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Key finding: Patients with STK4 deficiency have humoral immudeéects due to intrinsic defects
in B cell development and differentiation.
Capsule summary: Humoral immune defects are described in 9 paidérdm 5 families with
STK4 deficiency. A mouse model carrying the nov88del show that these defects are intrinsic

to the B cells.
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Abbreviations: STK4, serine-threonine kinase 4; MST1, mammaliarilet 20-like 1; Bem
memory B cells; GC, germinal centre; ASC, antibgdygreting cell; BCR, B cell receptor; HEL,

hen-egg lysozyme.
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To the Editor:

Biallelic loss-of-function mutations in serine tbrene kinase 43TK4, also known as mammalian
sterile 20-like 1 MSTJ, are associated with a combined immunodeficieobgracterised by
recurrent bacterial, fungal and viral infections6)l Most patients have intermittent neutropenia, T
and B lymphopenia and, paradoxically, specific laody defects despite the reported presence of
elevated levels of serum IgG, A and E antibodied amtibody-mediated autoimmune cytopenias
(1-6). While there have been numerous studies atrogehil, macrophage, dendritic cell and T cell
function in Stk4knock-out mice (7-11), the nature and basis ofuth@erlying B cell dysregulation

in STK4-deficient patients remains poorly charastat. To address this, we investigated the B cell
phenotype and function in 9 patients from 5 uneslatamilies withSTK4 deficiency due to 5
different mutations, 2 of which are novel (Table &id Fig E1, A), and in CRISPR/Cas9 gene-
edited mice carrying either the novel p.Y88del 3ébpair in-frame deletiorY¥88de) in the kinase
domain of STK4 present in 2 of these patients, preamature stop codon (Fig E1, B-C). Notably,
we did not observe elevated immunoglobulins, whth éxception of IgE in our patients (Figure E1,
D). Indeed, the dysglobulinemia in our STK4-defitigpatients more closely resembles that
observed in patients with DOCKS8 deficiency.

STK4 protein expression was decreasetid 28988 anq Stka”™ mice (Fig E1, E), confirming
the p.Y88del mutation affects protein stabilitysukting in STK4 deficiencyStk4889e/Y88delgng
Stk4” mice phenocopy the two patients with the mutatwith elevated IgE and decreased
peripheral blood naive T cells (Table E1, Fig 1aAd E1, F-G). Immunization with sheep red
blood cells (SRBCs) demonstrated that, similar TtK&deficient patients, mice had specific
antibody defects (Fig 1, B). STK4-deficient patgeritave decreased proportions of circulating
memory B cells (Bem9 and increased transitional B cells compared te-ragtched healthy
controls (Fig 1, C and refs. 1-3, 5-6). Therefave,examined B cell development $itk488de!v88del
mice. While early B cell development in the bonenma was relatively normal (Fig E2, A), there
was a decrease in the number of splenic maturedtdr B cells, an absence of splenic marginal

4YSSdeI/Y88de|and

zone B cells, and a decrease in the proportioneatgneal cavity Bla cells iBtk
Stk4”™ mice compared to WT mice (Fig 1, D-F), similardioservations made previously in other
strains ofStk4deficient mice (9, 12-14). Mixed bone marrow rdidia chimeras demonstrated that
these defects in peripheral B-cell differentiatiware cell-intrinsic, and not secondary to T cell or

myeloid cell defects (Fig E2, B-E).

Naive B cells from STK4-deficient patients weretorgd in vitro to determine their capacity to

proliferate and differentiate into antibody-seargtcells (ASCs). This revealed a mild proliferative
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defect in response to mimics of BCR engagementnouT-cell help induced by CD40L and 1L-21
(Fig 2, A). Interestingly, while naive B cells fropatients and healthy controls generated similar
numbers of ASCs (Fig 2, B), STK4-deficient ASCsreted less antibodies in response to CD40L
and IL-21 stimulation (Fig 2, C). Notably, whileD@9 expression has been reported to be reduced
on B cells fromStk4 knock-out mice (12), the level of CD19 was notrfduo be significantly
decreased in both STK4-deficient patients and dargeted mice (Fig E3, A-B). Accordingly,
there were no differences in BCR-mediated upregulavf CD69 and CD86 following in vitro
stimulation with cognate antigen of STK4-deficiembuse B cells (Fig 2, D).

Stk4889e88%njce were immunized with SRBCs and this showed@eahsed number of germinal
centre (GC) B cells, Rmsand plasma cells compared $tk4™* mice (Fig 2, E). STK4-deficient
patients have decreased circulating memory Tfhso@ig E4, A), and immunized mice have
decreased Tfh cells in the spleen (Fig E4, B). Mikene marrow chimeras suggested that, despite
the Tfh cell defect in intact mice, the defectiwertoral immune response was B cell-intrinsic (Fig
E4, C-E). This was confirmed by adoptive transfggeziments in which SWg B cells (15) were
used to track affinity maturation to cognate ami@#6). This showed that, in a system where the
immune system was otherwise completely intact, evtiie response of STK4-gene-targeted.gW

B cells on day 5 was comparable to wild-type $WB cells, STK4 mutant SW¢, B cells failed to
expand and sustain the GC response, which rapadiyracted by day 9. Notably, there was also a
relative reduction in the proportion of dark zon€ ® cells (Fig 2, F and E5, A). Short-term
labeling with BrdU showed that this failure to sistthe GC reaction was due to defective
proliferation rather than increased cell deathhaset was no difference in caspase-3 staining (Fig 2
G and E5, B). Nevertheless, somatic hypermutatiaffinity maturation, and class switch

recombination were unaffected (Fig E5, C-D).

We next examined the capacity of §4V B cells with STK4 mutations to differentiate inBems
and plasma cells in vivo. Similar to immunizatioithwWSRBCs, there was defective generation of
Stk4sedelvesdelg  (Fig 2, H). However, the residuditk48dev8sdelg were functional, as
shown by their ability to generate recall responsesnmune mice, albeit to a greatly reduced
extent compared to wild-typeBns (Fig E6, A-C). Consistent with this, the few,&.spresent in
STK4-deficient patients were capable of differettigninto ASCs in vitro, albeit at reduced levels
(Fig E6, D). Interestingly, despite the impairededfic antibody secretion in mice with
Stk488del88delg ce|ls, STK4 deficiency did not quantitativelypact the ability of these S\ B

cells to generate plasma cells in vivo (Fig 2, I-Khus, similar to B cells from STK4-deficient
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patients Stk4'884€Y88¢eR calis are able to differentiate into plasmasdiiut these plasma cells fail

to secrete adequate amounts of specific antibody.

STK4 is a multifunctional kinase that phosphorydateultiple cellular proteins, including those in
the Hippo signaling pathway (17, 18). Many of thesdstrates are also phosphorylated by its
paralog STK3, suggesting STK3 may functionally cemgate for STK4 deficiency. Indeed, B cell
defects are more readily observeditk3/Stk4double knockout mice (14). Interestingly, STK4 has
been shown to phosphorylate FOXO1 and promoteutsear localization (19), and FOXO1 was
recently shown to be is required for dark zone fatrom and GC maintenance (20-22). However,
while FOXO1 levels were decreasedStk4'28%/"83%qndStk4” GC B cells, we could not rescue
the GC defect by retroviral overexpression dxol (Fig E7, A-B), suggesting that other
mechanisms might also be involved. Another limiatof our study is the small number of patients
involved which prevents any firm conclusion, esphgiregarding differences in the serum
immunoglobulin levels in our cohort of 9 patientadathe previously reported 14 patients.
Nevertheless, our data establishes a B cell-intriresjuirement for STK4 in humoral immunity in

mice and humans.

We thank David Langley for help with the STK4 calsstructure. We gratefully acknowledge the

patients and families involved in the study.
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Figure Legends

Figure 1. STK4-deficient mice and patients have B cell-intrinsic defects in peripheral B cell
development. (A) Serum immunoglobulins in unimmunized Stk4Y88de’/Y88de', Stk4”" and Stk4** mice.
Data are representative of >2 independent experiments with 7 mice per group. (B) Serum kappa
light chain (LC), IgG1 and IgM antibodies against SRBCs 7 days after immunization. Data are
representative of 2 independent experiments with 3-4 mice per group. (C) Proportion of
circulating transitional, naive and memory B cells in the peripheral blood of STK4-deficient
patients and healthy donors. (D) Number of immature, transitional (T1-T3), mature, follicular (FoB)
and marginal zone B cells (MZ B) in the spleen of Stk4Y88de’/Y88de', Stk4”" and Stk4™* mice. Combined
data from 2 independent experiments with 4-5 mice per group. (E) Immunohistochemistry
showing MAdCAM (blue), B220 (red) and CD3 (green) in splenic sections from Stk4Y58del/v88del 5 g
Stk4™* mice. Data are representative of 3 independent experiments with 2 mice per group. (F)
Proportion of B-2, B-1, B-1a and B-1b cells in the peritoneum of Stk4Y88de’/Y88de', Stk4”" and Stk4"*
mice. Data are combined from 2 independent experiments with 4-5 mice per group. ** p < 0.01,
****p < 0.0001.

Figure 2. STK4-deficient mice and patients have B cell-intrinsic defects in humoral immunity.
Naive B cells from STK4-deficient patients and healthy controls were sorted and cultured in vitro
to assess (A) CFSE dilution, (B) plasma cell differentiation, and (C) immunoglobulin secretion after
4-5 days. (D) B cells from from Stk4 Yggdel/yggde’, Stk4”" and Stk4™* SWyeL mice were stimulated
overnight to assess BCR signaling. (E) Humoral immune response in Stk Y88del/Y88del on g Stka™*
immunized 7 days earlier with SRBC. (F) Kinetics of the GC B cell response of adoptively
transferred Stk4 "354€/Y88d¢l 5 Stkd™* SWye, B cells. (G) Decreased proliferation of Stk4 Y68de/v8sdel
compared to Stk4™* SWheL GC B cells. Data combined from 2 independent experiments with 4-5
mice per group on day 5. Kinetics of (H) Bmems and (1) plasma cell response of adoptively
transferred Stk4™* or Stk4"58del/Ys8del SWe B cells. (J) Serum anti-HEL (total) antibodies on 7 day
and (K) anti-HEL® (high affinity) antibodies on 14 day. Unless otherwise stated, mouse data is
representative of at least 2 independent experiments with >4 mice per group per time point. * p <
0.5, *** p <0.001, ****p < 0.0001.

mice



P1 (Family P2 (Family P3 (Family P4 (Family P5 (Family P6 (Family P8 (Family P9 (Family
Patient 1) 1) 2) 2) 3) 3) P7 (Family 4) 5) 5)
Country Australia Australia England England Turkey Turkey Turkey Argentian Argentina

homozygo homozygo homozygo homozygo homozygo homozygo homozygo homozygou
Genetics us us us us us us homozygous us s

€.1103delT;
Mutation p.Y88del €.349C>T; p.R117X c.1245delA; p.P416Lfs*4 p.M368fsX369 €.343C>T; p.R115*
Consanguinity yes yes yes yes yes yes yes no no
Demographic 15M 10F 15F 21M 12M 14F 8F 4F 16M
Clinical features
Eczema and skin infections yes yes yes yes yes yes yes no no
Recurrent sinopulmonary
infection no yes yes yes yes yes yes no no
Oral candidiasis no no no yes no yes no no no
Staphylococcal pneumonia yes no no no no no no no no
Cryptoporidiosis no no no no no no no no no
Allergic disease no yes no yes yes yes no no no
Viral infections
EBV yes no yes yes no no no yes no
CMV yes no no no no no no no no
Molluscum contagiosum yes yes yes yes no no no no no
yes -
Varicella zoster virus (VZV) yes yes no yes no no no no encephalitis
Influenza no yes no no no no no no no
Herpes simplex virus (HSV) no yes no no yes yes yes no no
Human papillomavirus
(HPV) no yes no no no no no no yes
Autoimmunity
ITP yes no no no no no no no no
AIHA yes no no no no no no yes yes
Other no no no no no no no no no
Immunophenotyping
(cells/mL)
Total lymphocyte count 0.1 0.5 1.84 0.87 0.7 0.8 1.003 13 1.33
Total T cells 0.05 0.22 1.23 0.53 0.415 0.512 0.403 0.351 1.004
CDA4 T cells 0.03 0.16 0.2 0.17 0.147 0.158 0.13 0.156 0.401
Naive CD4 T cells ND ND 0.01 0.04 0.0966 0.0688 0.081 0.032 0.12
CD8 T cells 0.02 0.1 0.79 0.33 0.203 0.296 0.247 0.169 0.575
Naive CD8 T cells ND ND 0.06 0.09 0.558 0.408 0.47 0.063 ND
B cells 0.1 0.2 0.39 0.18 0.14 0.144 0.388 0.806 0.228
Transitional B cells (% B
cells) ND ND 17 13 25 36.5 8.5 ND ND
Memory B cells (% B cells) ND ND 0.8 7 8.8 3 13 ND 0.147
Neutrophils 0.1 3 4.27 24 14 41 3.2 ND 1276
NK cells 0.04 0.06 0.18 0.06 0.077 0.144 0.265 0.074 0.08
Serum Ig levels
19G (g/L) 15 10 14.6 13.6 1.29 1.32 2.39 1.32 2,77
IgA (g/L) 35 7 0.151 0.112 0.272 0.215 0.34 0.039 0.738
IgM (g/L) 1.2 0.5 0.159 0.1 0.111 0.081 0.177 0.277 0.064
IgE (IU/L) 283 480 ND ND 1280 569 1600 ND 1700
Specific antibody
responses
no
Pneumococcus poor intact intact response low intact intact poor absent
no

Tetanus toxoid intact intact intact response intact poor intact poor absent
Hemophilus intact intact ND ND ND ND ND ND ND
Diphtheria toxin intact intact ND ND ND ND ND ND ND
Isohemagglutinin ND ND ND ND present present present absent absent
Hepatitis B surface antigen intact intact ND ND absent absent absent absent absent
Treatment HSCT HSCT IVIG IVIG SCIG SCIG SCIG IVIG IVIG
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