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Abstract

Receptor Interacting Serine/Threonine Kinase 1 (RIPK1) is a master regulator of signaling
pathways leading to inflammation and cell death and is of medical interest as a drug target. Here,
we report four patients from three unrelated families with complete RIPK1 deficiency caused by
rare homozygous mutations. The patients suffered from recurrent infections, early-onset
inflammatory bowel disease and progressive polyarthritis. They had immunodeficiency with
lymphopenia and altered production of various cytokines revealed by whole-blood assays. /n vitro,
RIPK1-deficient cells showed impaired MAPK activation and cytokine secretion and were prone
to necroptosis. Hematopoietic stem cell transplantation reversed cytokine production defects and
resolved clinical symptoms in one patient. Thus, RIPK1 plays a critical role in the human immune
system.

Primary immunodeficiencies (PIDs) are a heterogeneous group of disorders characterized by
increased susceptibility to infections. In many cases PIDs are monogenic disorders that
follow Mendelian inheritance and mutations in more than 300 genes have been shown to
cause PIDs (1). However, in many PID patients causative mutations remain unknown.
Identification of such mutations not only facilitates diagnosis of PIDs, but also can provide
the fundamental knowledge about the roles of the affected proteins in the human immune
system.

Here, we used exome sequencing to identify causative mutations in a heterogeneous cohort
of PID patients with unknown genetic etiology (2). We excluded known polymorphisms (2)
and studied rare variants. We noticed that four patients (P1 — P4) from three unrelated
consanguineous families (Fig. 1A) had homozygous loss-of-function mutations in the same
gene, R/PK1 (ENST00000380409). In patients P1 and P2 from family A, the mutation was a
4-nucleotide frameshift deletion in R/PK1 exon 6 that led to a premature stop codon (Fig.
1B). In patient P3 from family B, we found a 21-nucleotide deletion that removed one
nucleotide in R/PK1 exon 4 and 20 nucleotides in the following intron (Fig. 1B). This
deletion activated an alternative splice site in intron 4, so that the R/PK transcript lacked
the last nucleotide of exon 4 and had an insertion of 48 nucleotides from the following intron
(fig. S1). Patient P4 from family C had a homozygous 2,064-nucleotide deletion that
completely removed R/PK1 exon 4 (Fig. 1B and fig. S2). Parents of all patients were
heterozygous carriers of these //PKIZ mutations (Fig. 1A and fig. S3). Given that
homozygous loss-of-function mutations in the R/PKZ gene had never been reported in
humans (e.g., absent from more than 120,000 subjects in the gnomAD database (3)), such
mutations in our patients are likely to be pathogenic. The R/PK1 gene encodes a 671 amino-
acid serine/threonine kinase (Fig. 1C). All three mutations mapped to the N-terminal kinase
domain and produced premature stop codons. The RIPK1 protein was absent in cells of
patients P2, P3 and P4 (Fig. 1D). Therefore, all three homozygous mutations led to complete
RIPK1 deficiency. The four patients had lymphopenia, suffered from recurrent viral,
bacterial and fungal infections, early-onset inflammatory bowel disease (IBD) involving
upper and lower gastrointestinal tract and developed arthritis (Tables S1 and S2, fig. S4 and
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Supplementary Text (2)). Therefore, these clinical features characterize RIPK1 deficiency in
humans.

RIPK1 is a widely expressed cytosolic protein kinase controlling multiple signaling
pathways leading to inflammation and apoptotic or necroptotic cell death (4, 5). RIPK1 is
present in protein complexes that mediate signal transduction from cell surface receptors,
including TNFR1, TLR3 and TLR4 (4, 5). Stimulation of these receptors activates the
canonical NF-xB pathway and the mitogen-activated protein kinases (MAPKS). This leads
to phosphorylation of NF-xB and AP-1 transcription factors, which induces expression of
proinflammatory and pro-survival genes (4, 6). To assess the functioning of these signaling
pathways, we stimulated patients’ skin fibroblasts with TNFa and poly(1:C) /n vitro. We
found that phosphorylation of MAPK p38 and the AP-1 subunit cJun was markedly reduced
(Fig. 2A and fig. S5), while phosphorylation of MAPK p42/44 (ERK2/1) and NF-xB p65
was partially reduced (fig. S6). TNFa -induced secretion of cytokines IL-6 and RANTES by
patients’ fibroblasts was also diminished (fig. S7). Thus, similar to studies in RIPK1-
deficient mice (7-11), pro-inflammatory signaling downstream of TNFR1 and TLR3 is
impaired in the patients. We next investigated whether RIPK1 deficiency affected cell
viability. After stimulation with TNFa or poly(l:C), we found significantly fewer viable
fibroblasts of patients than those of healthy controls (P < 0.001; Fig. 2B). When we
transduced patient’s fibroblasts and expressed wild-type RIPKZ1, this viability defect was
reversed (fig. S8) and activation of the MAPK and NF-xB pathways was also rescued (fig.
S9). To investigate the mechanism of cell death, we studied patient’s fibroblasts 24 hours
after poly(1:C) stimulation and found increased phosphorylation of RIPK3 and Mixed
Lineage Kinase Domain Like Pseudokinase (MLKL), proteins that mediate necroptosis (12,
13) (Fig. 2C). No cleavage of caspase-8 and minimal cleavage of caspase-3 were found,
indicating that apoptosis was not a major death mechanism of these cells (fig. S10).
Consistent with these results, MLKL inhibitor Necrosulfonamide and, to a lesser extent,
RIPK3 inhibitor GSK’872 rescued patient’s cells from poly(l:C)-induced death, while pan-
caspase inhibitor zZVAD-fmk had no effect (Fig. 2D). As expected, RIPK1 inhibitors Nec-1s
and GSK?2982772 had no effect on these RIPK1-deficient cells (Fig. 2D).

To investigate the molecular basis of the immune dysfunction responsible for the disease, we
studied cytokine release in whole blood assays. After stimulation with phytohemagglutinin
(PHA), patients’ blood cells produced markedly increased amounts of IL-18 (Fig. 3A). This
enhanced IL-1p response to PHA normalized in patient P2 after hematopoietic stem cell
transplantation (HSCT) (Fig. 3A). Also, after PHA stimulation patients’ blood produced
reduced amounts of IL-17 and IFN-y, while the production of TNFa IL-6 and I1L-10 was
similar to controls (fig. S11), which shows dysregulated but not generally suppressed
responses of stimulated T cells. After stimulation with lipopolysaccharide (LPS), whole
blood of healthy controls produced large amounts of 1L-6 and IL-10 and showed strongly
up-regulated production of TNFa and IL-12 upon co-stimulation with LPS and IFN-y (Fig.
3B). These responses were dramatically reduced in the RIPK1-deficient patients, but
normalized in patient P2 after HSCT (Fig. 3B). At the same time, we found normal
production of IL-10, IL-6 and TNFa in patients’ whole blood assays after stimulation with
TLR1/2 and TLR2/6 ligands Pam3CSK4 and Pam2CSK4 (fig. S12), consistent with the
RIPK1-independent signaling downstream of these receptors (4). The production of IL-1p in
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whole blood of the patients was within normal range after LPS stimulation and was slightly
reduced after LPS and IFN-yco-stimulation (fig. S13). Similar to whole blood assays,
primary monocytes isolated from blood of patient P4 and stimulated with LPS showed
reduced production of IL-6, TNFa and IL-12 (Fig. 3C). However, the production of IL-1p
was increased (Fig. 3C).

We next analyzed in more detail the response of RIPK1-deficient human immune cells to
LPS stimulation. We were unable to conduct further studies of primary blood cells from the
patients because P1 and P3 had died, P2 had undergone HSCT and P4 was not available. We
therefore used CRISPR-Cas9 technology to knock out RIPK1 in the human monocyte-like
THP-1 cell line (2). After LPS stimulation, THP-1RIPK1-/- ce|ls secreted reduced amounts of
IL-6 and IL-10 and released increased amounts of IL-1p (Fig. 3D), resembling the cytokine
response of patients’ cells (Fig. 3C). The impaired cytokine production was preceded by the
reduced phosphorylation of MAPK p38 (Fig. 3E), mirroring the defective MAPK p38
phosphorylation in the patients’ primary fibroblasts (Fig. 2A). Activation of NF-xB p65 and
other branches of the MAPK pathway was not affected in the THP-1RIPK1/-ce||s (fig. S14).
Differential activation of the MAPK and NF-xB pathways after LPS stimulation was
reported previously (14), and our results indicate that RIPK1 deficiency in THP-1 cells
preferentially alters LPS-induced MAPK p38 activation.

After LPS stimulation, THP-1RIPK1-/- ce|ls showed increased phosphorylation of RIPK3 and
MLKL and enhanced cell death (Figs. 3F and 3G). No cleavage of caspase-8 or caspase-3
was found (fig. S15). Necrosulfonamide and GSK'872, but not zZVAD-fmk, reduced death of
THP-1RIPKI-/- cells (Fig. 3G), again pointing at necroptosis as the main death mechanism of
these cells. Necroptosis of THP-1RIPK1/- ce|ls was accompanied by the release of cleaved
caspase-1 that we found in the supernatant together with I1L-1B(Fig. 3H), suggesting
concurrent activation of inflammasome. Next, we compared mechanisms that mediate IL-18
release from LPS-stimulated THP-1RIPK1-/- cells with those that mediate I1L-1 release
during pyroptosis of wild-type THP-1 cells stimulated by LPS and Nigericin. We found that
different mechanisms are at play. After treatment with Necrosulfonamide, IL-1f release
during pyroptosis was only slightly reduced, while it was completely prevented in
THP-1RIPK1- cells, suggesting that in these cells IL-1prelease is secondary to necroptosis
(fig. S16). Of note, treatment of THP-1RIPK1-/- cells with Necrosulfonamide did not restore
reduced IL-6 secretion (fig. S17), indicating that it is reduced not because of enhanced
necroptosis, but is an earlier phenomenon. Taken together, these data show that human
RIPK1-deficient cells have impaired pro-inflammatory signaling leading to dysregulated
cytokine secretion and are prone to necroptosis, which, in myeloid cells, is accompanied by
IL-1p release.

RIPK1 has been extensively studied in mouse models (7-9, 15-18) and its inhibitors are
considered for the treatment of acute and chronic organ injury, including stroke, myocardial
infarction and renal ischemia—reperfusion injury (19, 20), but the phenotype associated with
RIPK1 deficiency in humans was unknown. While the RjpkZ-knockout mice displayed
systemic inflammation and cell death in multiple tissues and died during the postnatal period
(7-9), the clinical presentation of our RIPK1-deficient patients was less severe.
Nevertheless, they suffered from immunodeficiency, gut inflammation and progressive
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polyarthritis. During infection, activation of the pattern-recognition receptors TLR3 and
TLR4 and stimulation of TNFR1 by secreted TNFa induces pro-inflammatory effects.
Consistent with the established role of RIPK1 in the signal-transducing protein complexes
assembled downstream of these receptors (4-7, 10, 11), we found impaired pro-
inflammatory signaling in RIPK1-deficient cells and reduced production of multiple
cytokines. These defects, as well as lymphopenia, likely explain susceptibility to infections
in the patients.

Our data show that LPS stimulation of RIPK1-deficient monocytes resulted in the increased
necroptosis and IL-1p release, similar to the previous observation in the RIPK1-deficient
monocytes transdifferentiated from immortalized human B cells (21). Furthermore, we
found high IL-1p levels after PHA stimulation of the patients’ whole blood. This may
suggest that IL-1p production by T cells, which was reported recently (22, 23), is also
increased in the context of RIPK1 deficiency. Alternatively, dysregulated secretion of T cell
factors after PHA stimulation may have augmented the IL-1p production by patients’
monocytes in whole blood. IL-1p is a pro-inflammatory cytokine involved in the
pathogenesis of arthritis and IBD (24, 25). Another cytokine dysregulated in our patients,
IL-10, is essential for balancing immune response in the gut and impaired signaling in the
IL-10 pathway has been associated with IBD (26, 27). Therefore, it is likely that low
secretion of 1L-10 and increased IL-1Bproduction contributed to the pathogenesis of arthritis
and IBD in our RIPK1-deficient patients. Accordingly, treatment with IL-1 inhibitors may
be considered in RIPK1 deficiency, although none of our patients received such therapy.
Interestingly, while patients P1, P2 and P3 developed severe IBD in the first months of life,
P4 had no IBD signs up until the age of 4 years. Therefore, genetically determined RIPK1
deficiency was not the sole cause of IBD in these patients. Rather, it led to the dysregulated
cytokine production, which set the immune system in a predisposition mode, while
additional factors, e.g. distinct microbiomes, likely affected progression to IBD in these
patients. This scenario resembles the adult-onset IBD, where immune predisposition is
determined by multiple common genetic polymorphisms, while progression to clinical
disease is driven by environmental factors (28).

The intestinal epithelium provides a physical barrier and participates in maintaining immune
homeostasis in the gut. Mice genetically deficient in RijpkZ in the intestinal epithelial cells
(IEC) developed severe lethal intestinal pathology due to FADD—caspase-8-mediated
apoptosis of IEC (9, 29). Histological examination of gastrointestinal biopsies from P1 and
P2 showed only occasional cells with apoptotic morphology and cells positive for cleaved
caspase-3 (fig. S18). Such cells were also present in biopsies from children with idiopathic
IBD and histologically normal biopsies (fig. S18). Thus, in contrast to the mouse model, no
extensive IEC apoptosis was found, suggesting that it is not a characteristic feature of RIPK1
deficiency in humans. Likewise, skin disorders were not typical in our patients, indicating no
special protective role of human RIPKL1 in keratinocytes, in contrast to mice with epidermis-
specific RIPK1 knockout that developed severe skin inflammation (9, 30). Given that HSCT
in patient P2 resolved IBD and arthritis and reduced the frequency of infections (2), it is
likely that dysfunction of the immune system rather than dysfunction of other cell types was
critical for disease development.
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summary, our findings indicate that RIPK1 has a more narrow function in humans than in
ice, with the effects of RIPK1 deficiency being largely confined to the immune system.

Accordingly, HSCT performed at young age can be an effective treatment in RIPK1-
deficient patients.

Supplementary Materials

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Mutations of the RIPK1 gene cause complete RIPK 1 deficiency
(A) Three families with the R/PK1 gene mutations: wt, wild-type allele; mut, mutant

allele.O and O - unaffected; @ and B - affected. (B) Patients’ mutations. Locations of
deletions are shown by red arrows; deleted nucleotides are shown by red frames. Deletion of
exon 4 in P4 (right panel). (C) Domains of the RIPK1 protein. RHIM - Receptor-interacting
protein (RIP) Homotypic Interaction Motif. Codons affected by mutations are shown by red
lines; codon numbers and corresponding patients are indicated above. (D) Western blot
assays for detection of RIPK1 protein in fibroblasts (left panel) and T cell blasts (right
panel).
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Fig.2. RIPK 1-deficient fibroblasts show impaired MAPK signaling and necroptosis
(A) Primary fibroblasts were stimulated with 50 ng/mL TNFa or 100 pg/mL poly(1:C) and

protein extracts were subjected to immunoblotting (N = 2). (B) Viability of primary
fibroblasts after stimulation with 100 ng/mL TNFa or 20 ug/mL poly(l:C). Experiments
were repeated at least three times. Differences between stimulated and unstimulated cells are
shown at each time point relative to the 0 time point. ~values were calculated using two-
tailed unpaired T-test, comparing combined data from healthy subjects (parent and control)
vs patients (P2 and P3); graphs show mean values + SEM. (C) Fibroblasts were stimulated

Science. Author manuscript; available in PMC 2019 May 22.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Cuchet-Lourenco et al. Page 10

with 20 pg/mL poly(l:C) for 24 hours and protein extracts were subjected to immunoblotting
(N =1). (D) Fibroblasts of P2 and controls (unrelated and parent A.1) were stimulated with
20 pg/mL poly(I:C) for 24 hours in the presence of indicated compounds and cell viability
was measured (N = 6); graphs show mean values = SEM. P-values were calculated using
two-tailed unpaired T-tests. *** £< 0.001.
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Fig. 3. RIPK 1-deficient immune cells show dysregulated cytokine production, impaired MAPK
signaling and necroptosis

(A-B) Cytokines were measured in whole blood after 24 hours stimulation using 10 pg/mL
PHA (A) or 1 pg/mL LPS or 1 pg/mL LPS plus 20,000 IU/mL IFN-y (B). To account for
lymphopenia data were corrected for lymphocyte counts. Controls are shown as grey circles,
patients as colored circles (P1 — magenta, P3 — blue, P4 — green, P2 before HSCT - red); P2
after HSCT - red star. ~-values were calculated using two-tailed Mann-Whitney test,
excluding the data of P2 after HSCT. (C) CD14+ monocytes were purified from PBMC of
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patient P4 (age 3 y) and a healthy adult (travel control), stimulated overnight with 5 ug/mL
LPS and then cytokines were measured in supernatants. N = 1, two technical replicates,
graphs show mean values. (D) THP-1 cells (2 wild-type and 7 THP-1RIPK1-/- ¢lones) were
treated with 50 ng/mL phorbol 12-myristate 13-acetate (PMA) for 3 days, rested for 1 day
and stimulated overnight with 5 ug/mL LPS. Cytokines were measured in supernatants. The
data were corrected for the estimated number of live cells and show means combining data
for different clones = SEM. P-values were calculated using two-tailed unpaired T-test. (E)
THP-1 cells were treated with PMA as in (D), stimulated with 1 pg/mL LPS and the
extracted proteins were analyzed by immunoblotting (N = 2). (F) THP-1 cells were
stimulated with 5 pg/mL LPS for 48 hours and the extracted proteins were analyzed by
immunoblotting (N = 2). (G) THP-1 cells were stimulated with 5 pg/mL LPS for 48 hours in
the presence of indicated compounds and cell death was measured using lactate
dehydrogenase (LDH) release assay (N = 4). The data show means + SEM. P-values were
calculated using two-tailed unpaired T-test. (H) Supernatants of THP-1 cells studied in (F)
were analyzed by immunoblotting (N = 1). * £<0.05, ** < 0.01, *** £<0.001.
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