mosaicism
Characteristic Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
Age at onset 4 mo 1 wk 3 mo 6 wk 6 wk 10y
Age at last observation 12y 2 y (died after 4y 12 y (HSCT at 9y 54y
HSCT) age 3y)
Atopic manifestations  Urticaria, AD, Urticaria, AD, food Urticaria, AD, food Urticaria, AD, None None*
angioedema allergies, eosGE allergies, eosGE angioedema

Peak eosinophilia 6,600 77,000 22,000 30,000 11,800 240

(/nL)
Peak IgE (U/mL) <20 >6,000 4,385 201 1 9
Lymphoproliferation SM HSM, LAP HSM, LAP HSM, LAP SM (25 y), LAP (35 y)
Autoimmunity/ Alopecia, Panniculitis, Chronic diarrhea Alopecia Type 1 diabetes, Inflammatory

immunodeficiency chronic bronchiolitis hypogammaglobulinemia (neutrophilic) skin

diarrhea and lung disease™

T-cell counts NA NA

Age 10y 6 mo 28y 54y

CD4 (/nL) 1,225 n 10,200 1 2,173 n 1,684 n

CD8 (/nL) 1,806 1 6,210 1t 9,534 1 4,748 1

v8 (/uL) 432 1 2,020 1 1,783 1 NA

For patients 1, 2, and 3, data have been previously reported elsewhere, and information was extracted from indicated references, with current update provided for patient 1. Patient
1 data are from Eisenberg et al,” Ma et al,” and this study. Patient 2 data are from Ma et al.* Patient 3 data are from Eisenberg et al” and Kobets et al.'’ Data for patients 4, 5, and 6
are from this study. Reference value for eosinophils is <500/pL and for IgE is <20 U/mL.

AD, Atopic dermatitis; EosGE, eosinophilic gastroenteritis; HSM, hepatosplenomegaly; LAP, lymphadenopathy; n, normal; NA, not applicable; SM, splenomegaly.

*Patient had severe chronic obstructive inflammatory lung disease, which was initially diagnosed as asthma, but which was unresponsive to conventional antiasthma therapy and
not accompanied by elevated IgE, eosinophilia, or demonstrable allergic sensitization.

fPatient spent his childhood in Africa (Congo) and experienced a large number of tropical infectious diseases including malaria, amebiasis, lambliasis, and suspected
schistosomiasis. He also had fungal skin infections and Mycobacterium avium infection of lung.
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FIG 1. Lineage distribution of STAT5B"%4?" mosaicism. Indicated cell populations were sorted from periph-

eral blood, and allele frequency of STAT5BN%42H

was determined by deep sequencing (>600-fold). Buccal

swab DNA was analyzed from patient 1 (P1), P5, and P6. Red bars show fraction of mutant cells assuming

heterozygosity.

Sequencing

Cell population—specific genetic analysis of STAT5B was per-
formed after isolating DNA from sorted cell populations. To
determine relative STAT5B allele frequencies, in initial experi-
ments, the area under the peak was obtained by Mutation Sur-
veyor software (Softgenetics). Results were confirmed in all
patients by next-generation sequencing. For bulk RNA
sequencing (RNA-Seq), the mRNA from CDS8 T cells sorted by
fluorescence-activated cell sorting (FACS) was isolated with a
RNeasy Micro Kit (Qiagen, 74004). Library preparation and anal-
ysis are described in detail in the Methods section in the Online

Repository. For TCR 3 CDR3 sequencing, DNA of FACS-
sorted CD8 T cells was purified with a QIAamp DNA Blood
Mini Kit (Qiagen, 51104), and the TCR B chain CDR3 region
was sequenced with an immunoSEQ Assay. Total and productive
unique sequences were analyzed by the ImmunoSEQ Analyzer
(Adaptive Biotechnologies).

Statistical analysis
Statistical analyses were performed by GraphPad Prism v9
software (GraphPad Software). Statistical tests are reported in the
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FIG 2. STAT5BV®%?" promotes CD8 T-cell proliferation by increasing responsiveness to IL-2 and BCL2
expression. (A) Flow cytometry analysis of pY-STAT5 in primary CD8 and CD4 T cells of patient 5 (P5)
(n = 4) and HDs (n = 8) stimulated with 15 ng/mL IL-2 for 15 minutes, washed, and rested for indicated
time periods (4 independent experiments). (B) Histograms and summary plots of proliferation of primary
T cells of P1 (n = 1), P5 (n = 7), and HDs (n = 14) after stimulation with 7.5 ng/mL IL-2 or 2.5 pg/mL PHA
for 7 days using CFSE dilution (analyzed in 7 independent experiments). (C) Contour and summary plots
of cell cycle analysis of primary CD4 and CD8 T cells of P5 (n = 3) and HDs (n = 6) stimulated with 15 ng/
mL IL-2 alone or PHA and IL-2 (2.5 pg/mL, 1.5 ng/mL) for 3 days (3 independent experiments). (D) Bcl-2
expression in primary CD4 or CD8 T cells at baseline and after 15 ng/mL IL-2 stimulation for 16 hours. (E)
Daily analysis of CD25 expression on primary CD4 or CD8 T cells from P5 (n = 3) and HDs (n = 6) at baseline,
during 3 days of culture with 15 ng/mL IL-2, and after washing and IL-2 starving for 3 days (3 independent
experiments). Statistical analysis by Sidak multiple comparisons test. CFSE, Carboxyfluorescein succini-
midyl ester; PHA, phytohemagglutinin.
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FIG 3. STAT5BN®?H jters differentiation and clonality of CD8 T cells. (A) Mass cytometry UMAP visualiza-
tion and FlowSOM clustering of CD8 T cells from HDs (n = 3) and patient 5 (P5; n = 3, samples from different
time points) downsampled to 17.867 cells for each individual. (B) CD8 T-cell clusters with significant
numeric differences between P5 and HDs. (C) Heat map of min-max-normalized marker expression of
selected clusters. (D) Expression of selected CD8 T-cell differentiation markers on PBMCs as determined
by flow cytometry (age-matched HDs for P5, solid circles, n = 8; for P6, open circles, n = 6). (E) Percentage
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figures, with asterisks indicating corresponding significance
(*P <.05, ¥*P <.01, ***P <.001, ****P <.0001).

RESULTS

Somatic STAT5B"%*?" mosaicism associated with
atopic and/or autoimmune-lymphoproliferative
phenotypes

We identified 3 previously unreported patients with somatic
STAT5BN**M mosaicism (Table I). Patient 4 sought care at 2
months with severe dermatitis, angioedema, urticaria, hypereosi-
nophilia, lymphadenopathy, and splenomegaly. At 2 years, he
experienced cerebral ischemic events attributed to eosinophilic
syndrome, prompting HSC transplantation (HSCT) at age 3.
Despite initial remission, moderate eosinophilia recurred 6 years
later and persists (now age 12). Patient 5 presented at 6 weeks
with lymphadenopathy and hepatosplenomegaly. He had tran-
sient infantile eosinophilia but never showed allergic symptoms.
He developed hypogammaglobulinemia requiring immunoglob-
ulin substitution, and type 1 diabetes at 10 months. Rapamycin
fully controlled his lymphoproliferation, he remains well at age
10. Patient 6, a 54-year-old man, was referred in 2018 for chronic
inflammatory skin and lung disease, splenomegaly, and lymph-
adenopathy. His childhood in Africa was notable for multiple
tropical infections. At 10 years, he developed obstructive lung
disease unresponsive to standard therapy and not accompanied
by elevated IgE, eosinophilia, or allergic sensitization. Lympho-
proliferation emerged in his 20s. By 2018, he had chronic obstruc-
tive pulmonary disease with bronchiectasis and neutrophilic
inflammation, revealed by biopsy. Eosinophils and immunoglob-
ulins including IgE were normal. Steroids improved symptoms,
while steroid-sparing biologics provided limited benefit; rapamy-
cin improved lung function. All 3 patients showed CD8 T-cell
lymphocytosis, with concurrent y8 T-cell lymphocytosis in pa-
tients 4 and 5 (Table I).

Previously reported cases (patients 1, 2, and 3) are summarized
in Table 1. ' Patient 1 sought care at 4 months with annular ery-
thema and urticaria,®’ later developing dermatitis, alopecia, an-
gioedema, arthralgias, and diarrhea that were partially
responsive to ruxolitinib (now age 13). Patient 2° and patient
3”19 also had severe infantile atopy. Patient 2 additionally devel-
oped panniculitis and bronchiolitis and died after HSCT at age 2,
while patient 3 (reported until age 4) exhibited lymphoprolifera-
tion and diarrhea.

Lineage distribution of STAT5B"%42H

correlates with clinical phenotype

Whole-exome sequencing in the 3 new patients identified
STATSBN®**" with variant allele frequencies of 20% to 30% as the
sole pathogenic finding. In patient 4, retrospective analysis of pre-
HSCT samples established the diagnosis. The distribution of
STATSBN***".mutant cells determined by next-generation

mosaicism

o
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sequencing of FACS-sorted populations is depicted in Fig 1,
incorporating follow-up data from patient 1 and longitudinal
data from patient 5. Across patients, 80% to 100% of T and NK
cells carried the variant, and 20% of yd T cells in patient 6. In pa-
tients with predominant primary allergic disease (patients 1 and 4,
Fig 1), the variant appeared in 20% to 40% of B cells, eosinophils,
and other myeloid cells, consistent with reports from patients 1, 2,
and 3.%° 1In contrast, patients with an autoimmune-
lymphoproliferative phenotype (patients 5 and 6, Fig 1) lacked
detectable variants in B cells, myeloid cells, and buccal swabs.

STAT5B"%*?" enhances IL-2-induced proliferation in
patient CD8 T cells

We investigated the functional impact of STATSBN®*H on pri-
mary and in vitro—expanded T cells. Unlike cell lines overexpress-
ing STATSBN***" or T cells from S TATSBN**H mice, ' patient
5’s T cells showed no higher STATS baseline tyrosine phosphor-
ylation (pY) and only slightly increased pY-STATS after IL-2
stimulation in CD8 T cells (Fig 2, A). Nevertheless, CD8, but
not CD4, T cells exhibited increased proliferation (Fig 2, B)
and enhanced cell cycle entry (Fig 2, C) after IL-2 stimulation.
The STATS target B-cell lymphoma 2 (Bcl-2)'? was elevated in
patient 5’s T cells ex vivo and after IL-2 stimulation (Fig 2, D).
CD25, another STATS target,'” was similarly expressed in resting
patient and healthy donor (HD) T cells, but it increased to higher
levels in patient T cells after IL-2 withdrawal, a condition disrupt-
ing IL-2 receptor recycling (Fig 2, E).” Thus, STATSBN®**" con-
fers a proliferative advantage to CD8 T cells via a positive
feedback loop of increased IL-2 responsiveness driving enhanced
CD2S5 and Bcl-2 expression.

STAT5B"%*?" drives effector T-cell differentiation
and oligoclonal expansion

Mass cytometry of peripheral blood mononuclear cells from
patient 5, sampled over 3 years, revealed marked disparities in
CD8™ T-cell subsets compared to HDs (Fig 3, A; the gating strat-
egy is provided in Fig E1, A, in the Online Repository available at
www.jacionline.org). Patient 5 exhibited a striking accumulation
of terminally differentiated cytotoxic memory CD8" T cells
(cluster 5) with reduced naive (cluster 1) and “exhausted-like”
(cluster 6) subsets (Fig 3, B). Cluster 5 was defined by
CD45RA expression, low-to-negative CCR7, CD127, CD27,
and CD28 levels, and high CD38, CD39, and CD57. Coexpres-
sion of T-box expressed in T cells (T-bet) and Eomesodermin
(EOMES) correlated with strong Perforin and Granzyme B
expression (Fig 3, C; full cluster heat map in Fig E1, B). Reduc-
tion of clusters 4 and 9 was highly variable in controls and not
significant.

Flow cytometry confirmed these findings in patients 5 and 6
(Fig 3, D). Over 40% of expanded yd T cells expressed CD8 (Fig
3, E). Both patients demonstrated oligoclonal CD8 T-cell

|

of yvd T cells expressing CD8 in P5 (6 separate analyses), P6, and age-matched donors. (F) VB repertoire anal-
ysis of CD8 T cells as determined by flow cytometry. Reference range was determined in group of 32 healthy
young adults. (G) Frequency of top expanded TCR 8 sequences of CD8 T cells of P1 and P5 compared to age-
matched and adult HDs (n = 3 each) as determined by TCR  deep sequencing. Clone 1in 2 samples of P5
represents identical sequence. Colors represent clone rank, not specific clone sequence. (H) IFN-y produc-
tion by CD8 T cells after 4 hours’ PMA/ionomycin stimulation. Statistical analysis by Sidak multiple compar-
isons test (A and E). PMA, Phorbol 12-myristate 13-acetate; PBMC, peripheral blood mononuclear cell;
UMAP, uniform manifold approximation and projection.
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expansions as assessed by flow cytometric analysis of V3 chain
usage (Fig 3, F). Notably, in patient 5 the CD8 phenotype was
not restricted to the expanded VR4 ™ cells but was also observed
in VB4~ cells (Fig E1, C). TCR 3 CDR3 sequencing was per-
formed from sorted CD8 T cells from patients 1 and 5 (Fig 3,
G). The 10 most prevalent TCR 3 CDR3 sequences comprised
36% of the total repertoire in patient 5, expanding to 47% over
follow-up, and 27% in patient 1 compared to <5% in age-
matched and adult controls. CD8 T cells from patients 5 and 6
demonstrated elevated intracellular IFN-vy on stimulation (Fig 3,
H).

Also, among CD4 T cells, T-bet/Eomesodermin double-
positive, CD27 CD28 ", CD127 KLRGI", and Granzyme B"
and Perforin™ cytotoxic memory cells were expanded (see Fig
E2, A-D, as well as the gating strategy and full heatmap in Fig
E3, both in the Online Repository available at www.jacionline.
org). IFN-vy producing CD4 T cells were elevated, whereas 1L-4
and IL-17 producers were normal (Fig E2, E). Regulatory T cells
were normal to increased, and T follicular helper cells
were reduced (Fig E2, F). VB repertoire analysis showed
VB11" CD4 T-cell expansion in patient 5 and multiple oligoclo-
nal T-cell expansions in patient 6 (Fig E2, G). Collectively,
STATSBN6+H promoted effector memory differentiation,
altered T helper cell balance differentiation,” '’ influenced
oligoclonal T-cell expansions, and induced accumulation of
v8 T cells expressing CDS. NK cells in patient 5—with 60%
carrying the mutation—showed normal counts, cytotoxic
function, and cytokine production (see Fig E4 in the Online
Repository).

STAT5BN®?H conveys variable growth advantage to
different leukocyte populations

Restriction of the genetic variant to NK and T cells in two patients
argued against an early postzygotic origin of mosaicism. To test
whether STATSBN**?" in a few stem cells can drive multilineage
mosaicism, we generated mixed BM chimeras using transgenic
mice expressing human STATS. 682 (hSTAT5BN*) under the
Vavl promoter (Fig 4, A)."* WT CD45.1 Lineage Sca-1"c-Kit"
(LSKs) cells were mixed 200:1 with ASTATSBN®*H transgenic
LSK cells (CD45.2), and 10,000 to 15,000 LSK cells were trans-
planted into conditioned CD45.1 WT recipients (WT/N642H).
Mosaicism was analyzed in 2 separate experiments with 4 mice
each (mice 1-8) from 6 to 12 weeks after transplantation. In mouse
6 and mouse 8, mutant cells exceeded 5% of CD4 and CDS8 T cells
by week 6 and >80% to 90% (CD4) by week 12. In mice 1-5, T-cell
mosaicism increased later, reaching 10% to 80% by week 12. In mice
4-6 and mouse 8, mutant NK and B cells also expanded (Fig 4, B; for
gating, see Fig E5 in the Online Repository available at www.
jacionline.org). Myeloid mosaicism was less pronounced (Fig 4,
C): mouse 6 had 40% in monocytes, neutrophils, and eosinophils;
mice 4, 5, and 8 had 5% to 20%, and mice 1-3 and mouse 7 had
only a few mutant myeloid cells. Overall, mice 1-3 resembled pa-
tients 5 and 6 (Fig 4, D), while mice 4-6 and mouse 8 mirrored pa-
tients 1 to 4. Thus, a few mutant LSK cells conferred variable
developmental advantages across lineages, leading to a mosaic muta-
tional landscape that was similar to our patients. The resulting pe-
ripheral T-cell lymphocytosis, most pronounced for CD8" a3 and
v8 T cells (Fig 4, E), was associated with variable splenomegaly,
as in our patients (Fig 4, F). Aside from splenomegaly, the mice
showed no obvious clinical illness or eosinophilia.
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Variable growth advantage of STAT5BN®42H.
expressing hematopoietic precursors in different
lineage trajectories

To assess growth advantage along hematopoietic differentia-
tion, we analyzed mosaicism among various hematopoietic
precursors, thymocytes, and peripheral T cells 12 weeks after
HSCT. Mutant cells comprised 10% to 80% of HSCs in mice 3-6
and mouse 8, but such cells were below detection limit in mice 1,
2, and 7. Mosaicism fluctuated during differentiation to common
lymphoid precursors (Fig 5; for gating, see Fig E6 in the Online
Repository available at www.jacionline.org), and in mice 3 and
5 was lost during thymocyte development. In the thymus, mutant
cells reached up to 90% at the double-positive stage in mice 4, 6,
and 8, while others showed little or no thymic mosaicism. Post-
thymic outgrowth occurred in 7 of 8 mice, most prominently in
CD8 T cells (50-95%), but also in CD4 T cells (10-90%) with
memory phenotypes (Fig 5). Myeloid mosaicism was detected
in mice 3-6 and mouse 8, decreasing between multipotent progen-
itor 2 and granulocyte-macrophage progenitors, resulting in 3% to
30% mosaicism in 4 of 8 mice at week 12. Although this model
does not replicate spontaneous mutation acquisition, these data
show that a transgenic STATSBN®**" allele in few stem cells
can confer proliferative advantage across lineages and establish
variable mosaicism, as observed in the patients.

STAT5B"®*?" T cells in chimeric mice mimic patient
T-cell phenotype

We used the chimeric mice we had generated to determine the
intrinsic effects of STATSBN®** on T-cell differentiation by
comparing mutant (CD45.2) to WT (CD45.1) cells in the same
mouse. hSTATSBN®** CD8 T cells were enriched for memory
cells (Fig 6, A) with downregulated CD127 (Fig 6, B), upregulated
granzyme B (Fig 6, C) and coexpression of T-bet and eomesoder-
min (Fig 6, D), and they produced more IFN-vy (Fig 6, E), mirror-
ing changes in patients 5 and 6. Furthermore, a higher fraction of
v9 T cells expressed CD8 (Fig 6, F). RNA-Seq of sorted patient 5
CD8 T cells showed strong enrichment of the top 100 transcripts
upregulated in CD8 T cells of ASTATSBN***"' transgenic mice
(Fig 6, G)."* Mutant CD4 T cells also showed enhanced effector
differentiation and a larger regulatory T-cell proportion (see Fig
E7 in the Online Repository available at www.jacionline.org).
These results suggest that cell-intrinsic effects of ASTATSBN®**"
are essential for driving the observed T-cell phenotype.

Signaling blockade controls excessive proliferation
of patient STAT5B"®**" T cells in vitro and in vivo
RNA-Seq analysis of patient 5 CD8 T cells identified DNA
repair and phosphatidylinositol 3-kinase (PI3K)/protein kinase B/
mammalian target of rapamycin (mTOR) signaling as the top
enriched pathways compared to HDs (Fig 7, A). We therefore per-
formed IL-2-mediated stimulation experiments to determine the
doses at which the mTOR inhibitor rapamycin and the Janus ki-
nase (JAK) 1/2 inhibitor ruxolitinib in vitro caused an identical
mild inhibition of HD CD8 T-cell proliferation (Fig 7, B). At these
doses, rapamycin more effectively controlled the hyperprolifera-
tion of mutant T cells than ruxolitinib (Fig 7, C and D). Consid-
ering these findings and good tolerance, we treated patient 5
with rapamycin and saw complete remission of splenomegaly
within 3 months and a drop of CD8 T-cell counts (Fig 7, E).
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FIG 4. STAT5BY%4?" chimeric mice show variable lineage distribution of STAT58N%*?H mosaicism among
mature leukocytes. (A) Experimental setup to generate STAT5BN®*2M chimeras. Image created by
BioRender.com. Mutant LSK cells were transplanted at ratio of 1:200 relative to WT cells. (B) Proportion
of CD45.2 (STAT5BY%4?") lymphoid cells in blood from week 6 to week 12 after LSK cell transplantation.
Each mouse (n = 8, pooled from 2 independent experiments) is depicted with unique symbol. (C) Proportion
of CD45.2 (STAT5BV%*?H) myeloid cells in blood. (D) Proportion of CD45.1 (WT, gray) and CD45.2
(STAT5BN®*?M | red) lymphoid and myeloid cells in blood at 12 weeks after transplantation. (E) Cell counts
of splenic CD45.1 (WT) and CD45.2 (STAT58N%42H) CD8, CD4, and vd T cells. (F) Spleen weight. Statistical
analysis by Welch t test.
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FIG 5. STAT5BV®*2" chimeric mice show variable mutation distribution among hematopoietic precursors.
Proportion of CD45.1 (WT, gray) and CD45.2 (STAT5BN%*?H, red) lymphoid and myeloid cells in indicated
developmental stages from BM to spleen as determined at week 12 after transplantation. Each mouse
(M1 to M8) is depicted separately. CLP, Common lymphoid progenitor; CM, central memory; CMP, common
myeloid progenitor; DN, double negative; DP, double positive; EM, effector memory; GMP, granulocyte
macrophage progenitor); MPP, multipotent progenitor; n, naive; SP, single positive; Thy, thymus.

A transient inrease occurred during uncertain compliance, fol-
lowed by stability for 3 years. The prominent CD8 VR4 ™ T-cell
population decreased (Fig 7, F), though a recent rise in V4"
CD8 T cells was observed, but without splenomegaly.

Evolution of lineage-specific mosaicism after HSCT
confirms the variability of clonal dominance
conferred by STAT5B"642H

HSCT is a further treatment option for somatic STATSBNO+?H.
associated disease. Patient 4 received HSCT at age 3. A first cord
blood graft was rejected, followed by a haploidentical maternal
graft, resulting in full donor chimerism for 3 years. Short tandem
repeat analysis later showed gradual reappearance of recipient
cells, beginning with CD15™ myeloid cells, then NK cells, B cells,
and eosinophils (Fig 7, G). The patient developed eosinophilia,
allergic eyelid swelling, and intermittent diarrhea, suggesting
disease recurrence and indicating that complete donor chimerism
is needed for cure. Eight years after HSCT, deep sequencing re-
vealed altered STATSBN®**"  mosaicism across leukocyte
subsets compared to pre-HSCT: T cells 80% — 0.5%, NK cells

78% — 25%, B cells 30% — 1%, and monocytes 80% — 10%
(Fig 7, H). These results mirror our mouse experiments, showing
that STATSBN®**" in a few progenitors can produce highly variable
immune landscapes even within the same host.

DISCUSSION

We show that acquisition of the activating STATSBN®**H
variant in multilineage hematopoietic precursor cells can induce
variable myeloid and lymphoid mosaicism, with lineage-
specific functional immune cell alterations producing a spectrum
of immune dysregulation phenotypes.

STATSBN®**" is a known mutation in T-cell malignancies and
myeloid neoplasms, including eosinophilic disorders and acute
myeloid leukemia.''"'*'”! Pan-hematopoietic expression in
mice drives T-cell differentiation and leukemic transforma-
tion,'""” while NK cell-specific expression causes indolent to
aggressive NK cell-large granular lymphocytic leukemia.'® The
variant enhances self-renewal, proliferation, and survival of
HSCs and progenitors,”” affecting all early hematopoietic com-
partments.'* Our study clarifies that STATSBN®**M confers a
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FIG 6. STAT5BV®*?H.mutant CD8 T cells in chimeric mice show signature features of T cells observed in pa-
tients with somatic STAT5BY%*?" variants. Chimeric mice (n = 8) generated in 2 independent experiments
(as described in Fig 4, A) were humanely killed 12 weeks after BM transplantation, and CD45.1 (WT) and
CD45.2 (STAT5BN%*2H) splenic T cells were analyzed by flow cytometry. (A) Distribution of naive, CM, and
EM CD8 T cells. (B) CD127 expression, (C) GzmB expression, and (D) Eomesodermin (Eomes) and T-bet
expression in CD8 T cells. (E) IFN-y expression of CD8 T cells after 4 hours’” PMA/ionomycin stimulation.
(F) Percentage of v3 T cells expressing CD8. (G) Enrichment plot showing top 100 upregulated transcripts
in CD8 T cells of STAT5BY%*2" mice enriched in transcriptome of patient 5 (P5) CD8 T cells (n = 3; mouse
RNA-Seq data obtained from Pham et al'®); barcode indicates position of gene in gene set rank order;
red and blue, respectively, represent positive and negative Pearson correlation with CD8 T cells of P5. Sta-
tistical analysis for (B-F) was paired t test. CM, Central memory; EM, effector memory; GzmB, granzyme B;

PMA, phorbol 12-myristate 13-acetate.

growth advantage to all immune cell lineages, from the BM to pe-
ripheral blood, and alters immune cell behavior to cause variable
benign immune disorders.

In our patients, the mutation likely arose somatically in early
hematopoietic stem/progenitor cells, supported by its presence in
various blood cell lineages but its absence in buccal DNA. The early
symptom onset in 5 of 6 individuals suggests in utero or early life
acquisition, while late onset in patient 6 indicates a later event. To
trace whether and how a mutation in a single precursor cell can
create the observed variable genetic landscapes, we modeled this
situation by transfer of mutant and WT LSK cells at a ratio of
1:200 into conditioned mice. LSK cells included both hematopoiet-
ic stem cells (HSCs) and more lineage-restricted progenitors. While
all mice were transplanted from the same cell pool, cells with
different lineage potential may have survived the transfer, contrib-
uting to the variable outcomes between mice. This would align with
the idea that the two clinical groups of patients acquired the muta-
tion at different progenitor levels.

It should be stated that the vav-driven STATSBN®*H transgene
does not mimic a spontaneous mutation of STAT5B in its natural
locus, and the competitive effect starts after seeding a conditioned
host, not during ongoing hematopoiesis. Despite these limita-
tions, the competition of a few mutant hematopoetic precursor
cells with a large compartment of WT cells generated a similar

mosaic genetic landscape among peripheral immune cells as
that observed in patients. This justified our use of the mouse
model to evaluate the growth advantage of mutant cells at each
stage of the hematopoietic tree, from stem cells to lineage-
specific precursors, from thymocytes to mature T cells. Interest-
ingly, we observed a range of patterns, ranging from a mostly
postthymic growth advantage of T cells to pre- and intrathymic
growth advantage, associated with advantages for pluripotent
and more restricted lymphoid or myeloid progenitors.”” This
widespread and variable growth advantage was confirmed by pa-
tient observations. Thus, the post-HSCT mosaicism pattern in pa-
tient 4 differed from the pre-HSCT pattern, suggesting stochastic
progenitor dynamics.”* Furthermore, recurrence of mutant cells
years after HSCT indicates that mutant progenitors can remain
quiescent for years.”

A consistent finding in both patients and mice was the high
proportion of mutant T cells, reflecting a postthymic growth
advantage. In patient cells, IL-2—driven increased CD25 and Bcl-2
expression may underlie enhanced survival.”® Although STAT5B
phosphorylation in mature patient T cells was less pronounced
than in tumor or transgenic cells,''**" mutant T cells showed
altered differentiation: increased regulatory T cells, skewed Ty1/
Ty2 cells, reduced T follicular helper cells, and terminally differen-
tiated cytotoxic CD8 T cells (patients 5 and 6). These changes were
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FIG 7. mTOR blockade controls STAT5BN®*?H.mediated excessive T-cell proliferation. (A) Top 10 enriched
hallmark pathways of patient 5 (P5) compared to HDs as determined by RNA-Seq of sorted CD8 T cells
(HDs, n = 3; for P5, 3 samples from different time points). (B) Dose-finding experiment used titrated doses
of rapamycin and ruxolitinib to inhibit proliferation of primary CD8 T-cell cultures of P5 (n = 2) and HDs (n =
4). CFSE dilution was determined after 7 days’ 15 ng/mL IL-2 stimulation (2 independent experiments).
Doses chosen for further experiments are shown in box. (C) CFSE dilution of HD (gray lines) and patient cells
(red lines) determined at day 7. (D) Summary plot of proliferative response. Statistical analysis by Sidak
multiple comparisons test. (E) Evolution of CD8 T-cell counts of P5. Treatment periods with rapamycin
and CsA are depicted in pink and green, respectively. (F) Evolution of V@ repertoire after treatment with ra-
pamycin. Each color represents one VB family. (G) Progression of recipient cell chimerism after HSCT of P4
as determined by PCR of short tandem repeats in sorted blood cells. (H) Lineage-specific STAT58N®421
mosaicism in peripheral blood of P4 before and 10 years after HSCT as determined by deep sequencing
(>600-fold coverage) of sorted cell populations. CFSE, Carboxyfluorescein succinimidyl ester; CsA,
cyclosporin.



J ALLERGY CLIN IMMUNOL
VOLUME 157, NUMBER 4

mirrored in the chimeric mouse model at both the transcriptome
and protein levels, linking STAT5SBN**M to these T-cell alterations.
Despite proliferative advantage, the mutant T cells reached homeo-
stasis without progressing to malignancy. Oligoclonal T-cell reper-
toires in patients, but not in mice, suggest external modifiers of the
immune disease such as infections, rather than only intrinsic effects
of the mutation. Importantly, oligoclonality did not evolve into
malignancy over 8 to 44 years after onset of symptoms. Thus, while
STATSBN**" (learly can be a cancer driver in certain
contexts,'""'>!#1927 this variant alone does not always cause
malignant transformation in humans.

STATSBN®**M also provided a growth advantage for y3 T cells,
particularly expansion of the CD8* subset, which has been previ-
ously described in STATSBN¢+?H transgenic mice.”® It is still
debated whether these CD8-expressing yd T cells represent a
separate lineage with specific functional properties. Despite the
presence of the mutation in a significant fraction of NK cells,
no abnormal expansion of NK cells was observed in patients, sug-
gesting that STAT5SBN®*?" does not confer a proliferative benefit
to mature nonmalignant NK cells, aligning with findings from
mice.'® Eosinophilia was an initial manifestation of 5 of 6 pa-
tients, with a high proportion of mutant eosinophils documented
in 3. Notably, eosinophilia spontaneously resolved within months
in patient 5, potentially as a result of quiescence or loss of an
initially mutated multipotent progenitor and its downstream
myeloid progenitors, but persistence of mutant lymphoid-
committed precursors.”’

Dysregulation of immune cell differentiation and function
likely drove clinical manifestations. Severe atopic disease was a
prominent manifestation in some patients, but it did not affect all
of them. Splenomegaly, lymphadenopathy, alopecia, panniculitis,
chronic diarrhea, and early-onset diabetes in patient 5 and
inflammatory lung and skin disease in patient 6 likely represent
additional mutation-driven manifestations. We hypothesize that
T- and NK cell-restricted mutations may drive lymphoprolifera-
tion and autoimmunity, while severe allergic phenotypes may
require myeloid/B-cell involvement. Notably, STATSB™*H var-
iants have also been reported in elderly hypereosinophilic pa-
tients,'***" but broader lineage-specific analyses were rarely
performed. The absence of eosinophilia in our STATSBN®+H
mosaic mice may be explained by the lack of a natural environ-
mental exposure. In addition, a number of physiologic differences
between human and mouse eosinophils have been described.*
Absence of a natural exposure to infections may also explain
that apart from splenomegaly, the mice did not develop obvious
additional symptoms of immune dysregulation.

Genetic and transcriptional findings informed therapy. JAK
inhibitors were effective in patients 1 and 3,” while mTOR inhi-
bition controlled hyperproliferation in patients 5 and 6, consistent
with mTOR pathway hyperactivation. Patient 5 experienced long-
term clinical remission, while patient 4’s post-HSCT recurrence
highlights the necessity of full donor HSC chimerism.

In conclusion, somatic STAT5BN*M mutations in hematopoi-
etic precursors drive broad clonal hematopoiesis across immune
cell lineages and confer peripheral T-cell growth advantage,
causing diverse allergic and autoimmune-lymphoproliferative
phenotypes. Our findings support personalized therapies guided
by genetic and functional studies. Future work should address
the molecular mechanism conferring growth advantage to the in-
dividual hematopoietic lineages, using epigenomic profiling,
single-cell RNA-Seq, and CRISPR (clustered regularly
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interspaced short palindromic repeat) screens. Mouse models al-
lowing time-controlled activation of the mutation in different cell
types could clarify how mutation timing and environmental stim-
uli influence mosaicism and disease expression.
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Key messages

e Somatic STAT5BY**?M mutations in few hematopoietic
stem cells create variable lineage-specific mosaicism and
diverse immune disease phenotypes.

o STAT5BN®*?M confers a proliferative advantage to CDS

and y6 T cells, driving skewed differentiation and oligo-
clonal expansion without inevitable malignancy.

Targeted therapies such as mTOR of JAK inhibition can

control disease, while HSCT requires full donor chime-
rism for cure.
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