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Editorial on the Research Topic 


Autoimmunity and Chronic Inflammation in Early Life



Introduction

Non-communicable diseases such as cardiovascular diseases, metabolic disease and chronic inflammatory diseases are often attributed to an interplay between genetic predispositions and imprinting mechanisms early in life. In a simplified concept, the fetal development is characterized by the acquisition of immuno-tolerance towards maternal and self-antigens, whereas the neonatal period reflects the acquisition of immune-defense against potentially harmful environmental antigen. Immune development involves a complex cross talk of immune cells in various organs that is influenced by environmental antigen (1–3). During infancy and childhood, autoimmune diseases and chronic inflammation coincide with an exponential diversification of the adaptive immune system, causing potentially life-long consequences. Interestingly, the earlier hypothesis of an “immunodeficiency of immaturity” had to be partially revised since it has become clear that inflammatory states in the neonate, e.g. in the context of sepsis, represent a lack of controlling inflammation rather than a failure to mount inflammation. Thus, hyperinflammatory states can occur even in the very immature organism and can lay the ground for autoimmunity or various conditions of chronic inflammation. This knowledge may affect therapeutic approaches.

In this Research Topic, we have called for publications that relate to clinical or molecular aspects of aberrant immune responses in pediatric patients. Here we briefly present the 12 contributions that comprise six Original Research articles, three (mini) reviews and three case reports. The contributions can be grouped into three sections:

	Clinical manifestations of early autoimmune and chronic inflammatory diseases

	From molecular mechanisms to autoimmune phenotypes

	The role of B- and T cells for autoimmune diseases and chronic inflammation in early life





Clinical Manifestations of Early Autoimmune and Chronic Inflammatory Diseases

In a single center overview, Wang et al. present the genetic and clinical characteristics of 79 pediatric patients with monogenetic autoimmune diseases. The patients were affected with 18 different diagnoses that can be grouped into inflammasomopathies (42%), non-inflammasome related conditions (48%) and type 1 interferonopathies (10%). 76% of the patients presented with skin disorders, making this the most common clinical clue to autoimmune diseases. In contrast, Chinello et al. address a new complication in a rare autoimmune disease by presenting a pediatric patient with lipopolysaccharide-responsive-beige-linked-anchor-protein (LRBA) deficiency that developed acute cervical longitudinally transverse myelitis. Chen et al. report a patient with symptoms of intestinal Behcet’s disease that was associated with novel heterozygous mutation in the TNFAIP gene, potentially linking intestinal Behcet’s disease with Haploinsufficiency A20.



From Molecular Mechanisms to Autoimmune Phenotypes

Haploinsufficiency A20 (HA20) has recently been identified as one potential molecular mechanism of autoimmunity. In an analysis of 89 patients with this rare condition, Chen et al. present the typical clinical manifestations associated with HA20: Recurrent oral ulcers and fever episodes, gastrointestinal and genital ulcers as well as skin lesions are the hallmarks that can help clinicians to initiate targeted diagnostics in patients that often suffer a long odyssey prior to a correct diagnosis and therapy. Another diagnostic “chameleon”, systemic lupus erythematosus has been addressed by Motwani et al.: In an elegant series of experiments, the authors could rule out a contribution of the cGAS-STING pathway to the clinical symptoms in a murine model of chronic SLE, thus questioning the potential of novel cGAS-STING directed therapeutic approaches. As shown by Wang et al. in this Research Topic, inflammasomopathies represent a major percentage of autoimmune diseases, including type 1 diabetes. In extension of these observations, Sun et al. review the literature on the assembly and function of the NLRP3 inflammasome and its role in type 1 diabetes.



The Role of B- and T Cells for Autoimmune Diseases and Chronic Inflammation in Early Life

While Sun et al. address the role of the NLRP3 inflammasome in diabetes, Shapiro et al. address T cell mediated mechanisms in the same disease: The severity of type 1 diabetes was reduced in CD226 deficient non-obese diabetic (NOD) mice. Using adoptive transfer experiments and other techniques, the authors could attribute this phenomenon to the impaired activation of peripheral T cells, which is mediated by CD226. Foth et al. contribute a review on the T cell repertoire during ontogeny and characteristic aberrations in inflammatory disorders. Ultimately, this relates to the unanswered question of whether the T cell is rather a bystander or a culprit during the development of autoimmunity and chronic inflammatory diseases. The small but still enigmatic subset of IL-17 expressing TH cells plays a key role in the pathogenesis of chronic mucocutaneous candidiasis in children and are diminished in other autoimmune diseases such as hyper IgE syndrome. Shamriz et al. give an overview on the immune mechanisms, current management and novel targeted therapies for monogenic mucocutaneous candidiasis with a focus on TH 17 cells. Two articles of this Research Topic focus on the immunologic and inflammatory aspects of lung disease: Bhattacharya et al. present transcriptomic profiles of purified CD8+ T cells from preterm neonates at the time of discharge. By identifying signaling pathways that differ between infants with and without bronchopulmonary dysplasia this study sheds new light into the patho-mechanisms of this condition, which remains a major cause of long-term morbidity in preterm neonates. Hwang et al. report that inducible Bronchus-Associated Lymphoid Tissue (iBALT) attenuates the allergic airway inflammation in a mouse model by sequestration of effector T cells. On the other hand, Breville et al. present a case report suggesting a role of IgG4 in severe complement-mediated thrombotic microangiopathy in a patient with IgG4 related disease. Interestingly, a genetic predisposition might enhance the susceptibility to form inhibitory anti-Factor H IgG4 antibodies.



Concluding Remarks

The article collection of the Research Topic gives an up-to-date overview on the clinical manifestations and molecular mechanisms of autoimmunity and chronic inflammation in early life. Thus, in the jungle of “diagnostic chameleons”, clinicians may find important hints for linking characteristic symptoms with autoimmune diseases. On the other hand, basic researchers find a thorough overview of the current knowledge on disease mechanism that should inspire research projects in the field of diagnostics and novel therapeutic concepts.
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Objective: Intestinal Behcet's disease (iBD) is an autoimmune disorder diagnosed by typical intestinal ulcers and systemic Behcet's disease (BD) manifestations. Haploinsufficiency of A20 (HA20) is a recently described autoinflammatory disease with a phenotype resembling BD, caused by heterozygous loss-of-function mutations in TNFAIP3 gene (encoding A20).

Methods: We described a 29-year-old female with iBD-like symptoms including relapsing ulceration of intestinal anastomosis, recurrent oral ulcers and vasculitis in extremities. Due to the atypical intestinal ulcers with long segmental involvement and intestinal obstruction, whole exome sequencing (WES) was performed to screen for the underlying genetic defect and the identified gene was confirmed by Sanger sequencing. The expression levels of A20 was evaluated by Western blot. Sanger sequencing and Western blot were also performed in the patient's family members.

Results: A heterozygous mutation of TNFAIP3 (c.305A>G, p. Asn 102 Ser) was identified in the patient. The identical TNFAIP3 mutation was also found in her father and brother who had suffered from recurrent oral ulcers since childhood. Functional experiments revealed that the expression of A20 was decreased in the peripheral blood mononuclear cells of the patient and her family members who carried the TNFAIP3 mutation.

Conclusion: We described a Chinese patient with a novel heterozygous mutation in TNFAIP3 who developed iBD-like symptoms. We proposed that the TNFAIP3 heterozygous mutation (c.305A>G, p. Asn 102 Ser) with an insufficient expression of A20 may be associated with the iBD phenotype in patients.

Keywords: haploinsufficiency of A20, intestinal Behçet's disease, autoimmune disorder, TNFAIP3, gene mutation, whole exome sequencing, autosomal-dominant-inherited disease, expressivity


INTRODUCTION

Behcet's disease (BD) is an autoimmune disease with a polygenic background and is mainly identified by recurrent oral aphthous ulcers, genital ulcers, and ocular, vascular, and gastrointestinal lesions (1). BD patients with predominantly gastrointestinal symptoms and intestinal ulceration may be diagnosed with intestinal Behcet's disease (iBD) (2). The diagnosis of iBD is dependent on the presence of typical intestinal ulcers and clinical manifestations (2). The typical intestinal ulcer of iBD is defined as less than five ulcers that are oval in shape, deep with discrete borders, and located in the ileocecal area (2). Haploinsufficiency of A20 (HA20) is a newly described autoimmune disorder with one of the various phenotypes resembling BD (3). HA20 is caused by heterozygous loss-of-function mutations of the TNF Alpha Induced Protein 3 (TNFAIP3) gene encoding A20 and the diagnosis of HA20 mainly depends on genetic analysis (4). Here, we reported a HA20 patient with intestinal Behcet's disease-like symptoms, including relapsing ulceration of intestinal anastomosis, recurrent oral ulcers and vasculitis in extremities.



CASE REPORT

The patient was a 29-year-old female who had suffered from recurrent oral ulcers, abdominal pain and diarrhea since the age of 15 years. Recurrent ascending colonic ulcers and anastomotic ulcers along with intestinal obstruction were observed prior to and for 8 years after right hemicolectomy surgery (Figures 1A–C), accompanied by vasculitis in extremities (Figure 1D). Laboratory data showed elevated C-reactive protein (19.6 mg/L; normal range (NR) <5 mg/L) and erythrocyte sedimentation rate (25 mm/h; NR<20 mm/h), along with a low titer of the antinuclear antibody (1:100). Serum IgG and IgM were within the normal range but IgA levels were low (IgG 19.3–25.8g/L, IgM 0.73–0.92 g/L, IgA <0.07g/L). The patient responded to a glucocorticoid and thalidomide in 3 months with reduced frequency of diarrhea and less severe abdominal pain. The patient's IgA increased but did not reach normal levels after treatment. Subsequent inquiries into the patient's family history revealed that her father suffered from recurrent oral ulcers when he was young, and her brother had suffered from recurrent fever, oral ulcers and erythema nodosum-like lesions in the skin since he was 4 years old. The level of serum immunoglobulins in the father and brother were in the normal ranges. Because of the mild and non-specific symptoms, they accepted treatment of only antimicrobial mouthwash and dental ulcer paste instead of immunomodulators.


[image: Figure 1]
FIGURE 1. Clinical presentation of the patient. (A) Endoscopy showed ulcers and stricture in the ascending colon in August 2010 (a), and relapsing ulceration of intestinal anastomosis and stricture in transverse colon 8 years after right hemicolectomy (b). (B) Pathological examination showed intestinal transmural inflammation with an increased number of inflammatory cells infiltration, loss of crypt and hyperplasia of fibrous tissue. (C) CT enterographic (CTE) image demonstrated thickening of the wall and stricture in the colon-hepatic curvature and the proximal transverse colon (arrow). (D) Magnetic resonance angiography (MRA) showed multiple arteritis stenosis in upper and lower limbs (white arrows).




GENETIC ANALYSIS

Whole exome sequencing (WES) was performed on the patient. In our study, single nucleotide variants (SNVs) with minor allele frequency (MAF)<0.01 in the Asian population of the 1,000 Genomes Project (1000G_EAS) were supposed to be potential disease-causing mutations; the distribution of BD shows a racial difference with a higher incidence in eastern Asian populations along the “Silk Road” (5). The 1,000 Genomes Project (1000G) facilitates genetic variation analysis within and between races by providing a detailed view of variation across several races which includes a Chinese group (6). The MAF of screened SNVs were also investigated in other common genome sequencing databases. Candidate disease-causing variants of the patient were screened based on the reported gene mutations associated with intestinal ulcer and vasculitis. The screening of a causal variant followed a standard procedure (7). The WES revealed two homozygous deleterious mutations of stimulated by retinoic acid gene 8 (STRA8) and UEV and lactate/malate dehyrogenase domains (UEVLD), but these were not associated with the phenotype of intestinal ulcer and vasculitis according to the literature. A heterozygous deleterious mutation of TNFAIP3 related to intestinal ulcer and vasculitis was identified by the WES (c.305A>G, p. Asn 102 Ser) (MAF=0.0079 in 1000G_EAS, MAF=0.0130 in 1000G_ALL, MAF=0.0030 in GnomAD, MAF=0.0135 in GnomAD_EAS, MAF=0.01734 in ExAC). The details of the WES results and variant filtering procedure are given in Figures 2A–D. Sanger sequencing was performed for the patient's whole genealogy and the identical mutation of TNFAIP3 was found in her father and younger brother (Figure 3A).


[image: Figure 2]
FIGURE 2. Filtering strategies for candidate disease-causing SNVs in the patient. (A) Screening for predicted deleterious variants in the patient, including homozygous mutations and heterozygous mutations. (B) The genetic information of homozygous mutations identified in the patient. STRA8 and UEVLD mutations were not reported to be associated with intestinal ulcers or vasculitis. (C) The procedure of screening candidate variants based on the phenotype of the patient. Genes likely related to intestinal ulcer together with vasculitis were screened out by searching in literatures. And four genes including TNFAIP3, NEMO, C2, NOD2/CARD15 were reported to be related to intestinal ulcer together with vasculitis. By comparing the heterozygous gene mutations in the patient with the above four genes, the TNFAIP3 heterozygous mutation was identified as the candidate disease-causing mutation in the proband. (D) The genetic information of the TNFAIP3 gene mutation in the patient.



[image: Figure 3]
FIGURE 3. TNFAIP3 mutation and the A20 expression in PBMC of the proband and her family members. (A) Sequencing analysis of the TNFAIP3 gene among the proband and her family members revealed a heterozygous mutation (c.305A>G, p. Asn 102 Ser) in the proband, her father and her brother. (B) Western blot analysis showed that TNFAIP3 expression in PBMC from the patient, her father, brother and sister were decreased as compared to other family members without TNFAIP3 mutation. The bar graph represented semi-quantification of Western blot analysis from 3 independent experiments.




EXPRESSION OF A20 IN THE PATIENT AND HER FAMILY

Protein was extracted from the peripheral blood mononuclear cells (PBMCs) of the patient and her family members and the expression of A20 was evaluated by Western blot. The levels of A20 were decreased in the PBMCs of the patient and her family members who carried the identified mutation (Figure 3B). To our surprise, her pregnant sister who lacked the TNFAIP3 mutation also showed a lower level of A20 expression compared to other family members without the TNFAIP3 mutation.



DISCUSSION

A20 plays an important role in regulating immunity by inhibiting NF-κB signaling, activation of NLRP3 inflammasome, and apoptosis (8, 9). Haploinsufficiency of A20 is characterized by an upregulated inflammatory reaction and manifests symptoms that resemble many autoimmune diseases, including BD, rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) (3). The patient in our report presented with iBD-like symptoms, including relapsing ulceration of intestinal anastomosis, recurrent oral ulcers and vasculitis in extremities; although, the patient's intestinal ulcer was atypical due to the long segment involvement in the intestine and incomplete intestinal obstruction. WES and Sanger sequencing identified a novel TNFAIP3 mutation in the patient that has not been previously reported in HA20. TNFAIP3 mutations may lead to a reduced transcription and instability of mutant proteins (4, 7, 9). This mutation causes decreased A20 expression and results in immune dysregulation with increased NF-κB activity in response to TNF-α (10); it is also proposed as a risk factor for autoimmune disorders (11, 12). Additionally, TNFAIP3 is reported to be linked with susceptibility to BD (4, 13, 14). Intestinal Behcet's disease is considered a polygenic disease with a strong genetic background, but its diagnosis is still based on typical intestinal ulcers and manifestations of systemic BD (2). The homozygous mutations of STRA8 and UEVLD revealed through WES were not considered the disease-causing genes because they were likely non-contributory to the disease phenotype of intestinal ulcer and vasculitis previously documented in the literature. Our case reported that the TNFAIP3 gene is also associated with iBD-like symptoms, suggesting that for patients with iBD-like symptoms that lack typical intestinal ulcers, genetic screening for TNFAIP3 could be considered.

HA20 is an autosomal-dominant-inherited disease that has been described with considerable variation in its expressivity (15). Consistent with the features of an autosomal-dominant-inherited disease, the three members in the reported family that carried the identical TNFAIP3 mutation showed varying degrees of symptoms. When an autosomal-dominant-inherited disease occurs in a pedigree without apparent familial hereditary traits, it is an option to identify the genetic mutation by initially screening for a causal mutation in the proband by WES and then further identifying the mutation in pedigrees by Sanger sequencing. When we analyze a genetic disease with a specific difference, deleterious variants should be screened for in an appropriate genome sequencing database in accordance with the relevant population.

A reproducible decrease in TNFAIP3 expression was also found in the patient's pregnant sister who lacked the TNFAIP3 mutation. This can be explained by the fact that some factors other than TNFAIP3 mutation can influence the expression of A20, such as hyperglycemia, oxidative stress, and high levels of 17β-estradiol (16–18). The decreased level of A20 in the patient's sister may have resulted from these other factors rather than a TNFAIP3 mutation.

In conclusion, we presented a HA20 patient with iBD-like symptoms and identified a novel TNFAIP3 heterozygous mutation locus (c.305A>G, p. Asn 102 Ser) in HA20. Looking forward, genetic screening for TNFAIP3 could be considered for patients with iBD-like symptoms.
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The NLRP3 (nucleotide-binding and oligomerization domain-like receptor family pyrin domain-containing 3) inflammasome is a protein complex expressed in cells. It detects danger signals and induces the production of active caspase-1 and the maturation and release of IL (interleukin)-33, IL-18, IL-1β and other cytokines. T1DM (type 1 diabetes mellitus) is defined as a chronic autoimmune disorder characterized by the autoreactive T cell-mediated elimination of insulin-positive pancreatic beta-cells. Although the exact underlying mechanisms are obscure, researchers have proposed that both environmental and genetic factors are involved in the pathogenesis of T1DM. Furthermore, immune responses, including innate and adaptive immunity, play an important role in this process. Recently, the NLRP3 inflammasome, a critical component of innate immunity, was reported to be associated with T1DM. Here, we review the assembly and function of the NLRP3 inflammasome. In addition, the activation and regulatory mechanisms that enhance or attenuate NLRP3 inflammasome activation are discussed. Finally, we focus on the relationship between the NLRP3 inflammasome and T1DM, as well as its potential value for clinical use.
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INTRODUCTION

The inflammatory response is a common mechanism of many diseases. However, the clinical manifestations caused by the combination of a certain microenvironment and a variety of stimuli from common or specific pathways are different. Currently, many chronic diseases, particularly diabetes, are serious threats to human health. Many researchers have recognized that inflammatory immune factors induce many chronic diseases. Innate immune cells induce a series of inflammatory responses by detecting various PAMPs (pathogen-associated molecular patterns) or DAMPs (damage-associated molecular patterns) through innate sensors (1). With a relative molecular mass of approximately 700,000 Da, the NLRP3 inflammasome is a polyprotein complex that plays a critical role in the course of inflammatory responses (2). The NLRP3 inflammasome is comprised of NLRP3, ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain), and procaspase-1 (3, 4). It is the most well-studied inflammasome and functions as a site for the activation of caspase-1 (3, 5). Based on emerging evidence, activated caspase-1 causes the maturation of IL-1 (6, 7). Because the NLRP3 inflammasome may trigger the release of IL-1β after stimulation with various danger signals, it represents a potentially effective target to regulate the onset and development of various autoimmune diseases, such as T1DM.

T1DM is defined as an organ-specific autoimmune disorder characterized by the autoreactive T cell-mediated elimination of insulin-producing pancreatic beta-cells (8). Although the exact underlying mechanisms are still unknown, a combination of environmental and genetic elements are involved in the pathophysiological process of T1DM (9–11). Both innate immunity and adaptive immunity are involved in the progression of T1DM (12–14). Innate immunity, which serves as the first line of defense against an exogenous attack by bacteria, viruses, and fungi, is a relatively conserved immune response compared with adaptive immunity (15, 16). Previous studies have confirmed that the innate immune system exerts its effect via highly conserved PRRs (pattern-recognition receptors) to initiate innate inflammatory responses to both exogenous and endogenous trigger factors and further activate adaptive immunity (16–18). Upon the recognition of DAMPs and PAMPs, which are associated with cellular stress and microbial pathogens, PRRs promote the secretion of proinflammatory cytokines by inducing either non-transcriptional or transcriptional innate immune responses (19, 20). NLRP3 is a PRR, and the NLRP3 inflammasome is a component of the innate immune system that plays a key role in the inflammatory response. In this review, we discuss the components and functions of the NLRP3 inflammasome and the activation mechanisms and regulatory mechanisms that potentiate or limit NLRP3 inflammasome activation. In addition, we describe the function of the NLRP3 inflammasome in T1DM to provide a potential treatment target for the prevention and improvement of this disorder.



COMPONENTS AND FUNCTION OF THE NLRP3 INFLAMMASOME

The NLRP3 inflammasome is a protein complex that includes procaspase-1, ASC and NLRP3 (21). NLRP3 is a member of the NLR (Nod like-receptor) protein family, which is widely expressed in macrophages, monocytes, and dendritic cells and has the function of recognizing pathogens. NLRP3 has a characteristic NLR protein family LRR (leucine-rich repeat) domain at the C-terminus (22). The middle region of NLRP3 is called the NBD (nucleotide-binding domain), also known as NOD or NACHT. The NBD belongs to the NTPase superfamily and hydrolyzes ATP into GTP. The N-terminus contains a PYD (pyrin domain), which is also called the CARD (caspase recruitment domain) or BIR (baculovirus IAP repeat) domain; this domain participates in multiple inflammatory responses by binding molecules with the same domain. For example, ASC is bound via the PYD-PYD interaction. ASC is the adapter protein of the NLRP3 inflammasome. The N-terminus of ASC contains a PYD domain that is the same as the PYD domain in NLRP3, whereas the C-terminus contains a CARD recruitment domain that is the same as the CARD domain in procaspase-1. Therefore, ACS functions as a dual adapter protein molecule that binds to both NLRP3 and procaspase-1 through PYD-PYD and CARD-CARD domain interactions. Caspase-1, also called IL-1β-converting enzyme, is an effector protein of the inflammasome that cleaves inactive proinflammatory cytokines, including pro-IL-1β and pro-IL-18, to produce activated IL-1β and IL-18 (Figure 1) (23, 24).
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FIGURE 1. Structure and function of the NLRP3 inflammasome. The NLRP3 inflammasome comprises NLRP3, ASC and procaspase-1. The formation of the NLRP3 inflammasome results in the activation of caspase-1 through the self-cleavage of procaspase-1. Activated caspase-1 causes the maturation of IL-1β and IL-18 and triggers inflammatory cell death mediated by GSDMD, also termed pyroptosis.


NLRP3 activation results in the oligomerization and recruitment of ASC and procaspase-1, which increase the autocleavage and maturation of procaspase-1. Active caspase-1 cleaves pro-IL-1β to produce mature IL-1β, which, when released, recruits other inflammatory cells and exerts direct cytotoxic effects. In addition, the NLRP3 inflammasome mediates a special type of programmed cell death named pyroptosis, which is inherently inflammatory and is triggered by pathological stimuli through the activation of caspase-1 (25, 26). The process of pyroptosis is mediated by Gasdermin (GSDMD), consisting of an amino-terminal cell death region, a carboxy-terminal autoinhibitory region, and a central linker domain (27). GSDMD is activated by caspase-1 through the removal of its carboxyl inhibitory terminus, and activated GSDMD induces cell death characterized by plasma membrane rupture, DNA cleavage and cell lysis by binding to the inner leaflet of the cell membrane, oligomerizing and forming a pore containing 16 symmetrical promoters (28). Based on the results of in vitro studies, activated GSDMD possesses a bactericidal property, but the exact mechanisms remain obscure (29). In addition, GSDMD-dependent pyroptosis promotes IL-1β and IL-18 release via a non-conventional pathway (30, 31). In conclusion, caspase-1 activation will result in the production of activated proinflammatory cytokines and lead to rapid cell death (32, 33).

NLRP3 is activated by a number of pathogens, as well as many PAMPs and DAMPs, which are structurally diverse, and environmental irritants. NLRP3 oligomerizes via homotypic interactions between NACHT domains to form a high-molecular-weight complex that triggers procaspase-1 activation when it is stimulated (22). The pathogenic agents that activate the NLRP3 inflammasome include (1) the fungi Saccharomyces cerevisiae and Candida albicans that function via the Syk signaling pathway (34); (2) a pore-forming toxin-producing bacteria (35); and (3) viruses, including the influenza virus, adenovirus, and the Sendai virus (36, 37).



MECHANISMS UNDERLYING THE ACTIVATION AND REGULATION OF THE NLRP3 INFLAMMASOME


Mechanisms Underlying the Activation of the NLRP3 Inflammasome

The NLRP3 inflammasome is activated by a wide range of stimuli. For example, the NLRP3 inflammasome detects signals produced by metabolism, such as increased extracellular glucose levels, which is an essential manifestation of diabetes (38). However, given their structural and chemical dissimilarity, NLRP3 is not likely to be activated through a direct interaction with its stimuli (39). Researchers have speculated that different agonists will lead to a common cellular event that ultimately activates the NLRP3 inflammasome.

When NLRP3 is not activated, the LRR domain interacts with HSP90 (heat-shock protein 90) and the ubiquitin ligase-associated protein SGT1HSP90, which are likely to maintain NLRP3 in an inactive but signaling-competent state (40). Two types of signals are needed to activate the NLRP3 inflammasome (41). First, a ligand binds to TLR4 on the membrane to provide the first signal that induces the expression of NLRP3, IL-1β, and IL-18 by triggering the NF-kB signaling pathway (42). In addition, TLR4 may provide the first signal via an unknown mechanism through the proteins myD88 and IRAK1. A low level of TLR4 stimulation is sufficient for the ATP activation pathway, and this pathway does not require the synthesis of new proteins (43–45). Because the expression of endogenous NLRP3 in immune cells is not sufficient to activate the NLRP3 inflammasome, the activation of NF-kB is necessary for the sufficient production of NLPR3. The second signal is the appearance of the activator of the NLRP3 inflammasome. The NLRP3 inflammasome begins to assemble when it is stimulated (46).

The mechanisms underlying the activation of the NLRP3 inflammasome are still not completely understood and may be associated with ROS (reactive oxygen species) production, lysosomal damage, P2X7R (purinergic ligand-gated ion channel 7 receptor) activation, and K+ efflux. To date, three models explaining the activation of the NLRP3 inflammasome have been acknowledged by most researchers.


K+ Efflux

The first model concerns the efflux of K+, which is the most common mechanism of NLRP3 inflammasome activation. A decreasing cytosolic level of K+ induced by NLRP3 stimuli, ATP, or nigericin mediates IL-1β activation and release in mouse macrophages and human monocytes (47, 48). Moreover, the efflux of K+ alone results in the activation of NLRP3, and a high extracellular K+ concentration inhibits NLRP3 activation (49). Therefore, the intracellular hypokalemia that induces mitochondrial damage and the subsequent release of ROS and mtDNA (mitochondrial DNA) is sufficient to activate the NLRP3 inflammasome (49, 50). In addition, K+ efflux is necessary to activate NLRP3 in caspase-11-mediated non-canonical inflammasome signaling (6, 51).

Three explanations for K+ efflux have been proposed. First, bacterial toxins destroy the integrity of the cell membrane, and thus K+ flows out along the ion concentration gradient (52). Second, the combination of extracellular ATP and the pyrogenic P2X7 ATP-gated ion channel (53) triggers K+ efflux. Another type of channel, pannexin-1, also participates in the activation of NLRP3 via other ATP-dependent pathways (54–56). Third, microbial molecules are delivered to the cytosol in a pannexin 1-independent manner (54). The generation of pores disrupts the intracellular K+ concentration gradient and transports bacterial molecules to the cytosol, which may help clarify how bacteria that do not exist in the cytosol activate cytosolic sensors.

Although K+ efflux has been considered the most common mechanism to activate the NLRP3 inflammasome, recent reports have indicated that some small molecules, including CL097 and GB111-NH2, activate NLRP3 independently of K+ efflux (57). Moreover, an NLRP3 mutant leads to inflammasome activation induced by lipopolysaccharides in the absence of K+ efflux in mouse macrophages (58). In conclusion, K+ efflux is sufficient, but not unique, in activating this inflammasome. Further investigations are needed to elucidate the underlying mechanisms by which NLRP3 senses alterations in the intracellular K+ concentration.



Lysosomal Damage

The second model concerns lysosomal damage. Particulate matter, such as MSU, and adjuvants including alum (59, 60) activate the NLRP3 inflammasome in macrophages. The phagocytosis of specific particulate structures and crystalline structures results in lysosomal membrane disintegration and damage and the cytosolic release of lysosomal contents, which are sensed by the NLRP3 inflammasome to some extent.

Lysosomal disruption triggered by Leu-Leu-OMe activates the NLRP3 inflammasome (61). However, the exact mechanisms by which lysosomal damage contributes to the activation of NLRP3 remain obscure. Currently, two factors, lysosomal acidification and cathepsins, have been identified to be associated with the activation mechanisms. An H+ ATPase inhibitor blocks NLRP3 inflammasome activation induced by particulate matter in macrophages (61). Additionally, both in vitro and in vivo experiments suggest that inhibitors of lysosomal acidification suppress IL-1β production (62). In fact, the acidic conditions tend to cause Na+ release and increase cellular osmolarity and subsequent water influx, resulting in intracellular hypokalemia (62). Moreover, lysosomal rupture leads to enzyme release and the activation of the NLRP3 inflammasome. These proteases suppress the activation of negative regulators and increase the activation of NLRP3 through proteolytic reactions, which lead to inflammasome assembly (63). Lysosomal protease CTSB (cathepsin B) plays an important role in the model. CTSB inhibitors attenuate NLRP3 activation in macrophages treated with particulate matter (6). Furthermore, lysosomal CTSB release is required for IL-1β secretion, indicating the participation of CTSH in NLRP3 activation (64). Therefore, the cytosolic release of lysosomal contents is another mechanism of NLRP3 inflammasome activation. However, CTSB-deficient mouse macrophages show normal caspase-1 activation and IL-1β maturation induced by particulate NLRP3 agonists, suggesting that some undefined mechanisms exist (65). Further research is required to solve the existing conflicts and clarify the actual role of lysosomal damage in NLRP3 inflammasome activation.



Reactive Oxygen Species and Mitochondrial Dysfunction

The third model concerns the generation of ROS. In this model, all agonists of NLRP3 induce ROS production, and this collective pathway involves the NLRP3 inflammasome (66–68). All NLRP3 agonists that have been confirmed, including particulate activators and ATP, induce ROS production, and chemical scavengers that block ROS generation inhibit inflammasome activation (34, 66–69). Consistent with the role of ROS production, the activation of caspase-1 by asbestos is suppressed in NAC (N-acetyl cysteine)-treated cells, in which NAC inhibits ROS generation (67). The source of ROS is currently unknown, but NADPH oxidases may be associated with their production, as in vitro studies indicate that inhibition of the common p22 subunit, which plays a critical role in ROS formation, suppresses inflammasome activation (67). However, the genetic or pharmacological blockade of NADPH oxidase does not affect NLRP3 activation in both mouse and human cells. The tissue-specific role of ROS may explain the differences in the activation of NLRP3 inflammasome. NOX2 (NADPH oxidase 2) knockout mice were recently shown to display decreased production, assembly and activation of the NLRP3 inflammasome in the injured cerebral cortex, but not in the umbilical vein endothelium.

The mechanisms underlying ROS-dependent NLRP3 inflammasome activation remain to be revealed in more detail. Recently, a ROS-sensitive NLRP3 ligand, TXNIP/VDUP1 (thioredoxin-interacting protein), was shown to be involved in NLRP3 activation (38, 70). When cellular phagocytosis is dysfunctional, activators such as uric acid crystals increase ROS production and simultaneously trigger the dissociation of TXNIP from TRX (thioredoxin). TXNIP has been identified as a common binding partner of TRX (71). TXNIP decreases the reductase activity of TRX by directly interacting with the redox-active part of TRX. A yeast two-hybrid screen using the LRRs of NLRP3 as bait revealed that TXNIP is also a potential binding partner of NLRP3 (72, 73). Overexpressed TXNIP and endogenous TXNIP interact with the LRR region of NLRP3, and the nucleotide-binding NACHT domain of NLRP3 also interacts with TXNIP. NLRP3 detects the presence of ROS, the production of which in cells is directly or indirectly induced by activators of the NLRP3 inflammasome. The complex formed by TXNIP and TRX senses increasing amounts of ROS and causes the dissociation of the complex. Subsequently, the interaction of TXNIP and NLRP3 activates NLRP3, recruits ASC and procaspase-1, and leads to the assembly of the active NLRP3 inflammasome. Intriguingly, accumulating evidence indicates that TXNIP is associated with glucose metabolism and diabetes (74). In pancreatic beta-cells, the expression of TXNIP is downregulated by insulin and is consistently increased in patients diagnosed with T2DM (type 2 diabetes mellitus) (74). Additionally, mutations in TXNIP are associated with reduced plasma glucose levels and hypertriglyceridemia (75). Published data that have been confirmed suggest that the expression of TXNIP is substantially upregulated by exposure to high glucose concentrations in pancreatic islet cells (76, 77). Although the ROS model is supported by many studies, many questions still remain and need to be resolved. For example, researchers have not clarified whether the mechanism by which superoxide directly inhibits caspase-1 activity by regulating redox-sensitive cysteines (78) provides dose- or temporal-dependent negative feedback to limit the function of caspase-1 triggered by a ROS-dependent NLRP3 pathway.

In recent years, mitochondria have been shown to play an essential role in the activation of the NLRP3 inflammasome (79, 80). Mitochondria are an ideal platform to assemble the NLRP3 inflammasome. On the other hand, NLRP3 is directly affected by molecules from mitochondria, such as mitochondrial ROS (mtROS), mtDNA, and cardiolipin.




Negative Regulatory Mechanisms of the NLRP3 Inflammasome

NLRP3 promotes the secretion of IL-33, IL-18, and IL-1β, which are very important molecules that control pathological infections. However, the excessive production of cytokines exerts a deleterious effect on the body. For instance, the excessive activation of proinflammatory cytokines, including TNF-α, IL-1β, and IFNs, is associated with autoimmune diseases, such as T1DM. Therefore, the activation of the NLRP3 inflammasome must be strictly regulated to maintain the balance of the internal environment and homeostasis. Four negative regulatory mechanisms of the NLRP3 inflammasome have been identified.


Negative Regulatory Molecules

The first mechanism is associated with negative regulatory molecules. A group of small proteins that consist of either a PYD or a CARD domain have emerged as key regulators of the inflammasome. As two types of endogenous dominant-negative proteins, both COPs (CARD-only proteins) and POPs (PYD-only proteins) decrease the activity of the NLRP3 inflammasome in response to tissue injury and pathogen infection (81).

POPs, such as POP1 and POP2, which display 64 and 37% homology with the PYD subunit of ASC, respectively, prevent ASC recruitment to NLRP3 by interacting with ASC in a PYD-dependent manner and replacing other proteins that interact with ASC (82). In vitro overexpression models confirm that POP1 and POP2 bind to ASC and block the interaction between NLRP3 and ASC (83). Moreover, in vivo studies using transgenic mice expressing POP2 have revealed decreased inflammatory cytokine levels in response to LPS, and the animals tend to resist bacterial infections compared with wild-type mice (84). To date, five proteins belonging to the COP family have been identified, including Iceberg, Nod2-S, caspase-12s, COP1/pseudo-ICE and INCA (27). COPs, which are extremely similar to the CARD subunit of procaspase-1, function as decoy proteins by isolating caspase-1 through CARD domain interactions and preventing its binding to activating adaptors (83). Because the expression of Iceberg is increased in the inflammatory environment, this protein appears to function as a negative feedback regulator that inhibits systemic inflammation. Notably, our understanding of the regulatory effects of POPs and COPs on NLRP3 activation is limited because these molecules are not expressed in mice. However, the development of transgenic mice provides a great opportunity to further analyze these proteins.



Cells and Cytokines

The second mechanism involves certain cells and cytokines. Various immunocytes and proinflammatory cytokines participate in the downregulation of inflammasome activation. For example, human-derived activated memory T cells negatively regulate the P2X7R signaling pathway, leading to the inhibition of the NLRP3 inflammasome (85). C5aR2 (C5a receptor 2), which is expressed on the T cell surface, inhibit NLRP3 inflammasome assembly by inversely modulating C5 activation and stimulating C5aR1 (C5a receptor 1) (85, 86). IL-1β signaling promotes the recruitment of neutrophils; in turn, increased neutrophil apoptosis results in the resolution of the inflammatory response (87). The type I interferon signaling pathway represses the activity of the NLRP3 inflammasome and inhibits the maturation of IL-1β through the STAT1 transcription factor (88).



Autophagy

The third mechanism is associated with autophagy. Autophagy, also referred to as macroautophagy, is a conserved process involving the transport of the cytoplasmic content to lysosomes via autophagosomes, and the substrates degraded by this process mainly include long-lived proteins, intracellular pathogens and organelles. Autophagy is involved in the pathogenesis of many inflammatory disorders and modulates many aspects of the immune response, including inflammation (89, 90).

Autophagy inhibits the formation of the NLRP3 inflammasome by degrading impaired mitochondria, decreasing mtROS production and disaggregating the ASC complex (91). In vitro experiments using macrophages from mouse models indicate that the depletion of beclin 1 and LC3B, proteins that are associated with autophagy, increases the activation of caspase-1 and release of IL-18 and IL-1β by impairing mitochondrial homeostasis (50, 92, 93). Additionally, autophagy dysfunction, whether it is caused by autophagy deficiency or mitochondrial inhibitors, increases the activation of the NLRP3 inflammasome via the production of mtROS (92). Consistent with the result obtained from cell-based experiments, in vivo studies suggest that LC3B-dificient mice produce caspase-1-depedent cytokines at higher levels and exhibit a greater susceptibility to LPS (92). Therefore, autophagy is closely associated with the well-being of mitochondria, and autophagy and the mitochondria modulate the NLRP3-dependent inflammatory response together.



NO and CO

Finally, the other mechanisms, including the production of NO (nitric oxide) and CO (carbon monoxide), negatively regulate the NLRP3 inflammasome. NO regulates multiple physiological responses and defends against pathogens. Endogenous NO downregulates NLRP3 inflammasome activation and stabilizes mitochondria. According to the results of in vitro experiments, NO blocks NLRP3-mediated caspase-1 and IL-1β activation in mice and human myeloid cells (94). Additionally, decreased production of NO caused by iNOS (inducible NO synthase) elimination or pharmacological blockade leads to increased cytokine production induced by the activated NLRP3 inflammasome and the accumulation of dysfunctional mitochondria in vivo (94). CO is toxic and damages the respiratory system. However, endogenous CO possesses anti-inflammatory properties. CO inhibits the production of IL-1β induced by inflammasomes and suppresses the activation of the NLRP3 inflammasome in bone marrow-derived macrophages; furthermore, CO inhibits mtROS generation, preserves the integrity of mitochondrial membrane, and prevents mtDNA translocation into cytosol (95, 96). Therefore, we conclude that NO and CO negatively modulate the activation of the NLRP3 inflammasome mainly by stabilizing mitochondria.





THE NLPR3 INFLAMMASOME AND T1DM

The NLRP3 inflammasome has consistently been shown to participate in the pathogenesis of many autoimmune disorders, including MS (multiple sclerosis), EAE (experimental autoimmune encephalomyelitis), IBD (inflammatory bowel disease) and T1DM (97–100). T1DM is a metabolic disease characterized by an absolute deficiency in insulin and subsequent hyperglycemia resulting from an autoimmune assault. Autoreactive T cells infiltrate pancreatic islets and induce insulitis, causing beta-cell death (101). In addition to adaptive immunity, innate immunity plays an important role in the pathogenesis of T1DM. Based on accumulating evidence, among all components of the innate immune system, the NLRP3 inflammasome and its downstream cytokines, particularly IL-1β, are involved in the development of T1DM (Figure 2) (102, 103).
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FIGURE 2. Mechanisms of NLRP3 inflammasome activation. The activation of the NLRP3 inflammasome requires two signals. (1) TLR4 stimulation increases the production of NLRP3 and pro-IL-1β by activating the NF-κB signaling pathway. (2) K+ efflux, cathepsin release by ruptured lysosomes and ROS generation provide a second signal that may activate the NLRP3 inflammasome and produce activated caspase-1, leading to the maturation of IL-1β. The activation of NLRP3 inflammasome is potentially negatively regulated by small molecules, such as COPs and POPs, cells and cytokines, autophagy, NO, and CO. Finally, IL-1β induces beta-cell dysfunction and death, which will ultimately lead to the development of T1DM.


IL-1β induces the migration of proinflammatory cells into pancreatic islets, mediates cytokine-induced beta-cell apoptosis, exerts direct cytotoxic effects on beta-cells, and may function as inflammatory signal in the early stage of T1DM (102, 104, 105). IL-1β levels are increased in both patients with a new T1DM diagnosis and patients with chronic T1DM compared with healthy controls, and after treatment, IL-1β levels are decreased in patients who have been newly diagnosed with T1DM (106–108). Furthermore, the levels of IL-1 receptor antagonist (IL-1RA), which inhibits the interaction between IL-1β and its receptor and blocks downstream signaling, are decreased in islets from non-diabetic donors exposed to sera from patients with T1DM, and decreased expression of IL-1RA not only results in insulin-producing beta-cell dysfunction and death but also IL-1β production, thus further affecting beta-cells (109). Additionally, NOD mice pretreated with IL-1RA exhibit reduced chemical-induced hyperglycemia, but not islet inflammation (110). Based on these findings, some new treatment strategies aiming to suppress IL-1β activity, such as synthetic IL-1RA and IL-1β traps, have been developed to reverse or ameliorate autoimmune diseases. Indeed, patients with T1DM have decreased requirements for insulin and similar HbA1c (hemoglobin A1c) levels after IL-1RA treatment (102, 111). However, some discrepancies remain to be solved. Animal experiments with NOD caspase-1(–/–) mice revealed reduced IL-1 levels, but an unchanged incidence of diabetes and sensitivity to streptozotocin compared with wild type NOD mouse models (112). At a minimum, caspase-1-mediated IL-1β production is not indispensable for diabetes development in NOD mice. Another in vivo experiment also indicates that CD4 + T cell-induced beta-cell death and diabetes is independent of IL-1 and IL-18 in NOD mice (113). Moreover, the larger, multicenter preclinical studies did not observe synergistic effects of IL-1 blockade and anti-CD3 therapy on new-onset autoimmune diabetes in NOD mouse models (114). In conclusion, the role of IL-1β in T1DM pathogenesis is not completely understood and further research is required before its clinical application.

Because IL-1β exerts a systemic effect on immunological intolerance and plays a potential role in T1DM development, its upstream activator, the NLRP3 inflammasome, is a functionally plausible complex contributing to the pathogenesis of T1DM. that the expression of the NLRP3 inflammasome in human pancreatic islets is regulated by LPS (115). Interestingly, recent genetic association studies have indicated a potential association between polymorphisms in inflammasome genes and an increased risk of developing T1DM. As shown in our previous study, SNPs (single-nucleotide polymorphisms) in the NLRP1 gene are associated with T1DM, as well as the age of onset in Chinese Han patients with T1DM (100). More importantly, two SNPs within NLRP3 were found to be associated with an increased risk of T1DM and celiac disease in a separate study. An association between T1DM and a risk SNP (rs10754558) within NLRP3 in the northeastern Brazilian population was identified in a human study (116). However, the contribution of this mutation to the genetic predisposition should be further confirmed in other populations and its resulting function requires further study. In addition, the diabetogenic role of NLRP3 has been observed in animal experiments. NLRP3 was recently shown to play an important role in the immune development of T1DM in NOD mice (103). NLRP3 deficiency affects the activation and maturation of T cells, and more importantly, the elimination of NLRP3 alters the migration of T cells to pancreatic islets, which is a critical pathogenic process that causes beta-cell damage. Furthermore, NLRP3 knockout downregulates the expression of the chemokines CCL5 (C-C motif ligand 5) and CXCL10 (C-X-C motif ligand 10) in pancreatic islet cells in an IRF-1-dependent manner, suggesting that it regulates chemotaxis (103). Moreover, mtDNA-mediated NLRP3 activation induces caspase-1-dependent IL-1β production and contributes to STZ (streptozotocin)-induced T1DM in a murine model, directly indicating a diabetogenic effect of NLRP3-caspase-1-IL-1β signaling (117). Recently, mtDNA was also shown to be involved in the vascular dysfunction in individuals with T1DM, highlighting the association of the NLRP3 inflammasome with diabetic complications (118). Other studies have confirmed that glibenclamide and metformin, both of which are typical treatments for diabetes, have the potential to inhibit the activation of the NLRP3 inflammasome, indirectly indicating that the NLRP3 inflammasome is associated with T1DM. In summary, all of the evidence mentioned above indicates a close relationship between T1DM and the NLRP3 inflammasome.

However, some questions regarding the NLRP3 inflammasome remain to be explored and resolved. The inflammasome exerts a protective effect on maintaining immune homeostasis (119–121). More importantly, the expression of the NLRP3 inflammasome is downregulated in patients with SLE compared with healthy controls and is negatively correlated with disease activity, indicating a protective effect of the inflammasome on SLE (122). Consistent with these findings, another study examining T1DM also indicated that downregulated NLRP3 inflammasome signaling participates in the early stage of autoimmune diabetes (123). Further studies are required to investigate whether the downregulation of the NLRP3 inflammasome is an outcome or cause of the progression of autoimmune disorders. Moreover, some inflammasome-independent pathways activate IL-1β and are potentially involved in development of T1DM (124, 125), indicating that the onset of T1DM is caused by complex networks rather than a single pathway. In summary, a better understanding of the NLRP3 inflammasome is still needed to completely ascertain its effect on the pathogenesis of T1DM and develop new treatment strategies.



CONCLUSION AND PERSPECTIVES

Researchers have improved their knowledge of the NLRP3 inflammasome. We have identified many different activators and a close relationship with inflammatory diseases, including T1DM. However, the regulatory mechanisms and their function in the development of the disease must be further clarified. The discovery of the NLRP3 inflammasome has provided a new opportunity to explore the pathogenesis of inflammation-related diseases. In-depth research into the NLRP3 inflammasome, which is a regulator of IL-18 and IL-1β, will provide a new strategy for the treatment and prevention of inflammatory diseases.

Currently, the pathogenesis of T1DM is not completely understood. However, both environmental and genetic factors are involved in the onset and development of T1DM. The overactivation of the immune system, including innate immune responses, resulting from predisposing genetic mutations is the main cause of the loss and dysfunction of beta-cells. The NLRP3 inflammasome is much more likely to predispose an individual to the onset of T1DM. However, the mechanisms of NLRP3 inflammasome activation and regulation remain obscure, and the exact role of this inflammasome in the pathogenesis of T1DM requires further investigation. We propose that immunotherapy targeting the NLRP3 inflammasome is a promising approach to fight T1DM.
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CD226 Deletion Reduces Type 1 Diabetes in the NOD Mouse by Impairing Thymocyte Development and Peripheral T Cell Activation
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The costimulatory molecule CD226 is highly expressed on effector/memory T cells and natural killer cells. Costimulatory signals received by T cells can impact both central and peripheral tolerance mechanisms. Genetic polymorphisms in CD226 have been associated with susceptibility to type 1 diabetes and other autoimmune diseases. We hypothesized that genetic deletion of Cd226 in the non-obese diabetic (NOD) mouse would impact type 1 diabetes incidence by altering T cell activation. CD226 knockout (KO) NOD mice displayed decreased disease incidence and insulitis in comparison to wild-type (WT) controls. Although female CD226 KO mice had similar levels of sialoadenitis as WT controls, male CD226 KO mice showed protection from dacryoadenitis. Moreover, CD226 KO T cells were less capable of adoptively transferring disease compared to WT NOD T cells. Of note, CD226 KO mice demonstrated increased CD8+ single positive (SP) thymocytes, leading to increased numbers of CD8+ T cells in the spleen. Decreased percentages of memory CD8+CD44+CD62L– T cells were observed in the pancreatic lymph nodes of CD226 KO mice. Intriguingly, CD8+ T cells in CD226 KO mice showed decreased islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP)-tetramer and CD5 staining, suggesting reduced T cell receptor affinity for this immunodominant antigen. These data support an important role for CD226 in type 1 diabetes development by modulating thymic T cell selection as well as impacting peripheral memory/effector CD8+ T cell activation and function.
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INTRODUCTION

MHC class I hyper-expression and autoreactive CD8+ T cell infiltration in pancreatic islets constitute two prominent histological features of type 1 diabetes and are thought to be involved in the direct cytotoxic killing of β-cells (1, 2). Other immune cell subsets, including CD4+ T cells, B cells, monocytes, and natural killer (NK) cells have also been reported to contribute to insulitis and β-cell destruction (3, 4). Genetic studies have identified 57 independent genetic loci beyond MHC class II that contribute to the development of type 1 diabetes (5). These variants are thought to contribute to defects in immune tolerance, with a number of additional loci also associated with β-cell fragility and susceptibility to immune surveillance and attack (5–13). While many of the candidate single nucleotide polymorphisms (SNPs) and causative variants are being identified with greater resolution (14), there remain a number of outstanding questions regarding how candidate loci impact gene expression and function within tissues and cell types, as well as over various developmental time points and activation states during disease pathogenesis.

A SNP in CD226 (rs763361) has been associated with genetic susceptibility to multiple autoimmune diseases including type 1 diabetes, multiple sclerosis, and rheumatoid arthritis (15). The SNP results in a missense mutation leading to a glycine to serine substitution at position 307 and is located proximally to two intracellular phosphorylation sites (Tyr322 and Ser329) of CD226 (16, 17). Hence, it has previously been shown that the rs763361 risk allele increases phosphorylation status of downstream signaling mediators, such as Erk, augmenting CD226 activity in human CD4+ T cells (18). Notably, the Idd21.1 risk locus of the non-obese diabetic (NOD) mouse model of type 1 diabetes contains the Cd226 gene and is orthologous to the 18q22.2 region containing the human CD226 gene (19), thereby making the NOD mouse a superb in vivo model of CD226 activity in the context of autoimmunity.

CD226 functions as an activating costimulatory receptor in the immunoglobulin superfamily (20) that is expressed largely on effector and memory T cells and NK cells (21, 22). CD226 activity is antagonized by an inhibitory counterpart, T cell Immunoreceptor with Ig and ITIM domains (TIGIT), which functions as a negative regulator with expression enriched on regulatory T cells (Tregs) (22) and NK cells (23). CD226 and TIGIT function in an analogous manner to the more widely studied CD28:CTLA-4 costimulatory axis (24), to promote activation or inhibition via immunoreceptor tyrosine-based activation (ITAM) or inhibitory motifs (ITIM), respectively. CD226 activation is reported to be dependent on homodimerization and binding to cognate ligands, including CD155 (PVR) and CD112, on antigen-presenting cells (APCs) (23, 25, 26). CD226 has been demonstrated by fluorescence resonance energy transfer to be inhibited in cis through interactions with TIGIT (27).

Costimulatory molecules are known to influence central tolerance by fine-tuning T cell receptor (TCR)-mediated signaling that defines thresholds for thymocyte selection (28). CD226, in particular, has been implicated in supporting the survival of CD4+CD8+ double positive (DP) as well as CD4+ single positive (SP) thymocytes (29). The interaction between CD226 and CD155 has also been shown to drive the thymic retention and negative selection of CD8+ SP thymocytes, shaping the CD8+ T cell repertoire (30, 31). Together, these studies suggest that the balance of CD226:TIGIT signaling may influence positive and negative selection of thymocytes; however, the impact of this signaling pathway on the autoreactive T cell repertoire remains poorly defined.

Similar to other costimulatory molecules, CD226 and TIGIT are also known to regulate peripheral tolerance by impacting T cell and NK cell activation and function. CD226 promotes, while TIGIT inhibits, CD4+ T cell proliferation and differentiation into a Th1 phenotype (32), as well as CD8+ T cell (20, 27) and NK cell cytotoxicity (33, 34). While the roles of CD226 and TIGIT in type 1 diabetes pathogenesis remain unclear, blockade of CD226 has been shown to protect from experimental autoimmune encephalitis (EAE), another autoimmune mouse model in which disease pathogenesis is thought to be primarily T cell-mediated (35).

Therefore, we sought to understand how CD226 and TIGIT impact central and peripheral tolerance mechanisms in the context of type 1 diabetes. We hypothesized the genetic deletion of Cd226 would attenuate disease development, whereas disruption of Tigit would promote type 1 diabetes. Herein, we present the impact of genetic disruption of these costimulatory receptors on the incidence of type 1 diabetes in the NOD mouse model. We further demonstrate mechanisms by which the elimination of CD226 impacts both central and peripheral T cell activation.



MATERIALS AND METHODS


Mice

CRISPR-Cas9 technology was used to knockout (KO) Cd226 and Tigit, as previously described (36), on the NOD/ShiLtJ (NOD, IMSR Cat# JAX:001976, RRID:IMSR_JAX:001976) background. The following guide sequences were used to target genes of interest: Cd226, AAGTCCTGAGTCAGCGGCCA; Tigit, CTGCTGCTTCCAGTCGACTT. Founders were backcrossed to NOD/ShiLtJ mice for two generations prior to intercrossing heterozygous (HET) mice, to prevent potential off-target deletions from inheritance in the experimental breeders. Animals were bred and housed in specific pathogen-free facilities at the University of Florida, with food and water available ad libitum. All studies were conducted in accordance with protocols approved by the University of Florida Institutional Animal Care and Use Committee (UF IACUC) and in accordance with the National Institutes of Health Guide for Care and Use of Animals.



Genotyping

Offspring from CD226 or TIGIT HET x HET mating pairs were genotyped using custom Taqman SNP assays according to manufacturer’s protocol (Thermo Fisher Scientific). Reporter 1 was marked with VIC and reporter 2 with FAM dyes to distinguish alleles and quantitative PCR performed on a Roche LightCycler 480.

Cd226 Forward primer sequence: GGGAGCATGAAGAGC ATCCT, Cd226 Reverse primer sequence: GCGACATCTGTAA AGTCCTGAGT, Cd226 Reporter 1 sequence (wild-type, WT): CAAATGCCATGGCCGCT, Cd226 Reporter 2 sequence (KO): CAAATGCCATGCCGCT.

Tigit Forward primer sequence: ATCTTACAGTGTCACTT CTCCTCTGA, Tigit Reverse primer sequence: TCAACACTA TAAATGGCCAGAAGCT, Tigit Reporter 1 sequence (WT): AAGTGACCCAAGTCGACTG, Tigit Reporter 2 sequence (KO): AAGTGACCCATCGACTG.



Measurement of Diabetes Incidence

Littermate CD226 or TIGIT WT, HET, and KO animals were monitored weekly starting at 9 weeks of age for onset of diabetes. Blood glucose levels were measured with AlphaTrak2 glucometer, and animals with blood glucose over 250 mg/dL were re-checked the following day. Those with a second consecutive reading over 250 mg/dL were considered diabetic.



Histology, Insulitis, Sialoadenitis, and Dacryoadenitis Scoring

Pancreata, submandibular salivary glands, and extraorbital lacrimal glands were removed at necropsy and fixed in 10% neutral buffered formalin overnight. Samples were embedded in paraffin and a total of three sections (4 μm) at 250 μm steps of each pancreas, or one section (5 μm) of paired salivary and lacrimal glands, were stained with hematoxylin and eosin. For pancreata, whole digital slide scans were performed using an Aperio CS scanner (Leica Biosystems) and for salivary and lacrimal glands, images were obtained with a PathScan Enabler IV slide scanner (Meyer Instrument). Insulitis scoring was performed by a blinded observer. At least 45 islets per mouse were scored using previously published criteria (37). An islet was defined as at least 10 endocrine cells. Briefly, a score of 0 = no infiltration, 1 = peri-insulitis, 2 ≤50% of islet infiltrated, 3 ≥50% of islet infiltrated with immune cells. Salivary and lacrimal infiltration was quantified using standard focus scoring as previously described (38). Foci were defined as ≥50 mononuclear cells and total number of foci were normalized by surface area of the section.



Adoptive Transfer

Pooled spleen and non-draining lymph nodes of age-matched female pre-diabetic (8–12 weeks of age) CD226 WT and CD226 KO mice were processed to single cell suspensions, and CD4+ and CD8+ T cells were separated by magnetic bead isolation (Miltenyi Biotec). 2 × 106 CD4+ T cells and 1 × 106 CD8+ T cells suspended in 100 μL PBS were transferred by tail vein injection into 6–8 week-old female NOD.SCID recipients, and diabetes incidence was monitored weekly for up to 20 weeks post-transfer.



Flow Cytometry

Spleen, thymus, and lymph nodes were processed using frosted glass slides and passed through a 40 micron filter, for lymphocyte analysis, or a 70 micron filter, for APC analysis, to create a single cell suspension. Red blood cells were lysed with ammonium-chloride-potassium buffer prior to staining for flow cytometry analysis. Pancreas was minced and digested with 0.5 mg/mL Collagenase IV (Life Technologies) for 35 minutes at 37°C prior to passing through a 70 micron filter. Ficoll density gradient centrifugation was performed to enrich for immune infiltrates within the pancreatic digest. Samples were stained with Fixable Live/Dead Near IR (Invitrogen), and Fc receptors were blocked with anti-CD16/32 (Clone 2.4G2, BD Biosciences Cat# 553142, RRID:AB_394657). Antibodies used included CD3e-BV605 (145-2C11, BioLegend Cat# 100351, RRID:AB_2565842), CD4-PerCP/Cy5.5 (RM4-5, Thermo Fisher Scientific Cat# 45-0042-82, RRID:AB_1107001) or –Pacific Blue (RM4-4, BioLegend Cat# 116007, RRID:AB_11147758), CD8a-eFluor450 (53-6.7, Thermo Fisher Scientific Cat# 48-0081-82, RRID:AB_1272198) or –BV711 (53-6.7, BioLegend Cat# 100759, RRID:AB_2563510), NKp46-FITC (29A1.4, BioLegend Cat# 137606, RRID:AB_2298210), CD44-PE (IM7, BioLegend Cat# 103008, RRID:AB_312959), CD62L-APC (MEL-14, BioLegend Cat# 104412, RRID:AB_313099), CD226-AF647 (10E5, BioLegend Cat# 128808, RRID:AB_1227541), TIGIT-PerCP/eFluor710 (GIGD7, Thermo Fisher Scientific Cat# 46-9501-82, RRID:AB_11150967), CD96-PE (3.3, BioLegend Cat# 131705, RRID:AB_1279389), MHC Class II (I-Ad)-FITC (AMS-32.1, BD Biosciences Cat# 553547, RRID:AB_394914) or -APC (AMS-32.1, Thermo Fisher Scientific Cat# 17-5323-80, RRID:AB_10717083), CD11c-eFluor450 (N418, Thermo Fisher Scientific Cat# 48-0114-82, RRID:AB_1548654), CD155-PE (4.24.1, BioLegend Cat# 132205, RRID:AB_1279105), CD112-FITC (502-57, LifeSpan Cat# LS-C210245, RRID:AB_2857846), and CD5-AF488 (53-7.3, BioLegend Cat# 100612, RRID:AB_493165). Pancreas and pancreatic lymph node (pLN) cells were stained with MHC I (H-2Kd) IGRP (206-214) tetramer obtained from NIH Tetramer Facility for 30 minutes at 4°C. The same batch of tetramer was used throughout the study in order to avoid variability in fluorescence intensity due to batch-to-batch differences. Data were acquired on an LSRFortessa (BD Biosciences) and analyzed with FlowJo (v10.3, Tree Star, RRID:SCR_008520).



Statistical Analysis

Data were analyzed using GraphPad Prism software version 7.0 (RRID:SCR_002798). Data are presented as mean ± standard deviation (SD) unless otherwise specified. Survival curves of CD226 or TIGIT WT, HET, and KO littermates were compared using log-rank (Mantel–Cox) test. Insulitis scoring was compared between WT and KO mice via chi-square test. Sialoadenitis, dacryoadenitis, and flow cytometric data of WT and KO mice were compared via Mann–Whitney test. Flow cytometric data from WT, HET, and KO mice were analyzed using Kruskal–Wallis with Dunn’s multiple comparisons test. Comparisons of CD226, CD112, and CD155 expression between cell subsets within the same mouse were performed using Friedman test with Dunn’s multiple comparisons test. p < 0.05 was considered significant.



RESULTS


CD226 KO Protected NOD Mice From Type 1 Diabetes

A single base pair deletion in the immunoglobulin-like region of Cd226 was induced via CRISPR/Cas9 targeting (Figure 1A), creating a frameshift which resulted in premature translation termination and lack of membrane CD226 protein expression in KO mice, as confirmed by flow cytometry of CD4+ T cells, CD8+ T cells and NK cells (Figures 1B–D). A two-base pair deletion in the immunoglobulin-like region of Tigit was induced (Supplementary Figure S1A), resulting in a loss of membrane TIGIT protein expression, which was most apparent in NK cells (Supplementary Figures S1B–D). Animals HET for CD226 or TIGIT showed an intermediate level of protein expression, suggestive of a gene dosage effect (Figures 1B–D and Supplementary Figures S1B–D).
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FIGURE 1. CRISPR/Cas9 targeting methods for generation of CD226 KO strain. (A) A guide RNA was used to target the fourth exon of Cd226, inducing a single base pair deletion (red) that led to a frameshift and premature termination of CD226 protein translation. Modified image from Gene NCBI. Histograms showing CD226 expression in splenic (B) CD4+ T cells, (C) CD8+ T cells, and (D) NK cells of 12-week-old female, pre-diabetic WT (black), HET (gray), and KO (light gray) mice.


To measure disease incidence, littermate CD226 and TIGIT WT, HET and KO blood glucose levels were monitored weekly from 9 to 40 weeks of age. In our colony, diabetes develops in approximately 80% of female (Figure 2A) and 60% of male (Figure 2B) WT NOD mice. Importantly, we observed that CD226 KO showed significantly reduced diabetes incidence, with 52% of KO females (Figure 2A, N = 11/21, p = 0.021) and 13% of KO males (Figure 2B, N = 2/16, p = 0.004) developing disease. Female and male CD226 HET mice showed similar kinetics of early disease development as compared to WT mice, suggesting that a single copy of the gene was sufficient to promote type 1 diabetes (Figure 2). TIGIT HET and KO females and males showed similar diabetes incidence to WT littermates (Supplementary Figure S2). These data suggest a role for CD226 in promoting type 1 diabetes development, and thus, we chose to focus on this strain for the remainder of our studies.
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FIGURE 2. CD226 KO NOD mice are protected from type 1 diabetes. Disease incidence was monitored weekly, with diabetes defined as two consecutive daily blood glucose readings >250 mg/dL. CD226 KO (dotted lines) significantly lowers disease incidence in (A) females and (B) males as compared to WT (solid black) or HET (solid gray) mice. Log-rank (Mantel–Cox) test; *p < 0.05; **p < 0.01. Female: +/+, n = 20; +/-, n = 26; –/–, n = 21; Male: +/+, n = 19; +/-, n = 23; –/–, n = 16.




Pancreatic and Lacrimal Inflammation Are Reduced in CD226 KO NOD

NOD mice spontaneously develop inflammation of the pancreatic islets as well as the salivary and lacrimal glands, leading to the manifestation of both type 1 diabetes and Sjögren’s associated pathologies (39). Salivary and lacrimal infiltration are primarily observed in female and male NOD mice, respectively (40). We observed significantly reduced infiltration of the islets in pre-diabetic 12-week old female (Figures 3A,B) and 16-week old male (Figure 3C) CD226 KO versus WT NOD mice, likely close to potential disease onset (Figures 2A,B). Lacrimal inflammation was significantly reduced in male CD226 KO as compared to WT mice (Figures 3D,E), though the extent of salivary gland inflammation was consistent between age-matched female CD226 WT and KO mice (Figure 3F). These findings suggest that CD226 may influence the pathogenesis of both type 1 diabetes and Sjögren’s disease and provided impetus for understanding the immunological mechanisms of protection against autoimmunity in the CD226 KO NOD model.
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FIGURE 3. CD226 KO mice have reduced insulitis and dacryoadenitis. At least 45 islets per mouse were analyzed from three sections 250 microns apart. (A) Representative images of hematoxylin and eosin-stained pancreata from 12-week old female CD226 WT and KO mice. Yellow arrows denote islets. (B) Total number of islets categorized by insulitis score for pre-diabetic 12-week old females or (C) pre-diabetic 16-week old males. Chi-square test; ****p < 0.0001. Female: N = +/+, 10; –/–, 10. Male: N = +/+, 7; N = –/–, 10. (D) Representative images of hematoxylin and eosin-stained lacrimal glands showing numerous inflammatory foci in CD226 WT, but not KO lacrimal glands. Bars are 1 mm. (E) Dacryoadenitis scoring from 10–16 week old male CD226 WT and KO mice. (F) Sialoadenitis scoring in 10–14 week old female CD226 WT and KO mice. Symbols represent individual mice. Lines are medians. Mann–Whitney test; ****p < 0.0001.




T Cell Expression of CD226 Contributes to Type 1 Diabetes Pathogenesis

We sought to determine whether the protection from type 1 diabetes seen in the global CD226 KO mouse could be attributed to the altered function of CD4+ or CD8+ T cells. Here, we transferred combinations of CD226 WT or KO CD4+ and CD8+ T cells into female NOD.SCID immunodeficient recipients and monitored disease incidence for up to 20 weeks post-transfer. WT CD4+ + WT CD8+ T cell transfers induced significantly increased disease incidence (N = 8/10, solid gray line) as compared to CD226 KO CD4+ + CD226 KO CD8+ T cell transfers (N = 3/11, dashed gray line, p = 0.009, Figure 4). WT CD4+ + CD226 KO CD8+ T cell (N = 7/10, solid black line) and CD226 KO CD4+ + WT CD8+ T cell (N = 5/12, dashed black line) transfers showed intermediate disease incidence (Figure 4). However, there was a significant difference in type 1 diabetes development in recipients of CD226 KO CD4+ + CD226 KO CD8+ T cells versus those in which only CD8+ T cells were CD226 KO, suggesting that while CD226 expression on both CD4+ and CD8+ T cells may contribute toward diabetogenesis in the NOD mouse, the CD226 KO effect is primarily manifest in CD4+ T cells in this adoptive transfer setting with a fixed CD4+:CD8+ T cell ratio.
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FIGURE 4. CD226 expression in T cells exacerbates type 1 diabetes induction. (A) Schematic of CD4+ and CD8+ T cell transfer from pre-diabetic CD226 WT or KO mice to female NOD.SCID recipients. Created with BioRender. (B) Diabetes induction was monitored for up to 20 weeks post-transfer, with incidence significantly decreased in recipients of KO CD4+ and KO CD8+ (dashed gray) T cells as compared to WT CD4+ and KO CD8+ (solid black) or WT CD4+ and WT CD8+ (solid gray) T cell recipients. Mice receiving KO CD4+ and WT CD8+ (dashed black) also showed significantly decreased incidence as compared to WT CD4+ and WT CD8+ T cell recipients. Log-rank (Mantel–Cox) test; *p < 0.05; **p < 0.01. WT CD4+ and WT CD8+, n = 10; WT CD4+ and KO CD8+, n = 10; KO CD4+ and WT CD8+, n = 12; KO CD4+ and KO CD8+, n = 11.




CD226 KO Increases Thymic Output of CD8+ T Cells in NOD Mice

To elucidate the role of CD226 in central tolerance, we sought to understand how CD226 KO impacted thymocyte development. We assessed CD226 expression in WT NOD thymocyte subpopulations and confirmed that CD8+ SP thymocytes showed higher CD226 expression in comparison to CD4–CD8– double negative (DN), CD4+CD8+ DP, and CD4+ SP subsets (Figures 5A,B), similar to a previous report (29). CD226 showed elevated expression levels on peripheral CD8+ as compared to CD4+ T cells in WT female NOD (Figures 5C,D), mirroring CD226 expression in thymocytes (Figures 5A,B) and suggesting preferential CD226 signaling in the CD8+ T cell compartment. The ligands of CD226, CD155, and CD112, are reported to be highly expressed on monocyte-derived dendritic cells (DCs) (41), and interestingly, we found that thymic CD11c+MHC II+ DCs expressed significantly higher levels of both CD155 (Figures 5E,F) and CD112 (Figures 5G,H) as compared to DCs in other secondary lymphoid organs surveyed. These data suggest that the interaction of CD226 on CD8+ SP thymocytes with CD155 and CD112 on thymic DCs may play a role in thymic selection.
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FIGURE 5. CD226 and ligand expression are enriched on CD8+ SP thymocytes and thymic dendritic cells (DCs), respectively. Cells were analyzed from 12-week old pre-diabetic female mice. (A) Representative histograms of CD226 geometric mean fluorescence intensity (gMFI) in thymocytes showing that (B) CD8 SP thymocytes have higher CD226 expression than DN, DP, and CD4 SP subsets. (C) Representative histogram of CD226 expression in spleen. (D) gMFI of CD226 elevated on CD8+ as compared to CD4+ T cells and NK cells. (E) Representative histograms of CD155 on CD11c+MHCII+ DCs from various organs. Fluorescence minus one (FMO) control shown. (F) CD155 gMFI is elevated on thymic DCs as compared to DCs from all other organs surveyed. (G) Representative histograms of CD112 reveal that (H) CD112 expression is highest on thymic DCs. Friedman test with Dunn’s multiple comparisons test; *p < 0.05; **p < 0.01; ***p < 0.001. N = +/+, 6 for thymic CD226 and CD155, N = +/+, 5 for thymic CD112, N = +/+, 3 for splenic CD226 staining.


Indeed, 12-week old, pre-diabetic CD226 KO mice showed significantly increased percentages of CD8+ SP thymocytes as compared to CD226 WT mice, while DN, DP, and CD4+ SP percentages remained similar (Figures 6A–E). We observed a consistent and significant decrease in the percentage of CD4+ T cells and increase in the percentage of CD8+ T cells in the spleen (Figures 6F–H), leading to a significantly decreased ratio of CD4+:CD8+ T cells in the spleens of CD226 KO animals (Figure 6I). These data collectively suggest that CD226 signaling may induce the negative selection of CD8+ thymocytes, potentially shaping the peripheral CD8+ T cell repertoire.
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FIGURE 6. CD226 KO mice have increased thymic output of CD8+ T cells. Thymus and spleen were analyzed from 12-week old pre-diabetic female mice. (A) Representative flow cytometry plots showing percentage of (B) DN, (C) DP, and (D) CD4 SP thymocytes are similar between WT and KO mice. (E) Increased percentage of CD8 SP thymocytes in CD226 KO. Unpaired t test; *p < 0.05. N = +/+, 17; –/–, 19. (F) Representative flow cytometry plots from spleen, gated on live CD3+ T cells. (G) Decreased percentage of CD4+ and (H) increased percentage of CD8+ T cells, resulting in (I) decreased CD4+:CD8+ ratio in CD226 KO mice. Kruskal–Wallis with Dunn’s multiple comparisons test; *p < 0.05; **p < 0.01. N = +/+, 7; +/–, 8; –/–, 9.




Decreased Peripheral Activation of CD8+ T Cells in CD226 KO Mice

We next investigated how CD226 impacted peripheral tolerance by analyzing the naïve and memory CD4+ and CD8+ T cell compartments in various organs of 12-week old pre-diabetic mice. In the pLN, the percentages of naïve CD44–CD62L+ and memory CD44+CD62L– CD4+ T cells were not altered in CD226 KO mice (Figures 7A–D). However, CD226 KO mice showed a significantly decreased percentage of memory CD44+CD62L–CD8+ T cells in the pLN as compared to WT mice (Figures 7A,E). The impact of CD226 KO on naïve and memory T cell proportions was not a global phenomenon, as these subsets were not significantly perturbed in the mesenteric lymph nodes (mLN, Supplementary Figure S3) or spleen (Supplementary Figure S4). Therefore, CD226 may augment peripheral CD8+ T cell activation within the context of organ-specific autoimmunity.
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FIGURE 7. Loss of memory CD8+ T cells in the pancreatic-draining lymph nodes of CD226 KO mice. (A) Representative flow cytometry plots from 12-week old pre-diabetic females, gated on live CD3+ T cells. While percentages of CD62L+CD44– (B) naïve CD4+, CD62L–CD44+ (C) memory CD4+ T cells, and (D) naïve CD8+ T cells remained unaltered in CD226 KO mice, the percentage of (E) memory CD8+ T cells was reduced in the pancreatic lymph nodes of CD226 KO mice. Kruskal–Wallis with Dunn’s multiple comparisons test; **p < 0.01. N = +/+, 7; +/–, 8; –/–, 9.




Reduced Avidity of IGRP-Reactive CD8+ T Cells in CD226 KO Mice

To understand the impact of CD226 KO on CD8+ T cell autoreactivity, we characterized CD8+ T cells recognizing an immunodominant type 1 diabetes epitope (42), islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP206–214) (43). Similar percentages of CD8+IGRP-tetramer+ T cells were observed within the spleen, pLN, mLN, and pancreas of the CD226 WT and KO mice (Figures 8A,B). However, the geometric mean fluorescence intensity (gMFI) of IGRP-tetramer staining within the IGRP-tetramer+ population was significantly decreased in the pancreas of CD226 KO as compared to CD226 WT mice (Figures 8A,C). The magnitude of tetramer binding has previously been shown to correlate with TCR affinity for MHC I-antigen complex in CD8+ T cells (44, 45). TCR affinity has also been correlated with CD5 expression levels on mature SP thymocytes and naïve T cells (46). Indeed, CD5 gMFI of naïve IGRP-tetramer+ CD8+ T cells in the spleen was significantly decreased in the CD226 KO as compared to WT mice (Figures 8D,E). These data suggest that autoreactive CD8+ T cells of the CD226 KO mice may possess a decreased functional avidity for IGRP in the context of MHC I.
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FIGURE 8. Decreased IGRP avidity in CD226 KO mice. (A) Representative flow cytometry plots from 12-week old females, pancreatic-draining lymph node (pLN) gated on live CD8+CD44+ T cells and pancreas (Pan) gated on live CD8+ T cells. (B) While percentages of IGRP-tetramer+ cells are similar between WT and KO mice for all organs surveyed, (C) gMFI of the tetramer within the tetramer+ gate is significantly reduced in CD226 KO mice. Mann–Whitney test; *p < 0.05. N = +/+, 6; –/–, 12. (D) Representative histograms of CD5 expression on naïve IGRP-tetramer+ CD8+ T cells in the spleen. (E) CD5 gMFI on naïve IGRP-reactive cells is significantly decreased in CD226 KO mice. Unpaired t-test; *p < 0.05. N = +/+, 5; –/–, 12.




DISCUSSION

We show novel evidence that CD226 KO provided protection from type 1 diabetes in NOD mice. Similar proportions of type 1 diabetes seen in CD226 WT and HET mice suggested that a single copy of Cd226 was sufficient for maximal type 1 diabetes induction. However, TIGIT KO showed minimal impact on type 1 diabetes incidence. A potential explanation for the lack of phenotype observed in the TIGIT KO strain is that there is another inhibitory receptor in the immunoglobulin superfamily, CD96, which can bind to CD155 (47). Thereby, CD96 may compensate for the function of TIGIT in the TIGIT KO animals, allowing for relatively unperturbed T cell function. In support of this notion, combined TIGIT and CD96 blockade has shown increased efficacy at preventing tumor growth via a CD8+ T cell-mediated mechanism in a mouse fibrosarcoma model in comparison to either antibody alone (48). Enhancement of CD8+ T cell pathogenicity by dual TIGIT and CD96 blockade could therefore be expected to augment type 1 diabetes development in NOD mice.

CD226 KO animals also showed protection from Sjögren’s-associated lacrimal gland inflammation, despite similar extent of salivary gland infiltration. Interestingly, transfer of CD8+ T cells alone to NOD.SCID mice can induce lacrimal, but not salivary gland pathology (38). This suggests that the decreased lacrimal disease in the CD226 KO mice may be attributed to CD8+ T cell alterations, in agreement with our findings regarding CD226 impacting CD8+ T cell numbers, memory formation, and TCR avidity in the context of type 1 diabetes. Whether similar observations of decreased CD8+ T cell activation or avidity are seen in the cervical-draining lymph nodes or lacrimal glands of the CD226 KO mice remain unknown.

While we observed that expression of CD226 on both CD4+ and CD8+ T cells increased the frequency of type 1 diabetes incidence, we did not detect any changes in the thymic development or peripheral activation of CD4+ T cells in the absence of CD226. It is likely that CD226 drives pathogenicity in both cell types, and further interrogation of CD4+ T cell phenotype in the CD226 KO mouse may uncover mechanisms by which CD226 expression on CD4+ T cells contributes to type 1 diabetes. Importantly, the adoptive transfer experiments utilized a 2:1 ratio for CD4+:CD8+ T cell transfer, while the CD4+:CD8+ T cell ratio observed in the spleens of CD226 KO mice was closer to 3:2 due to an increase in CD8+ T cell output by the thymus. It is plausible that adoptive transfer experiments with this modified ratio may show an enhanced role for CD226 expression on CD8+ T cells driving disease, due to sheer increase in the number of autoreactive cells transferred. Regardless, these data suggest that CD4+ and CD8+ T cell interaction in the global CD226 KO mouse may synergize to drive disease. To further understand the role of CD226 in the immunological mechanisms leading to type 1 diabetes, generation of cell-specific CD226 KO strains are currently underway.

While assessing the impact of CD226 signaling on central tolerance mechanisms, we found increased thymic output of CD8+ T cells in the CD226 KO NOD mouse. Others reported that CD226 KO led to decreased proportions of DP and CD4+ SP thymocytes in the fetal thymus (29), however, these findings were not replicated in the adult thymus (30), in agreement with our observations in the adult CD226 KO mouse. In contrast to our findings, previous studies have observed that CD226 KO (30) or CD155 KO (31) on the non-autoimmune BALB/c background led to decreased percentages of CD8+ SP thymocytes as a possible consequence of early thymic egress, although these studies did not observe differences in peripheral CD8+ T cell numbers. These discrepancies may be explained by thymic alterations in NOD as compared to the BALB/c strain (30, 31). NOD mice are known to accumulate thymic medullary giant perivascular spaces (PVSs) with age, and mature CD4+ and CD8+ SP thymocytes have been found in these compartments (49). The retained SP thymocytes show defects in integrin-type fibronectin receptor expression, thought to impair migration (49–51). Therefore, disruption of CD226 interaction and stalling on Nectin family ligands might preferentially correct CD8+ SP thymocyte migration and export to the periphery in NOD mice. Our findings warrant future studies of migration capabilities and numbers of CD8+ SP thymocytes in the PVSs of the CD226 KO thymus. Additionally, treatment of NOD mice with CD226 blocking antibody (35, 52, 53) should be utilized to uncouple the effects of CD226 deletion on thymic selection versus peripheral tolerance, while validating our observation of CD226 disruption preventing type 1 diabetes onset.

Our findings suggest that CD226 KO also blunted the peripheral activation of CD8+ T cells, particularly in the pLN. These data concur with the previously reported role of CD226 in promoting human CD8+ T cell activation, leading to increased cytokine production and cytotoxicity against tumor cells (20). In response to viral infection, CD226 KO mice showed delayed lymphocytic choriomeningitis virus (LCMV) clearance, with reduced IFNγ and TNFα production by virus-specific CD8+ T cells (54). Further characterization of the downstream effects of CD8+ T cell activation in the CD226 KO NOD model via ex vivo analysis of cytokines, perforin, and granzymes (55) or in vitro analysis of antigen-specific proliferation and β cell killing (56) are currently underway to further understand the extent to which these mechanisms translate to human type 1 diabetes.

Further supporting the role of CD226 in promoting CD8+ T cell pathogenicity in type 1 diabetes, CD226 KO mice showed evidence of reduced TCR avidity of IGRP-reactive CD8+ T cells within the pancreas. In agreement with our findings, progression to type 1 diabetes in the NOD mouse has been suggested to rely on avidity maturation of the IGRP-reactive T cell population in the pancreas via preferential expansion of high-avidity TCR clones (57). While costimulatory signaling, including that of CD226 (58), has been implicated in driving selective pressure toward high-avidity T cell clones (59), it is unclear whether our findings in the CD226 KO mouse are reflective of peripheral avidity maturation or, alternatively, a potential consequence of CD8+ T cell repertoire modulation at the level of thymic selection. Future work to characterize the thymic output of IGRP-reactive T cells in CD226 KO NOD mice may help to address the mechanisms governing IGRP-specific CD8+ T cell avidity. Additionally, the impact of CD226 on CD8+ T cell avidity should be validated by measuring tetramer gMFI and CD5 expression on other islet-reactive specificities, such as the AI4-like CD8+ T cell pool (60, 61).

We report that CD226 KO attenuates type 1 diabetes via altered thymocyte development in combination with impaired peripheral CD8+ T cell activation and IGRP-specific TCR avidity. Our findings here elucidate the mechanisms by which CD226 contributes to type 1 diabetes and support future translational efforts to block CD226 signaling in individuals at-risk for type 1 diabetes and other autoimmune diseases with shared pathogenic mechanisms. Notably, CTLA-4 Ig has been demonstrated to block CD28-mediated costimulatory signaling, with success in recent onset type 1 diabetes at delaying loss of C-peptide (62, 63), endorsing the potential utility of therapeutics such as CD226 blockade in modulating T cell costimulation for the prevention or reversal of type 1 diabetes.
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Objective: Monogenic autoinflammatory diseases (AIDs) are inborn disorders caused by innate immunity dysregulation and characterized by robust autoinflammation. We aimed to present the phenotypes and genotypes of Chinese pediatric monogenic AID patients.

Methods: A total of 288 pediatric patients clinically suspected to have monogenic AIDs at the Department of Pediatrics of Peking Union Medical College Hospital between November 2008 and May 2019 were genotyped by Sanger sequencing, and/or gene panel sequencing and/or whole exome sequencing. Final definite diagnoses were made when the phenotypes and genotypes were mutually verified.

Results: Of the 288 patients, 79 (27.4%) were diagnosed with 18 kinds of monogenic AIDs, including 33 patients with inflammasomopathies, 38 patients with non-inflammasome related conditions, and eight patients with type 1 interferonopathies. Main clinical features were skin disorders (76%), musculoskeletal problems (66%), fever (62%), growth retardation (33%), gastrointestinal tract abnormalities (25%), central nervous system abnormalities (15%), eye disorders (16%), ear problems (9%), and cardiopulmonary disorders (8%). The causative genes were ACP5, ADA2, ADAR1, IFIH1, LPIN2, MEFV, MVK, NLRC4, NLRP3, NLRP12, NOD2, PLCG2, PSMB8, PSTPIP1, TMEM173, TNFAIP3, TNFRSF1A, and TREX1.

Conclusions: The present study summarized both clinical and genetic characteristics of 18 kinds of monogenic AIDs found in the largest pediatric AID center over the past decade, with fever, skin problems, and musculoskeletal system disorders being the most prevalent clinical features. Many of the mutations were newly discovered. This is by far the first and largest monogenic AID report in Chinese pediatric population and also a catalog of the phenotypic and genotypic features among these patients.

Keywords: autoinflammatory diseases, innate immunity, genetic sequencing, pediatric immunology, clinical rheumatology


INTRODUCTION

Autoinflammatory diseases (AIDs) are a group of disorders characterized by remarkable inflammation without high-titer autoantibodies or antigen-specific T cells (1). Most of AIDs harbor a single gene defect, hence called monogenic AIDs, while other disorders like PFAPA are polygenic AIDs (2). Since the identification of MEFV, a gene causing Familial Mediterranean Fever (FMF) once mutated (3), many monogenic AIDs have been identified over the past two decades assisted by the development of genetic sequencing technologies. According to the recent 2017 International Union of Immunological Societies (IUIS) classification, there are 36 monogenic AIDs across three branches, defects affecting the inflammasomes (inflammasomopathies), non-inflammasome related conditions, and type 1 interferonopathies (4).

An inflammasome is a multiprotein pro-inflammatory complex consisting of a sensor protein like NOD-like receptor (NLR) containing protein or pyrin, an adapter protein such as apoptosis-associated speck-like protein (ASC) and an effector protein such as caspase-1 (5). The sensors recognize pathogen associated molecular patterns (PAMPs) or danger associated molecular patterns (DAMPs) to initiate the assembly and activation of inflammasomes, thereby cleaving interleukin-1 (IL-1) and freeing IL-1β and IL-18 to cause further inflammation (6). The inflammasomopathies then denote a group of mechanistically similar diseases, resulting in inappropriate inflammasome activation (7). Non-inflammasome related conditions are a group of heterogeneous disorders such as Blau syndrome, pyogenic arthritis, pyoderma gangrenosum, and acne (PAPA) syndrome, and ADA2 deficiency (8). Each one arises from different genetic mutations. As for type 1 interferonopathies, they are uniquely characterized by an inappropriate overproduction of type 1 interferon (IFN-I) (9). Aicardi-Goutieres syndrome (AGS) and proteasome-associated autoinflammatory syndrome (PRAAS), such as chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature (CANDLE), are two typical syndromes that belong to this category. However, this field is still rapidly advancing and newly discovered diseases, such as DNaseII deficiency (10), RIPK1 deficiency (11), are periodically added to the list.

Arriving at a final definite diagnosis of monogenic AID can be very difficult because of the multifaceted nature of the disease. A strong clinical clue plus solid genetic findings can help reach a correct diagnosis. In this report, we aim to provide an overview of monogenic AIDs diagnosed by a tertiary Chinese pediatric rheumatology disease center based in Beijing over the past decade.



METHODS


Patient Selection

A total of 288 pediatric patients (age 18 or less) suspected of having monogenic AIDs were included in this study at the Peking Union Medical Hospital between November 2008 and May 2019. They all had persistently or intermittently elevated inflammation indices with no evidence of malignancy or infection. In addition to unexplained elevated inflammation markers, AID diagnosis may be considered if a patient met one or more of the following three criteria as depicted in Figure 1A: (1) presenting with recurrent fever, rash and/or arthralgia and other systemic features; (2) diagnosed with autoimmune diseases previously but unresponsive to standard therapies; (3) had family history or had early onset symptoms. All these patients and legal guardians gave informed consent for genetic sequencing. The clinical information of all these patients was obtained from paper and electronic medical records. There was no consanguinity in these children. The Institutional Review Board of the Peking Union Medical College Hospital approved this study.


[image: Figure 1]
FIGURE 1. A presentation of monogenic AID gene discovery. (A) Inclusion criteria for suspected AID patients and working flow of genetic analyses. (B) 18 genes were discovered in our center according to the 2017 IUIS classification.




Genetic Analyses

We ordered genetic tests primarily based on the clinical pictures. For cases suspected of FMF, Blau syndrome, cryopyrin associated periodic syndrome (CAPS) or other very typical cases, the genomic DNA from peripheral blood samples of those suspected patients were genotyped for specific candidate genes such as MEFV, NOD2, NLRP3, or other specific AID genes using Sanger sequencing. For cases with overlapping clinical manifestations or previous negative Sanger sequencing, a gene panel including 347 primary immunodeficiency disease gene (PID panel) or Whole exome sequencing (WES) method would be recommended and utilized given patient family approval. Variants found in patients would be stringently analyzed with different information tools such as the Exome Aggregation Consortium, the ClinVar, the HGMD, the Infevers, and the 1000 Genomes Project. The prediction tools used for novel rare variants were SIFT, Polyphen 2, MutationTaster 2, CADD and UMD-Predictor. For each system, the most recent version would be used. Further, disease prevalence, expressivity, mode of inheritance and segregation would also be considered during data analyses. For all the disease-causing variants found by gene panel or WES, Sanger sequencing would be done for validation.




RESULTS

From 2008 to 2019, 288 patients suspected of having monogenic AID went through genetic sequencing. As shown in Figures 1B, 2, we diagnosed 18 kinds of AID in 79 (27.4%) patients. Among them, 33 (42%) patients had inflammasomopathies, 38 (48%) had non-inflammasome related conditions, and 8 (10%) had type 1 interferonopathies. The genetic analysis methods used in each group of disorders are presented in Figure 2A. The clinical and genetic features of these three groups of patients are summarized below.


[image: Figure 2]
FIGURE 2. A summary of monogenic AIDs by disease group and disease itself. (A) A summary of gene detection methods used in different disease groups. (B) A presentation of each monogenic disorder diagnosed in our center.



Inflammasomopathies

We diagnosed 33 cases of inflammasomopathies with mutations in 6 genes, NLRP3, NLRP12, NLRC4, PLCG2, MEFV, and MVK. The detailed clinical and genetic information is listed in Table 1. For the 12 NLRP3 related autoinflammatory disease (NLRP3-AID) cases, which were previously known as cryopyrin-associated periodic syndromes (CAPS), the median age of onset was 0.2 months with a range of 0.1 months to 4.8 years, but the median age of diagnosis was 4.0 years with a range of 0.1 months to 20 years. The main clinical features were cutaneous rash, followed by fever, growth retardation, neurological abnormalities, lymphadenopathy, ocular manifestations, and arthralgia. All cases were autosomal dominant inherited and the variants were c.796C>T (p.L266F), c.913G>A (p.D305N), c.918G>T (p.E306D), c.932T>C (p.F311S), c.1049C>T (p.T350M), c.1311G>T (p.K437N), c.1711G>C (p.G571R), c.1715A>G (p.Y572C), c.1991T>C (p.M664T) and c.2113C>A (p.Q705K).


Table 1. Characteristics of Inflammasomopathies discovered in our center (Total N = 33).
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For the 4 NLRP12-AID cases, the median age at disease onset was 4.0 years. Fever, skin rash, arthritis and ontological disorders were the most prevalent features. They each carried a heterozygous germline mutation including c.1673T>G (p.L558R), c.1742G>A (p.W581X), c.2188G>C (p.G730R) and c.2072+2dupT accordingly, which have been analyzed and reported previously (12).

We also diagnosed two familial cold autoinflammatory syndrome 3 (FCAS3) caused by PLCG2 gain-of-function mutations. Both patients had fever, cold-induced urticarial rash and lymphadenopathy. One also developed facial edema and oral ulcer while the other one had hepatosplenomegaly. Both patients had family history with dominantly inherited traits. Though they had significantly elevated CRP and ESR, neither had antibody deficiency nor recurrent infections, which are characteristics of APLAID (PLCG2-associated antibody deficiency and immune dysregulation) syndrome (13). The two mutations were c.3244T>C (p.C1082R) and c.3524T>A (p.I1175K). These were two novel mutations.

NLRC4 inflammasomopathy has varied phenotypes including autoinflammation and infantile enterocolitis (AIFEC) and familial cold autoinflammatory syndrome 4 (FCAS4) (14). As for our patient, he carried a novel mutation, c.514G>A (p.G172S), in nucleotide binding domain (NBD) of NLRC4. He had urticarial-like skin rashes since 3 months of age. Later he had periodic fever once every 3–6 months. Like S171F, this mutation would substitute a hydrophilic serine residue for a hydrophobic glycine residue at the adenosine diphosphate (ADP)-binding interface within the conserved NBD region, which disrupts the auto-inhibitory mechanism maintaining the inactive state of NLRC4 (15).

We also discovered 10 FMF patients over the past decade. The median age at disease onset was 7.5 (range, 4–12) years, while the median age at diagnosis was 10 (range, 5–14) years. Apparently, fever was the most common symptom, followed by abdominal pain, arthralgia and rash. Other less prevalent symptoms included oral ulcer, vasculitis, lymphadenopathy, hepatosplenomegaly and growth retardation. No amyloidosis was found in these patients. The MEFV variants of these patients were c.329T>C (p.L110P), c.344C>G (p.P115R), c.442G>C (p.E148Q), c.688G>A (p.E230K), c.910G>A (p.G304R), c.1105C>T (p.P369S), c.1898C>T (p.P633L), c.1907T>A (p.F636Y), and c.1759+8C>T. Each patient carried 2–5 variants, and E148Q was the most common one. Six patients responded well to colchicine treatment.

The last disease in this section is mevalonate kinase deficiency (MKD), which is an autosomal recessive disorder caused by mevalonate kinase gene (MVK) mutations. Defects in the mevalonate kinase pathway can promote pyrin inflammasome activation by dysregulating geranylgeranylation and function of small cellular GTPases (16). We discovered four patients in total and they all developed symptoms soon after birth. The median age at diagnosis was 2.0 years (range, 1–5) and the median delay of diagnosis was 1.5 years (range, 1–5). All of them had typical periodic fever, while other symptoms were cutaneous rash, arthralgia/arthritis, growth retardation, gastrointestinal problems, and lymphadenopathy (25%). The genetic mutations were p.V8M, p.S118P, p.G211X, p.G219R, p.P263L, and p.G336S.



Non-inflammasome Related Conditions

We diagnosed 38 cases under this branch, and a brief summary is listed in Table 2.


Table 2. Characteristics of the non-inflammasome related conditions.
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Blau syndrome was initially described in 1985 with a triad of granulomatous arthropathy, uveitis, and dermatitis (17). Later in 2001, NOD2 was discovered to be the causative gene, defects of which promote hyperactivation of NF-κB signaling and inflammation processes. A total of 24 patients were genetically diagnosed and all of them developed symptoms before 5 years old. Overall, 79% cases had granulomatous arthropathy, 54% cases had scaly rash/dermatitis, and 29% cases had bilateral uveitis. The uveitis was relatively severe because three cases turned out to be near blind regardless of treatment. Unfortunately, 13 patients were misdiagnosed as other diseases such as juvenile idiopathic arthritis (JIA) and atopic dermatitis before referral to our center. As for the NOD2 mutations, all of them were located within or near the NOD/NACHT domain of the NOD2 protein, with p.R334Q (7/24, 29%) and p.R334W (7/24, 29%) being the most common ones. Other mutations were p.E383Q, p.G481D, p.M491L, p.E498G, p.D512Y, p.M513T, p.R587C (2/24, 8.3%), p.H603D, and p.H669R. Of these mutations, p.M491L, p.E498G, and p.H669R were novel variants.

Another classical non-inflammasome related condition is the TNF receptor-associated autoinflammatory syndrome (TRAPS), a dominantly inherited disorder caused by mutations in the TNF receptor (TNFR1) encoded by the TNF superfamily receptor 1A (TNFRSF1A) gene (18). Fever is often long lasting and can be accompanied by arthritis, a patchy migratory skin rash, serositis, and periorbital edema. All the four patients developed severe symptoms under 1 year of age. All of them had prolonged periodic fever, while both rash and arthritis occurred in three patients each. Two patients had abdominal pain, a sign of serositis, and two patients had overt reactive lymphadenopathy. The mutations of TNFRSF1A were p.C99S (2/4, 50%), p.T79M, and p.F141C, which were not reported elsewhere. Since TNFR1 is a transmembrane glycoprotein containing four tandem-repeat cysteine-rich domains (CRD1-4) (19), introducing (p.F141C) or removing (p.C99S) cysteine residues were believed to affect molecular structures and cause more severe phenotypes. The p.T79M mutation might disrupt hydrogen bonds between proteins.

Deficiency of adenosine deaminase type 2 (DADA2) is an autosomal recessive monogenic AID caused by ADA2 (formerly known as CECR1) mutations and was first described in 2014 in patients with mild immune deficiency, systemic inflammation, and central nervous system vasculopathy (20). ADA2 deficiency leads to accumulation of adenosine, which then activates neutrophils and dysregulates macrophage differentiation to cause inflammation, damage and fibrosis of many tissues (21). We diagnosed five patients and the median age of onset was 3.2 years old. The main clinical features of these patients were fever (100%), rash (100%), livedo racemosa (40%), and early-onset recurrent stroke (20%). The genotypes for these patients were p.N85I/p.G284V, p.H293P/p.Y88C, p.G5R/p.V325Tfs*7 (exon 7 deletion), p.R169Q/p.R131Sfs*52, and p.Y411C/p. N328I accordingly. All these variants have not been reported other than p.V325Tfs*7, p.R169Q and p.N328I.

We also diagnosed two patients of PSTPIP1-associated inflammatory diseases (PAID), a dominantly inherited disease that can be subtyped into pyogenic arthritis, pyoderma gangrenosum, and acne (PAPA) syndrome, PSTPIP1-associated myeloid-related proteinemia inflammatory (PAMI) syndrome, and other PAPA-like syndromes (22). Both patients had skin rash, arthritis, persistent systemic inflammation, hepatosplenomegaly, pancytopenia, and growth retardation, which matched the typical phenotypes of PAMI. The genotypes were de novo mutations of p.E250K and p.N236K, resulting in charge changes of the F-BAR domain of PSTPIP1 and increased binding to pyrin (23).

We also diagnosed two cases of haploinsufficiency of A20 (HA20). A reduced expression of A20, encoded by TNFAIP3, leads to insufficient suppression of NF-κB activity and enhanced NLRP3 inflammasome activation, thereby generating large amounts of pro-inflammatory cytokines (24). The clinical phenotypes of the disorder are quite variable. For our patients, both suffered from recurrent oral ulcer. One patient was diagnosed as Behçet disease previously and the other one was diagnosed with undifferentiated connective tissue disease. Hashimoto′s thyroiditis was also found in one patient. The genetic sequencing yielded p.R271X of the TNFAIP3 gene in one patient and p.R45X in the other one, which were known to be pathogenic variants (25, 26).

The last disease in this section is Majeed syndrome, which is an autosomal recessive disorder due to mutations in LPIN2 that encodes the protein LIPIN2, a negative regulator of NLRP3 inflammasome (27). Early reports documented a classic triad of clinical findings including severe early onset chronic osteomyelitis, microcytic congenital dyserythropoietic anemia, and the neutrophilic dermatosis (28). Our case was a male patient who developed fever and bone pain soon after birth, and later presented with dermatosis. Diagnostic workup revealed highly elevated acute phase reactants, microcytic anemia and chronic osteomyelitis. Whole exome sequencing revealed c.2327+1G>C and c.1691_1694delGAGA of LPIN2. The c.2327+1G>C is a reported pathogenic mutation locating at a splice site of intron 17 and the c.1691_1694delGAGA is a frameshift mutation that has not been reported elsewhere.



Type 1 Interferonopathies

In total, we diagnosed five cases of AGS, one case of stimulator of interferon genes (STING)-associated vasculopathy with onset in infancy (SAVI), one case of spondyloenchondrodysplasia with immune dysregulation (SPENCD), and one case of PRAAS/CANDLE. The clinical characteristics and genotype information are summarized in Table 3. For AGS1 that caused by TREX1 mutations, rash, autoimmune features and intracranial calcifications were the main phenotypes. All of the variants were not reported previously. For AGS6, a patient with c.305_306del (p.Q102Rfs*22) of ADAR1, pulmonary artery hypertension (PAH) was noted in addition to chilblain rash, lupus phenotype and intracranial calcification. As for the case of AGS7, the age of disease onset was 0.5 years. He had prominent growth retardation, cutaneous rash and severe leukopenia. His interferon signature of the peripheral blood was high and the genetic analysis yielded p.A339D de novo mutation of IFIH1. He received Janus kinase (JAK) inhibitor treatment after diagnosis and remains stable till now. We also diagnosed 1 SAVI patient, who had severe PAH and interstitial lung disease at the time of first visit to our center. His lungs were already fibrotic but did not get worse after treatment with JAK inhibitors. As for the case of SPENCD, her initial chief of complaint was intermittent fever. During follow up period, she started to present features of systemic lupus erythematosus and short stature. Her spine X-ray revealed spondyloenchondrodysplasia. This is an autosomal recessive inherited disorder and the genetic variants of this patient were p.S267Lfs*20 and p.G239D of ACP5. For the PRAAS/CANDLE patient, the most prominent characteristic was lypodystrophy, other clinical features included fever, rash, PAH, arthritis, intracranial calcification, uveitis, loss of hearing, and growth retardation. He had compound heterozygous mutations of PSMB8, which were p.T75M and p.T74I.


Table 3. Characteristics of the eight cases diagnosed as interferonopathies.
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DISCUSSION

Human innate immunity is first-line defense against the microbial world, and also serves as a guardian to limit danger molecules and prevent self-invasion. While an inadequate innate immune response can lead to severe infections, persistent excessive responses can generate systemic autoinflammatory disorders, most of which are monogenic inborn errors. Although just conceptualized around 20 years ago, the field of AIDs sitting within the domains of rheumatology and clinical immunology has expanded ever since. Here, we report the first and also the largest cohort of monogenic AIDs in Chinese pediatric population diagnosed over the past decade.

Overall, in our 79 monogenic AID patients, as depicted in Figure 3, skin disorders (76%), musculoskeletal problems (66%), and fever (62%) were the most common clinical features. Other features included central nervous system abnormalities (15%), eye disorders (16%), ear problems (9%), cardiopulmonary disorders (8%), and symptoms involving gastrointestinal tract system (25%). In addition to above presentations, one third of the sick kids would experience episodes of infections because of the dysregulated innate immunity. We also noticed that growth retardation was relatively common among these children (33%). Among those 26 patients with growth retardation, a total of 11 patients had used glucocorticoids (GC). Only four of the 11 patients had received GC treatment for a long time and they were all Blau syndrome patients. Therefore, growth retardation is a kind of phenomenon worthy of attention in children with prolonged uncontrolled inflammation. We also need to address that there were 24 patients (30%) in total misdiagnosed as other diseases, with juvenile idiopathic arthritis being the most prevalent one (12/79), which prompts us pediatric rheumatologists to consider monogenic AIDs when making diagnosis of JIA.
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FIGURE 3. The inflamed body cartoon. Fever, skin disorders, and musculoskeletal problems were three main clinical features of monogenic AIDs.


Arriving at an accurate diagnosis of monogenic AID is quite difficult if only through reading clinical phenotypes. The genomic analysis has been integrated into the whole diagnosis process over the past 20 years and seen many breakthrough discoveries. Our center started screening AID genes in highly suspected AID patients such as patients with periodic fever in the year of 2008 with Sanger sequencing. Later we integrated primary immunodeficiency (PID) gene panel in 2012, which helped us diagnose more than half of these patients (46/79, 58%) and are still in current use. For untypical cases with prominent inflammatory phenotypes or typical cases with negative panel screening results, we used WES method, which dated back to the year of 2015. The WES method discovered 16 AID patients (16/79, 20%) in total and is playing a very important role in discovering and characterizing new disorders. Overall, the positive rate of genetic sequencing in our center was 27.4% (79/288). There might be several reasons for this. First, sequencing approach such as whole exome sequencing might miss deep intronic variants that can affect protein translation and expression. Second, disorders like periodic fever syndromes can be affected by environmental triggers through inducing epigenetic changes of specific genes, which cannot be detected by normal genetic sequencing methods (29). Third, a highly suspected AID with negative genetic test results could simply be due to misinterpretation of the genetic results or unknown genes to be identified. As such, the clinical diagnosis can't be excluded by the negative results of genetic sequencing and a further periodic re-evaluation and re-analysis of the genetic variants is highly recommended for undefined AID patients. We have to admit that in real-life clinical setting, there are indeed a small number of patients with typical phenotypes of periodic fever syndromes and negative genetic test results can be clinically diagnosed. However, these seemingly typical cases were not included in this study, because we observed the occurrence of malignancy in several cases during the long-term follow-up period. For suspected AID patients with unusual phenotypes, the interpretation of variant pathogenicity should be cautious and performed repeatedly under appropriate standardized protocol, especially for the genes that do not seem relevant to the phenotype of the patient.

The high-throughput sequencing technologies not only boost the pace of discovery of new monogenic AIDs, but also further expand our understanding of the innate immunity and help develop targeted therapies to treat autoinflammation. Since the autoinflammation largely depends on cytokines, cytokine directed therapies such as IL-1 inhibition, anti-TNF-α agents and JAK inhibitors have been used in monogenic AID patients (30). However, IL-1 inhibitors are not available in Mainland of China, most of our NLRP3-AID patients were treated by steroids or IL-6 inhibition with low to moderate efficacy. For Blau syndrome, DADA2 and HA20 patients, we initiated anti-TNF-α therapies and have observed some good responses. For type 1 interferonopathies, we tested JAK inhibitors including ruxolitinib and tofacitinib among these patients and the results were promising. All of these AID patients are under regular follow-up and the data pertaining to treatment plans and efficacy would be revealed in later reports.

This report is important because most of the monogenic AID studies were performed in Western countries and the data is scarce in Chinese pediatric population. The clinical characteristics and genetic information provided by our center can help increase the awareness of monogenic AIDs and further avoid misdiagnoses, unnecessary hospitalizations, and inappropriate therapeutic treatment. However, there are some limitations of this study. First, for undefined AID patients who initially received Sanger sequencing of the highly suspected genes, the sensitivity would be lower than in reality, even though we have tried to perform re-analysis in most of those patients. Second, the total number of patients of this report is still limited, and the information provided here is only a reflection of monogenic AIDs diagnosed in a tertiary pediatric center, although our center is already one of the biggest pediatric rheumatology centers in mainland of China. We aim to set up a national network and collaborate with other centers in the near future to collect more solid data and perform more detailed analyses such as phenotype-genotype correlation in each disease in Chinese pediatric population. Third, for the newly discovered variants with unknown pathogenicity, we only used prediction software and did not validate them experimentally. However, we had rounds of discussions about those variants and correlating phenotypes, and had followed up those patients with undefined variants at a regular basis for better disease characterization.



CONCLUSIONS

In conclusion, the present study described the first cohort of monogenic AID patients in Chinese pediatric population. A total of 79 monogenic AID patients were diagnosed, with fever, skin problems, and musculoskeletal system disorders being the most prevalent clinical features. We totally found 18 kinds of monogenic AIDs with the help of genetic sequencing, and many of the variants in this cohort were newly discovered. By providing data from our center, we hope this report would reflect and also expand the phenotypic and genotypic profiles of Chinese pediatric patients with monogenic AIDs.
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Background: Haploinsufficiency A20 (HA20) is a newly described monogenic disease characterized by a wide spectrum of manifestations and caused by heterozygous mutations in TNFAIP3 which encodes A20 protein. TNFAIP3 mutation leads to disruption of the A20 ovarian tumor (OTU) domain and/or the zinc finger (ZnF) domain. This study aims at exploring the association between the various manifestations of HA20 and different domains disruption of A20.

Methods: We reviewed the HA20 cases in previous literature and summarized the clinical features, TNFAIP3 mutation loci and the disrupted domains caused by different sites and patterns of mutations. Patients were classified into three groups according to the A20 domains disruption.

Results: A total of 89 patients from 39 families with a genetic diagnosis of HA20 were included. Overall, the age at onset of HA20 was early (median:5.92, IQR:1-10). Patients in the ZnF group showed the earliest onset (median:2.5, IQR:0.6-5), followed by patients in the OTU+ZnF group (median:6, IQR:1-10) and patients in the OTU group (median:10, IQR:8-14). The main manifestations of HA20 patients were recurrent oral ulcers (70%), recurrent fever (42%), gastrointestinal ulcers (40%), skin lesion (38%), genital ulcers (36%), and musculoskeletal disorders (34%). The percentage of patients with musculoskeletal disorders was significantly different among the three groups (p = 0.005). Patients in the OTU+ZnF group and ZnF group were more likely to develop musculoskeletal disorders than patients in the OTU group (p = 0.002 and p = 0.035, respectively). Besides, forty-three percent of HA20 patients were initially diagnosed as Behcet's disease (BD). Compared to the ZnF group, the OTU+ZnF group and OTU group had a higher percentage of patients initially diagnosed as BD (p = 0.006 and p < 0.001, respectively).

Conclusion: HA20 is characterized by early-onset and the most common symptoms of HA20 are recurrent oral ulcers, fever and gastrointestinal ulcers. The onset of HA20 in patients with the ZnF domain disruption is earlier than patients with the OTU domain disruption. Compared to the OTU domain, the ZnF domain may be more closely related to musculoskeletal disorders.

Keywords: haploinsufficiency A20, autoinflammatory disorders, monogenic disease, TNFAIP3, OTU domain, ZnF domain, clinical manifestation


INTRODUCTION

A20, a protein encoded by the tumor necrosis factor alpha-induced protein 3 gene (TNFAIP3), is a crucial negative regulator of inflammation (1, 2). It is well- known to inhibit NF-κB signaling and has recently been shown to restrict the interferon regulatory factor (IRF) pathway and autophagy (3). A20 consists of two distinct domains: an amino-terminal ovarian tumor (OTU) domain and a carboxy-terminal zinc finger (ZnF) domain (4). The ZnF domain contains K63-linked E3 ubiquitin ligase and polyubiquitin-binding ability, while the OTU domain carries deubiquitinating activity (1). Different TNFAIP3 mutations may result in distinct A20 domain disruption and symptomatic manifestation depending on their type and location.

Haploinsufficiency A20 (HA20) is a monogenic disease caused by heterozygous TNFAIP3 mutations and is characterized by inflammation in multiple organs (5). Since the first case was reported in 2016 (5), more attention has been paid to HA20 and an increased number of cases has been reported. The manifestations of patients with HA20 are complicated and show individual variation (6, 7). It is assumed that the diverse clinical manifestations of HA20 may result from the variable expressivity in the autosomal-dominant inheritance pattern, the interaction with other genes and environments influences (8). Previous mouse models indicate that disruption of different A20 domains may result in different clinical manifestations of HA20. For example, HA20 symptoms in mice with the disrupted ZnF domain (A20ZnF7/ZnF7 mice, A20ZnF4ZnF7/ZnF4ZnF7 mice) presented differently than mice with the disrupted OTU domain (A20OTU/OTU mice) (2, 9). However, it remains uncertain whether different forms of A20 domain disruption directly affect the variable manifestations of HA20 patients. Here, we analyze the relationship between A20 domain disruption and corresponding clinical characteristics of HA20 patients.



METHODS


Literature Search Strategy

We searched literature up to March 2020 that reported HA20 patients. The search was conducted using PubMed, Google scholar, and the Chinese database CNKI. The keywords “haploinsufficiency A20” AND “autoinflammation,” or “TNFAIP3 mutation” AND “autoinflammation” were used for the search. No language or publication date restrictions were applied to the search.



Inclusion and Exclusion Criteria

The inclusion criteria for eligible cases were that the HA20 patients should be reported with the TNFAIP3 gene mutation by genetic analysis. Patients with additional gene mutations were excluded.



Data Collection

The following information was extracted from each eligible HA20 case: age of HA20 onset, gender, details of TNFAIP3 gene mutation, initial diagnosis, clinical manifestations, treatment, and response to treatment. We found a total of 33 TNFAIP3 mutations at various loci (5, 8, 10–12). These mutations could result in OTU and/or ZnF domain disruption and were identified as missense, nonsense or frameshift mutations. Patients were divided into three groups according to the disrupted domain caused by TNFAIP3 mutation: (1) nonsense and frameshift mutations in the OTU coding region that impaired the function of both OTU and ZnF domains (OTU+ZnF group), (2) missense mutations in OTU coding region that disrupted the OTU domain only (OTU group), and (3) mutations in the ZnF coding region that disrupted the ZnF domain function (ZnF group). The age of onset for HA20 patients was defined as the age when the initial disease symptoms were reported. The term “patients responded to treatment” in our study refers to the reported improvement of symptoms after treatment. To analyze the correlation between specific TNFAIP3 mutations and the severity of symptoms in HA20, we classified H20 symptoms severity into three categories based on the number of organs involved: (1) mild: <4 organs involved, (2) moderate: 4 to 6 organs involved, (3) severe: more than 6 organs involved.



Statistical Analysis

All statistical analyses were performed with SPSS 19 (IBM, New York, USA) software. The age of HA20 onset was processed as median values with interquartile ranges (IQR). Group differences in the age of onset were compared by the Kruskal-Wallis test. Chi-square tests were used to evaluate differences between two or three groups and Fisher's exact test was used when the theoretical frequency was <5. A two-sided p < 0.05 indicated statistical significance.




RESULTS


Classification of A20 Disruption According to TNFAIP3 Gene Mutations

We initially collected a total of 93 cases according to the inclusion criteria and 4 patients were excluded from the study due to the presence of additional mutations. The remaining 89 patients from 39 families were reported with heterozygous loss-of-function mutations in TNFAIP3 (Table S1) which showed evident familial aggregation. We identified 33 disease-causing variants and 32 of which were indicated in Figure 1A. A large deletion mutation of exons 2–3 of TNFAIP3 located in the OTU coding region was not shown on the schematic diagram because no exact mutation locus was identified in the case report (13). We found 7 frameshift mutations and 11 nonsense mutations in the OTU coding region (OTU+ZnF group), 2 missense mutations in the OTU coding region (OTU group), 11 frameshift mutations, 1 nonsense, and 1 missense mutation in the ZnF coding region (ZnF group) (Figure 1B). There were 50 patients (56%) from 23 families in the OTU+ZnF group, 13 patients (15%) from 3 families in the OTU group and 26 patients (29%) from 3 families in the ZnF group, respectively (Figure 1C, Table S1).


[image: Figure 1]
FIGURE 1. Schematic diagram of A20 protein and its three types of disruption. (A) The protein A20 consists of an ovarian tumor (OTU) domain and seven zink-finger (ZnF) domains. The reported TNFAIP3 mutations from literature are indicated with arrow. (B) The reported TNAFIP3 mutations can result in three types of A20 disruption: disruption of both OTU and ZnF functional domains (a-b, OTU+ZnF), disruption of single functional domain OTU (c, OTU) or ZnF (d-f, ZnF). (C) The proportion of patients in each group. Patients were classified into the OTU+ZnF group, the OTU group and the ZnF group according to three types of A20 disruption.




Clinical Characteristics of Patients With HA20

We observed diverse clinical manifestations in the 89 HA20 patients evaluated for this study. Overall, the most common symptom was oral ulcers (70%), followed by recurrent fever (42%), gastrointestinal ulcers (40%), skin lesions (38%), genital ulcers (36%), musculoskeletal disorders (34%), and autoimmune thyroid disorder (19%). Less than 10% of HA20 patients presented with ocular involvement (7%), vasculitis (6%), atrophic gastritis (3%), kidney injury (6%), liver injury (8%), recurrent respiratory tract infection (9%), interstitial lung disease (4%), or dental anomaly (4%) was. Additionally, while the majority of patients with interstitial lung disease were in the ZnF group, patients with specific symptoms were mainly distributed in the OTU+ZnF group (Figure 2A).


[image: Figure 2]
FIGURE 2. Statistics of clinical manifestation in patients with HA20. (A) The percentage of various symptoms of HA20 in 89 patients. Patients were classified into the OTU+ZnF group, the OTU group and the ZnF group according to three types of A20 disruption. Except for interstitial lung disease, the patients with specific symptom of HA20 were mainly from OTU+ZnF group. (B) The proportion of initial diagnosis in HA20 and the distribution of each diagnosis in three groups.


The initial diagnoses of HA20 patients in each of the three groups were shown in Figure 2B. Eighty percent (72/89) of patients were initially diagnosed with autoimmune diseases other than HA20. Forty-three percent of patients were initially diagnosed with Behcet's disease (BD), an autoimmune disease that cause vascular inflammation throughout the body, representing the largest proportion of initial diagnoses in HA20 patients. Twenty-six percent of HA20 patients met the diagnostic criteria of intestinal BD (iBD), with the hallmark features of BD and gastrointestinal ulcers (14). Other initial diagnoses of HA20 included juvenile idiopathic arthritis (JIA) (12%), periodic fever with aphthous pharyngitis and adenitis (PFAPA) (7%), Crohn's disease (CD) (6%), rheumatoid arthritis (RA) (4%), systemic lupus erythematosus (SLE) (4%), and psoriatic arthritis (PsA) (2%). Patients who were initially diagnosed with BD, iBD, JIA, RA, or SLE were mainly a part of the OTU+ZnF group. No patients in the OTU group were initially diagnosed with JIA, PFAPA, CD, RA, SLE, PsA.



Comparison of Clinical Characteristics According to Types of A20 Disruption

Some symptoms of HA20 exhibited significantly different occurrences among the three groups. Patients with only the OTU domain or ZnF domain disruption did not present with ocular dysfunction, atrophic gastritis, or dental anomalies. Patients in the OTU group did not present with musculoskeletal disorders, autoimmune thyroid disorder, liver injury, recurrent respiratory tract infections, or interstitial lung disease. No patients in the ZnF group developed kidney injury.

The gender distributions were similar among patients in OTU+ZnF, OTU, and ZnF groups. The overall age of HA20 onset was early (median: 5.92, IQR:1–10), however there was a significant difference in age onset between the three groups (p < 0.001). Compared to patients in the OTU group (median onset age:10, IQR: 8–14), patients in the OTU+ZnF group (median onset age: 6, IQR: 1.165–7) and the ZnF group (median onset age: 2.5, IQR: 0.6–5) showed earlier onset (all, p < 0.001). Patients in the ZnF group showed earlier onset of HA20 than patients in the OTU+ZnF group (p = 0.040) (Table 1). We further analyzed the specific loci of TNFAIP3 mutations in these patients to identify which mutations may confer the earliest HA20 onset. We found that patients with the p.Leu227* mutation in the OTU+ZnF group appeared to confer the earliest onset of HA20 (median onset age:0.83, IQR: 0–1.25) (Figure S1).


Table 1. Univariate analysis of clinical characteristics in patients with HA20 based on types of A20 disruption.
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The incidence of musculoskeletal disorders in HA20 patients was significantly different among the three patient groups (p = 0.005). No patients in the OTU group developed musculoskeletal disorders (0%). However, patients in the OTU+ZnF (44%) and ZnF groups (31%) were more likely to develop musculoskeletal disorders (p = 0.002 and p = 0.035, respectively), with no significant difference between the two groups (p = 0.327) (Table 1). Next, we explored which TNFAIP3 mutation loci correlated with more severe symptoms (Table S2). We found that patients with the p.Phe224Serfs*4 mutation were more likely to show severe symptoms (Table S2). Patients with the p.Leu227* or p.Gln370Argfs*16 mutations were more likely to show moderate to severe symptoms (Table S2).

Most patients experienced improved symptoms after immunomodulatory treatment. Twenty-two patients were treated with biological agents, 19 of which responded well to the therapy (response rate: 86%). The response rates of glucocorticoid treatments, disease-modifying antirheumatic drugs, and colchicine were 71, 70, and 45%, respectively (Table S2). Two patients improved after autologous hematopoietic stem cell transplantation. However, treatment response in HA20 patients were variable. The response rate of colchicine was significantly different among the three patient groups (p = 0.009). Patients in the OTU+ZnF group were more likely to respond to colchicine treatment compared with patients in the OTU group (p = 0.005). The response rate of other treatments was comparable across the three groups (Table 3).



Comparison of Initial Diagnosis in HA20 Patients According to Types of A20 Disruption

The percentage of HA20 patients who were initially diagnosed with BD was significantly different among patients in the three groups (p = 0.001). The proportion of patients initially diagnosed with BD in the OTU+ZnF (48%) and OTU (77%) groups was significantly higher than the ZnF group (15%) (p = 0.006 and p < 0.001, respectively), with no significant difference between the OTU+ZnF and the OTU groups (p = 0.116). We observed no significant difference in initial diagnosis of iBD, JIA, PFAPA, CD, RA, SLE, or PsA between the three patient groups (Table 2).


Table 2. Univariate analysis of initial diagnosis in HA20 patients based on types of A20 disruption.
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Table 3. Univariate analysis of treatment response of patients with HA20 based on types of A20 disruption.
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DISCUSSION

HA20 is an autosomal-dominant-inherited disease characterized by systemic inflammation in multiple organs with a wide spectrum of manifestations (3). The specific mechanisms of this individual clinical variation in HA20 patients remain poorly understood. Here, we summarize the clinical characteristics of HA20 and highlight that distinct domain disruption of A20 influences the variation in HA20 symptoms and onset among patients.

Early HA20 recognition and diagnosis remain challenging due to its diverse clinical manifestations. The 89 cases of HA20 we evaluated featured a wide variety of symptoms including recurrent fever, oral ulcers, genital ulcers, ocular disorders, skin lesion, vasculitis, gastrointestinal ulcers, atrophic gastritis, musculoskeletal disorders, autoimmune thyroid disorder, kidney injury, liver injury, recurrent respiratory tract infection, interstitial lung disease, and dental anomalies. Based on these symptoms, some patients were initially diagnosed with autoimmune diseases other than HA20, such as BD or JIA. Consistent with previous reports (6, 7), we found that the hallmark features of BD, including oral ulcers, genital ulcers, gastrointestinal ulcers, and skin lesions were also frequent in HA20 patients. Therefore, patients with these symptoms were more likely to be initially diagnosed as BD (43%) than other autoimmune diseases (2–12%). Most HA20 patients exhibited early-onset of symptoms (median: 5.92, IQR: 1–10), which may aid proper diagnosis of HA20 over other autoimmune diseases and promote early HA20 diagnosis.

Our study suggests that mutations in different domains of the A20 protein might influence a variety of specific HA20-related manifestations in a domain-dependent manner. We divided the 89 HA20 patients into an OTU+ZnF group (50/89), an OTU group (13/89), and a ZnF group (26/89) according to the particular A20 domains that was disrupted. Notably, patients with the disrupted ZnF domain in either the OTU+ZnF or ZnF group presented symptoms earlier than patients with only the disrupted OTU domain. The early median overall onset of HA20 suggests that both the OTU and ZnF domains may impact the early onset of HA20. The earlier median age of onset in patients with the disrupted ZnF domain implies that the ZnF domain might play a more vital role in the early HA20 onset. Recent evidence suggests that the A20 protein restricts inflammation through E3 ligase activity and the ubiquitin-binding activity of the ZnF domain (9, 15). Prior studies found that A20ZnF7/ZnF7 mice presented arthritis or physical retardation by 9 weeks in age, and A20ZnF4ZnF7/ZnF4ZnF7 mice developed inflammation in multiple organs within 3 weeks of birth (2, 9, 15). Comparatively, A20OTU/OTU mice gradually developed splenomegaly at 6 months of age with increased myeloid cells (16, 17). These findings indicated that mice with the disrupted ZnF domain (A20ZnF7/ZnF7 mice, A20ZnF4ZnF7/ZnF4ZnF7 mice) developed severe pathological signs earlier than mice with the disrupted OTU domain (A20OTU/OTU mice). The earlier age of onset in mice with the disrupted ZnF domain supported the implication that the ZnF domain might be more relevant to the early onset of HA20.

Here, we show that patients with disrupted OTU plus ZnF domains or just the ZnF domain were more likely to develop musculoskeletal disorders than patients with only the disrupted OTU domain. Additionally, the incidence of musculoskeletal disorders was not significantly different between the OTU+ZnF group and the ZnF group. These results suggest that the ZnF domain may play an important role in the pathogenesis of musculoskeletal disorders in HA20 patients. Further, mice with the dysfunctional ZnF domain showed spontaneous arthritis with increased Th17 cells and higher production of proinflammatory cytokines than control mice (15). The ZnF domain was also reported to prevent inflammasome-dependent arthritis by inhibiting macrophage necroptosis through its ubiquitin-binding domain (2). We propose that the ZnF domain of A20 might influence musculoskeletal disorders more than the OTU domain in H20.

In our study, patients in the OTU+ZnF and OTU groups were more likely to be initially diagnosed with BD compared to patients in the ZnF group. One potential explanation for this is that they were more likely to present BD-like symptoms, including recurrent oral ulcers, genital ulcers, gastrointestinal ulcers, skin lesions, and ocular lesions (18).

There were several limitations in our study. Since HA20 is a newly identified rare monogenetic disease, the study was limited by the sample size. Additionally, patients with disruption of ZnF (1–7) domains should be further classified into subgroups to increase understanding of ZnF's mechanistic role in HA20. Finally, the recall bias of the patient's history may have influenced the analysis of HA20 patients' manifestations.

In conclusion, our findings suggest that inflammatory lesions of HA20 generally start in early childhood and the most common symptoms are recurrent oral ulcers, fever, and gastrointestinal ulcers. Compared to patients with disruption in the OTU domain, patients with the ZnF domain disruption tend to show earlier onset of HA20 with a higher risk of musculoskeletal disorders. Further work should explore the specific molecular mechanisms of these different A20 domains that affect the manifestations of HA20.
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Inducible Bronchus Associated Lymphoid Tissue (iBALT) is an ectopic lymphoid tissue associated with severe forms of chronic lung diseases, including chronic obstructive pulmonary disease, rheumatoid lung disease, hypersensitivity pneumonitis and asthma, suggesting that iBALT may exacerbate these clinical conditions. However, despite the link between pulmonary pathology and iBALT formation, the role of iBALT in pathogenesis remains unknown. Here we tested whether the presence of iBALT in the lung prior to sensitization and challenge with a pulmonary allergen altered the biological outcome of disease. We found that the presence of iBALT did not exacerbate Th2 responses to pulmonary sensitization with ovalbumin. Instead, we found that mice with iBALT exhibited delayed Th2 accumulation in the lung, reduced eosinophil recruitment, reduced goblet cell hyperplasia and reduced mucus production. The presence of iBALT did not alter Th2 priming, but instead delayed the accumulation of Th2 cells in the lung following challenge and altered the spatial distribution of T cells in the lung. These results suggest that the formation of iBALT and sequestration of effector T cells in the context of chronic pulmonary inflammation may be a mechanism by which the immune system attenuates pulmonary inflammation and prevents excessive pathology.

Keywords: inducible bronchus associated lymphoid tissue, asthma, pulmonary inflammation, ectopic lymphoid tissue, pulmonary allergy


INTRODUCTION

Inducible Bronchus Associated Lymphoid Tissue (iBALT) is an ectopic lymphoid tissue that forms in the lung following inflammation or infection (1, 2). Large B cell follicles that often contain germinal centers (GCs) and a dense network of follicular dendritic cells (FDCs) are the most prominent features of iBALT (3). Unlike conventional lymph nodes, iBALT is not encapsulated, but is instead embedded in the lung tissue, most often along large bronchi or filling the peri-vascular space of pulmonary artieries (4, 5). Despite being in a mucosal tissue, iBALT often lacks a well-defined M cell-containing dome epithelium (6) and its high endothelial venules (HEVs) express peripheral lymph node addressin (PNAd) (7) rather than mucosal addressin cell adhesion molecule (MAdCAM). Thus, although iBALT clearly participates in pulmonary mucosal immune responses, it lacks some of the features often associated with classic mucosal lymphoid organs.

Unlike conventional lymphoid organs, which develop independently of antigen during embryogenesis (8, 9), iBALT forms following pulmonary infection or inflammation (10, 11). Although iBALT may develop at any time after birth given the proper pulmonary insult, it most easily forms in neonatal mice due to the relative paucity of Tregs and the relative abundance of IL-17-producing γδT cells (12–14). Similarly, infant humans also seem to develop (or maintain) iBALT more easily than adults, as the frequency of iBALT areas in the lungs of healthy subjects progressively declines with age (15, 16). Interestingly, the neonatal period is the same developmental window when microbial exposure, or lack thereof, imprints the immune system to be more or less susceptible to developing atopic responses to foreign antigens (17, 18) or developing autoreactive responses to self antgens—the so—called hygiene effect.

Given that it functions as a lymphoid tissue (19), it is not too surprising that iBALT plays an important role in immunity to pulmonary infections. For example, mice lacking conventional lymphoid organs develop iBALT following infection with influenza and are able to resist doses of virus that would normally be lethal to mice lacking iBALT (19). Conversely, mice lacking the chemokines that promote iBALT formation succumb to much lower doses of influenza virus (7). Those same chemokines are essential for the proper formation of pulmonary granulomas, the recruitment of antigen-specific T cells to the lung and the development of protective immunity to Mycobacterium tuberculosis (20, 21). Moreover, the pulmonary administration of inflammatory agents that trigger iBALT formation also leads to enhanced resistance to influenza, SARS corona virus, pneumovirus, Francicella tulerensis and Coxiella burnetti (12, 19, 22–24). Thus, the presence of iBALT is clearly beneficial in the context of pulmonary infections.

In contrast, iBALT is a feature of pulmonary pathology that is associated with a variety of chronic lung diseases, including chronic obstructive pulmonary disease (COPD) (25, 26), rheumatoid lung disease (3), hypersensitivity pneumonitis (27), and asthma (28, 29), suggesting that iBALT may exacerbate these clinical conditions. For example, COPD patients make autoantibodies that react with pulmonary antigens (30) and patients with advanced disease have reactive iBALT areas with well-developed GCs that show evidence of antigen-driven selection (31). Similarly, patients with rheumatoid lung disease develop large GC-containing areas of iBALT that are surrounded by plasma cells that produce autoantibodies (3). Thus, many investigators have concluded that the presence of iBALT contributes to pathology in the context of chronic inflammatory diseases. However, it is not clear whether iBALT is a cause or consequence of pulmonary inflammation or whether it contributes in any way to pulmonary pathology (32).

Given the link between iBALT and pulmonary pathology, we tested whether pre-existing iBALT would affect acute allergic responses to a pulmonary allergen. Surprisingly, we found that the presence of iBALT did not exacerbate allergic responses to repeated pulmonary sensitization with ovalbumin (OVA). Instead, mice with iBALT had reduced Th2-associated mRNA expression, less eosinophil recruitment to the lungs and airways, attenuated goblet cell hyperplasia and reduced mucus production following pulmonary sensitization and challenge with OVA. Interestingly, the presence of iBALT did not alter the initial priming of Th2 cells, but instead delayed their recruitment to the lung and altered their spatial distribution following challenge—Th2 cells were preferentially sequestered in iBALT, which reduced the numbers of Th2 cells in the lung parenchyma. These results suggest that the formation of iBALT and sequestration of effector T cells in the context of pulmonary inflammation may be a mechanism by which the immune system attenuates pulmonary inflammation and prevents excessive pathology.



RESULTS


The Presence of iBALT Prior to Sensitization Ameliorates Allergen–Induced Pathology

To test the role of iBALT in a mouse model of allergic lung inflammation, we intranasally administered 10 μg LPS 5 times over the course of 10 days starting on day 2 after birth and analyzed the lungs by histology on day 70 (Figure 1A). As expected (14), we observed iBALT structures with separated B and T cell zones and distinct FDC networks in the LPS-treated lungs, but not in the control lungs (Figure 1B). We also quantified the number of GC B cells by flow cytometry and found that GC B cells were present in LPS-treated lungs, but not in control lungs (Figures 1C,D). Given that GCs only form in organized lymphoid tissues, we conclude that pulmonary exposure of neonates to LPS promotes the formation of functional iBALT areas.


[image: Figure 1]
FIGURE 1. The presence of iBALT reduces OVA–induced eosinophilia and pulmonary pathology. (A) Timing of iBALT induction and analysis. (B) We probed cryosections of lungs with antibodies against CD3, CD11c, B220, CD21/35 and PNA (scale bar = 100 μm). (C,D) The frequencies (C) and numbers (D) of CD19+CD138−CD38−PNA+FAS+ GC B cells in the lung were determined by flow cytometry. (E) Timing of iBALT induction, allergic sensitization and antigen challenge and analysis. (F,G) The frequencies (F) and numbers (G) of CD19+CD138−CD38−PNA+FAS+ GC B cells were determined by flow cytometry. (H–K) Differential cell counts were determined by cytospin and the proportion of eosinophils in the lung and BAL are shown as frequencies (H,I) and numbers (J,K). (L) Total serum IgE concentration was measured by ELISA. (M) PAS staining of paraffin–embedded lung sections (scale bar = 100 μm). All data show mean ± SD of 4–5 mice per group; *P < 0.05, **P < 0.01, ***P < 0.001. Experiments were performed 5 times (A–D) or 4 times (E–M).


To test the effect of iBALT on the immune response to a pulmonary allergen, we administered LPS (or PBS) to neonatal mice as described above, allowed the mice to rest until they were 7 weeks old, then intranasally sensitized the iBALT and control groups with 100 μg OVA in combination with low dose (0.1 μg) LPS on days 49, 50, and 51 and challenged them on days 63, 64, 67, and 68 with 25 μg OVA (Figure 1E). We first examined the GC B cell response in the lungs of sensitized and challenged mice and found that GC B cells were abundant in the lungs of mice with iBALT, but were rare in control mice and almost undetectable in completely naïve mice (Figures 1F,G). We also examined the inflammatory response in the lung and airways by cytospin and found that the proportion (Figures 1H,I) and number (Figures 1J,K) of eosinophils were elevated in mice that had been sensitized and challenged with OVA compared to those in naïve mice, however, the proportion (Figures 1H,I) and number (Figures 1J,K) of eosinophils in mice with iBALT were reduced compared to those in control mice. Reductions in eosinophils were observed in both the lungs (Figures 1H,J) and the airways (Figures 1I,K) of mice with iBALT compared to those in control mice. The proportions of macrophage/monocytes, lymphocytes, and neutrophils are also shown in Figure 1H and the numbers of those cells are shown in Supplementary Figure 1. We also found that total serum IgE concentration was elevated in control mice, but less IgE was detected in mice with iBALT (Figure 1L). Upon a histological examination of lung sections, we found that OVA-exposed mice with pre-existing iBALT had densely-packed areas of lymphocytes to one side of the bronchi, but relatively clear airspaces, whereas OVA-exposed control mice had extensive areas of diffuse inflammation that surrounded the bronchi and extended into the alveolar airspaces (Figure 1M). Thus, contrary to our expectations, the presence of iBALT did not exacerbate OVA-induced pulmonary inflammation, but rather reduced the inflammatory response.



Th2 Cells Are Generated in Mice With and Without iBALT

The presence of iBALT could have altered T cell priming so that fewer Th2 cells were initially generated after antigen exposure. To test this possibility, we next used IL-4 reporter (4get) mice to enumerate Th2 cells. The 4get mice have the enhanced green fluorescent protein (EGFP) targeted into the IL-4 locus with an internal ribosome entry site (IRES) separating the IL-4 coding sequence from the EGFP coding sequence (33). Thus, any cells that express IL-4 mRNA will also express EGFP and can be easily identified using flow cytometry (34). Therefore, we treated neonatal 4get mice with LPS to initiate iBALT formation, waited until they were adults and then intranasally sensitized iBALT and control mice with 100 μg OVA and 0.1 μg LPS on days 49, 50, and 51 (Figure 2A). Two days after the last sensitization, we enumerated IL-4 reporter (EGFP)-expressing CD4+ T cells. We found a significant expansion of EGFP+CD4+ T cells in both iBALT and control mice relative to naïve mice, but did not observe any difference in the frequencies (Figure 2B) or numbers (Figure 2C) of EGFP+CD4+ T cells between control and iBALT groups. These data suggested that iBALT did not dramatically affect Th2 priming in the lung.
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FIGURE 2. The presence of iBALT does not affect Th2 priming or accumulation in the lung. (A) Timing of iBALT induction, allergic sensitization and analysis. (B,C) The frequencies (B) and numbers (C) of EGFP+CD4+ T cells were determined by flow cytometry. (D) Timing of iBALT induction, transfer of naïve OTII cells, allergic sensitization, antigen challenge and analysis. (E,F) The frequency (E) and number (F) of donor T cells in the lungs were determined by flow cytometry. All data show mean ± SD of 5 mice per group; **P < 0.01, ***P < 0.001. Experiments were performed 2 times (A–C) or 3 times (D–F).


Although the previous assay evaluated Th2 priming, we had no way of enumerating antigen-specific cells. Therefore, to test this possibility in another way, we transferred 1 x 106 naïve OVA-specific CD4+ T cells (OT-II cells) into control and iBALT mice on day 48 after birth, sensitized the recipient mice with OVA on days 49, 50, and 51, challenged them on days 63, 64, 67, and 68 and enumerated the responding cells 2 days later in the lung (Figure 2D). We found that the frequency (Figure 2E) and number (Figure 2F) of OT-II cells that accumulated in the lungs of sensitized and challenged mice were the same in control and iBALT groups. These data suggest that the presence of iBALT does not affect OVA-specific T cell accumulation in the lung after sensitization and challenge.

Although Th2 priming and expansion appeared normal in mice with iBALT, it was not clear whether the final effector cells could actually make Th2 cytokines. Therefore, to determine whether CD4 T cells primed by OVA sensitization and challenge could actually produce Th2 cytokines, we sensitized and challenged mice with and without pre-existing iBALT and measured the mRNA expression of Th2 cytokines in the lungs 48 h after the last OVA challenge (Figure 3A). We found that mRNAs encoding IL-4, IL-5, and IL-13 were increased in OVA-exposed and challenged lungs relative to their expression in naïve lungs, but we did not observe a significant difference between the control and iBALT groups (Figure 3B).


[image: Figure 3]
FIGURE 3. The presence of iBALT impacts allergic airway disease downstream of Th2 cytokine expression. (A) Timing of iBALT induction, allergic sensitization, antigen challenge and tissue collection. (B) mRNA expression of IL−4, IL−5, and IL−13 was determined by quantitative PCR. Data is normalized to the expression in naïve lung. (C–E) Lung cells from OVA primed and challenged mice were restimulated with PMA/calcimycin for 4 h and we determined the frequencies (C) and numbers (D) of CD4+CD44hi T cells as well as the numbers of cytokine–producing CD4+ T cells (E) by intracellular staining and flow cytometry. (F) mRNA expression of Chi3l4 and Muc5ac was determined by quantitative PCR. Data is normalized to the expression in naïve lung. All data show mean ± SD of 5 mice per group; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Experiments were performed 3 times (B,F) or 4 times (C–E).


We next tested whether CD4+ T cells from OVA sensitized and challenged control and iBALT mice were equally capable of making Th2 cytokines. To test this possibility, we collected cells from the lung tissue, restimulated them with PMA and calcimycin for 4 h and assessed the production of IL-4, IL-5, and IL-13 by intracellular staining. We found that the total number of activated CD44hiCD4+ T cells was increased in control and iBALT mice relative to that in naïve mice (Figures 3C,D), but there was little difference between the control and iBALT groups. We also found that the numbers of CD44hiCD4+ T cells that made IL-4, IL-5, or IL-13 were increased in control and iBALT mice relative to those in naïve mice (Figure 3E), but there was little difference between the control and iBALT groups. These data suggest that the presence of iBALT does not significantly alter the number of T cells capable of producing Th2 cytokines following sensitization and challenge.

Th2 cytokines act on other cells in the lung, such as epithelial cells and macrophages, and promote their activation and differentiation, which changes gene expression. For example, genes like chitinase-3-like-4 (Chi3l4) and mucin 5ac (Muc5ac) are expressed in in the lung following IL-13 signaling (35). Thus, we next examined the expression of mRNAs encoding these genes in the lungs of iBALT and control mice after OVA sensitization and challenge as in Figure 3A. We found that mRNAs encoding Chi3l4 and Muc5ac were increased in OVA-exposed and challenged lungs relative to their expression in naïve lungs, but their expression in the iBALT group was significantly less than that in the control group (Figure 3F). Thus, the expression of genes that are responsive to Th2 cytokines were reduced in the lungs of iBALT mice relative to those in control mice. These data are more consistent with the reduced histopathology that we see in the lungs of iBALT mice compared to those in the lungs of control mice, suggesting that the difference between the groups is not in Th2 priming and expansion, but in the response to Th2 cytokines.



The Presence of iBALT Alters Pulmonary Pathology Independently of Th2 Priming

In the experiments above, we were unable to independently control the initial steps of T cell priming and expansion. To rigorously show that these steps were unaffected by the presence or absence of iBALT, we next generated OVA-specific Th2 effector T cells in vitro and showed that, upon restimulation, a high frequency of these cells made IL-13, whereas less than 1% made IFNγ and almost none of them made IL-17 (Figure 4A). We next adoptively transferred 1 x 106 of these Th2 cells into 48-day-old control or iBALT mice and challenged them with OVA on days 49, 50, 53, and 54 (Figure 4B). One day after the final challenge, we enumerated donor T cells in the lungs and found that a similar frequency (Figure 4C) and number (Figure 4D) of donor T cells had accumulated in the lungs of both groups. We also enumerated GC B cells in the lungs and found that a high frequency (Figure 4E) and number (Figure 4F) of GC B cells accumulated in the lungs of mice in the iBALT group, but not in the lungs of control or naïve mice.
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FIGURE 4. iBALT alters pulmonary pathology independently of Th2 effector priming. (A) Purified CD4+ OTII cells were expanded in vitro under Th2 conditions and their expression of IL−13, IFNγ, and IL−17 was determined by intracellular staining and flow cytometry after 4 h restimulation with PMA and calcimycin. (B) In vitro–activated Th2 cells were adoptively transferred into iBALT or control mice on day 48 and the recipients were intranasally challenged with OVA on days 49, 50, 53, and 54. (C,D) The frequencies (C) and numbers (D) CD45.1+CD4+ T cells in the lungs were determined by flow cytometry on day 56. (E,F) The frequencies (E) and numbers (F) of CD19+CD138–CD38–PNA+FAS+ GC B cells in the lung were determined by flow cytometry. (G) Periodic–acid schiff (PAS) staining of paraffin–embedded lung sections on day 52 (scale bar = 100 μm). (H) The concentration of IL−4, IL−5, and IL−13 in the BAL fluid was determined by ELISA 6 h after the last OVA challenge. All data show mean ± SD of 4–5 mice per group; **P < 0.01, ***P < 0.001. Experiments were performed 5 times (A–G) or 2 times (H).


Despite having similar numbers of donor Th2 cells in the lungs of each group, the histology of the lungs was dramatically different, with the control group exhibiting extensive goblet cell hyperplasia and diffuse inflammatory infiltrate throughout the lungs, whereas the iBALT mice exhibited minimal goblet cell hyperplasia and dense lymphoid accumulations (iBALT) adjacent to, but not surrounding, the airways and in the perivascular space (Figure 4G). We also quantified the amount of Th2 cytokines in the BAL fluid 6 h after the last challenge and found that, although the amount of IL-4, IL-5, and IL-13 was slightly less than in the BAL fluid of iBALT mice than in control mice, the differences were not significant (Figure 4H). Together, these data demonstrate that, despite starting with the same number of Th2 cells in the lung, the biological outcome of inflammation was dramatically different in control and iBALT mice.



The Presence of iBALT Does Not Alter Treg Accumulation or Epithelial Cell Conditioning

Given that the biological outcome of disease was so different despite starting with similar numbers of fully differentiated Th2 cells, we reasoned that iBALT must engage some sort of regulatory mechanism. One important cell type that has the ability to powerfully attenuate inflammatory responses is the Treg population (36). Tregs are immunosuppressive CD4+ T cells that have differentiated in a way that promotes the expression of the transcription factor, FoxP3 (37). CD4+FoxP3+ Tregs can reduce eosinophilia (38), impair humoral responses and secret an inhibitory cytokines, such as IL-10 and TGFβ (39), which suppress the effector functions of activated T cells and reduce inflammation. Thus, changes in Treg number or activity can have dramatic consequences on immune responses regardless of the number of antigen-specific effector T cells. Given the immunosuppressive capacity of Tregs, we enumerated CD4+FoxP3+ T cells in the lungs of iBALT and control mice following OVA sensitization and challenge. We found that although the frequency (Figure 5A) and number (Figure 5B) of Tregs increased in the lungs following OVA sensitization and challenge, there was no difference in Tregs between iBALT and control groups. Thus, alterations in Treg numbers do not explain why mice with iBALT exhibit attenuated allergic responses in their lungs.


[image: Figure 5]
FIGURE 5. The presence of iBALT does not influence Treg accumulation or epithelial cell conditioning. Mice with and without iBALT were sensitized and challenged with OVA according to the schedule in Figure 1E and the frequencies (A) and numbers (B) of Foxp3+CD4+ T cells were determined by flow cytometry (mean ± SD of 4–5 mice per group; ***P < 0.001, ****P < 0.0001). (C) Timing of iBALT induction, Th2 transfer, antigen challenge and tissue collection. (D,E) mRNA expression of (D) Tnfaip3 and (E) IL-33 and TSLP from sorted lung epithelial cells was determined by quantitative PCR 2 h after the last OVA challenge. Data is normalized to the expression in naïve lung (mean ± SD of 4–5 mice pooled per group; **P < 0.01). Experiments were performed 4 times (A,B) or 3 times (C–E).


Previous reports show that pulmonary administration of LPS to the lung conditions epithelial cells in a way that promotes the over-expression of A20 (40), an ubiquitin-modifying enzyme that blunts NF-kB signaling thereby reducing expression of pro-Th2 cytokines like IL-33 (41). Thus, we were concerned that the exposure of neonatal mice to LPS may permanently suppress pulmonary inflammatory responses. To test this possibility, we treated neonatal mice with LPS or PBS to trigger iBALT formation and, when the mice were 7-weeks old, transferred OVA-specific Th2 effector cells and challenged the recipients 4 times with either OVA or PBS (Figure 5C). We then enzymatically digested the lung tissue, sorted EpCAM+CD31−Sca1−CD45− bronchial epithelial cells and performed qPCR for Tnfaip3, the gene encoding the A20 enzyme. We found that Tnfaip3 expression was similar in all groups of bronchial epithelial cells (Figure 5D), regardless of whether they came from mice that received LPS as neonates or whether they came from mice that were challenged with OVA as adults. We also performed qPCR to quantify the expression of the inflammatory cytokines, IL-33 and TSLP. We found that although IL-33 expression was strongly increased following OVA challenge, it was not altered by previous exposure to LPS (Figure 5E). We also found that TSLP expression was not changed by either OVA challenge or previous exposure to LPS (Figure 5E). Thus, the pulmonary exposure of neonatal mice to LPS did not permanently alter the ability of bronchial epithelial cells to express inflammatory cytokines.



Altered Kinetics of Effector Th2 Responses in the Lungs of Mice With iBALT

Despite the overall reduction in Th2-driven pathology in the mice with iBALT, the number of Th2 effector cells seemed to be similar at the endpoint of the experiment. However, we didn't know whether they accumulated in the lung at the same rate. To determine whether the kinetics of T cell recruitment was the same in mice with and without iBALT, we generated Th2 effectors from naïve OTII cells in vitro and then adoptively transferred 1 x 106 Th2 effectors 24 h prior to a series of 4 OVA challenges (Figure 6A). We then enumerated the transferred Th2 cells and the recruited eosinophils in the lungs and BAL 24 h after each OVA challenge. Not surprisingly, the numbers of donor T cells and eosinophils increased over time following each challenge (Figures 6B–E). Unexpectedly however, we observed significant reductions in the numbers of Th2 effectors (Figures 6B,D) and eosinophils (Figures 6C,E) in both the lungs (Figures 6B,C) and airways (Figures 6D,E) of iBALT mice relative to controls after the first 3 challenges. However, by the fourth challenge, there was no difference in the numbers of T cells. These data suggest that the presence of iBALT slows the accumulation of Th2 effectors as well as eosinophils following pulmonary allergen exposure. These data may also explain why we saw little difference in T cell numbers at the endpoints of earlier experiments, even though we observed significant differences in lung pathology.
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FIGURE 6. The presence of iBALT alters the kinetics of Th2 accumulation in the lungs. (A) Timing of iBALT induction, Th2 effector cell transfer and antigen challenge. Tissues were collected 24 h after each challenge. The numbers of donor T cells (B) and eosinophils (C) in the lung were determined by flow cytometry. The numbers of donor T cells (D) and eosinophils (E) in the BAL fluid were determined by flow cytometry. All data show mean ± SD of 4–5 mice per group; *P < 0.05, **P < 0.01, ***P < 0.001. Experiments were performed 3 times (A–E).




The Presence of iBALT Alters the Positioning of Th2 Cells in the Lung

The most unique attribute of iBALT is its dense accumulations of spatially ordered lymphocytes in a tissue (the lung) that normally has relatively few lymphocytes and rarely has them so densely organized. Therefore, we next asked whether the specialized environment of iBALT alters the spatial organization of T cells in the lung following Ag exposure. To test this possibility, we generated OVA-specific Th2 effector cells in vitro using OTII cells. These cells were subsequently transferred into iBALT and control mice and the recipients were challenged with OVA 4 times before we examined the lungs by histology (Figure 7A). We performed immunofluorescence looking for the donor T cell marker (CD45.1), B cells (B220), and FDCs (CD21). We found that the donor effector Th2 cells preferentially accumulated in the iBALT areas of iBALT mice and were relatively dilute in the rest of the lung (Figure 7B). In contrast, the donor Th2 effector cells were distributed more evenly in the control mice. These data were quantified in Figure 7C. Importantly, we found that the total number of donor Th2 effector cells in the lungs of mice with and without iBALT were indistinguishable at this time (Figure 7D). We also examined CD4+FOXP3+ Tregs in tissue sections from mice with and without iBALT. We found that Tregs were densely clustered in areas of iBALT, but were relatively dilute in the rest of the lung (Figures 7E,F), despite the similar numbers of Tregs in the lungs of mice with and without iBALT (Figures 5A,B). Together, these data suggest that the spatial distribution of effector Th2 cells and Tregs is affected by the presence of iBALT (they cluster together), which may explain how iBALT and control mice can have similar numbers of Th2 cells in their lungs, but have so profoundly different outcomes in terms of eosinophil accumulation and histopathology.


[image: Figure 7]
FIGURE 7. The presence of iBALT alters the spatial distribution of T cells. (A) Timing of iBALT induction, effector Th2 transfer and antigen challenge. (B) Serial cryosections were probed with antibodies against CD3, CD45.1 and B220 or with antibodies against CD21/CD35 and B220 as indicated. Images were obtained with 20X objective (scale bar = 100 μm). (C) The frequency of CD45.1+ T cells per μm2 was determined in areas of iBALT (an example is outlined in white) or in non–iBALT areas using a mosaic of high–magnification images. (D) The numbers of lung CD45.1+CD4+ T cells were determined by flow cytometry. (E) Cryosections were probed with antibodies against CD4 and FOXP3. Images were obtained with 20X objective (scale bar = 100 μm). (F) The frequency of CD45.1+ T cells per μm2 was determined in areas of iBALT (an example is outlined in white) or in non–iBALT areas using a mosaic of high–magnification images. All data show mean ± SD of 4–5 mice per group; *P < 0.05, ****P < 0.0001. Experiments were performed 3 times (A–D) or 1 time (E,F).




Pulmonary Exposure, but Not Systemic Exposure, to LPS Promotes iBALT and Reduces Allergen-Induced Inflammation

The above experiments used mice that had been administered LPS as neonates in order to form iBALT. However, one concern with these experiments is that neonatal exposure to LPS might have altered systemic immunity in some way that ameliorated subsequent inflammatory responses independently of iBALT formation. To rule out this possibility, we generated in vitro–differentiated OTII Th2 cells and transferred 1 x 106 Th2 effector cells into control mice, mice that received pulmonary LPS as neonates (iBALT mice) and mice that received peritoneal LPS as neonates (i.p. LPS mice). The following 2 days, we administered 25 μg OVA intranasally to all groups and measured germinal center B cells and eosinophils in the lungs 24 h later (Figure 8A).


[image: Figure 8]
FIGURE 8. Pulmonary, but not systemic LPS administration leads to iBALT formation and reduced inflammatory responses in the lung. (A) Timing of iBALT induction, transfer of effector Th2 cells and antigen challenge. The numbers of donor T cells (B) and eosinophils (C) in the lungs was demined by flow cytometry 24 h after the last OVA challenge. The frequency (D) and number (E) of GC B cells in the lungs was determined 24 h after the last OVA challenge by flow cytometry. All data show mean ± SD of 4–5 mice per group; *P < 0.05, **P < 0.01. Experiments were performed 3 times (A–E).


When we enumerated Th2 effectors (Figure 8B) and eosinophils (Figure 8C) in the lung tissue, the numbers were reduced in the presence of iBALT compared to control mice, but in mice treated with LPS intraperitoneally, the number of effector T cells and eosinophils were the same as in the control mice (Figures 8B,C). Thus, the exposure of neonates to pulmonary LPS dramatically decreased the inflammatory response in adults, whereas the exposure of neonates to peritoneal LPS did not. We also observed that mice that receive pulmonary LPS as neonates (iBALT mice) had a significantly higher frequency (Figure 8D) and number (Figure 8E) of GC B cells in the lungs, whereas mice that received LPS intraperitoneally as neonates (i.p. LPS mice) did not accumulate GC B cells and were comparable to control mice (Figures 8D,E). These data indicate that systemic exposure to LPS does not lead to iBALT formation (as monitored by the germinal center response in the lungs). These data are consistent with the conclusion that LPS-mediated iBALT formation alleviates Th2-dependent inflammatory responses in the lung, independently of any systemic effect of LPS on immunity.




DISCUSSION

Our data show that the presence of iBALT in the lungs prior to pulmonary sensitization and challenge with OVA does not exacerbate Th2 responses, but rather attenuates Th2-driven pulmonary pathology. In fact, mice with iBALT exhibit delayed Th2 accumulation, reduced eosinophil recruitment, reduced goblet cell hyperplasia and reduced mucus production compared to their control counterparts. Although the initial priming of Th2 cells is not affected by the presence of iBALT, the accumulation of Th2 cells in the lung is delayed following pulmonary challenge. More importantly, the spatial distribution of effector T cells is altered by the presence of iBALT, such that effector CD4 T cells as well as Tregs become concentrated in iBALT areas and relatively diluted in the rest of the lung. These results suggest that iBALT functionally sequesters effector T cells, thereby limiting the exposure of the lung parenchyma to T cell-produced inflammatory cytokines, which attenuates pulmonary inflammation and prevents excessive pathology.

IBALT is associated with a wide variety of inflammatory lung diseases, including COPD (26), hypersensitivity pneumonitis (27) and rheumatoid lung disease (3), all of which are the result of chronic exposure to antigens or inflammatory agents. Although asthma is also a chronic lung disease, the mouse model of repeated sensitization and challenge with OVA is more like an acute allergic response. However, our data demonstrate that the mere presence of iBALT does not necessarily lead to an increased inflammatory response or pulmonary pathology in the context of pulmonary allergen exposure as one might expect if iBALT was facilitating antigen presentation and T cell activation. Therefore, despite participating in local immune responses, iBALT may be beneficial in the context of inflammatory diseases by sequestering activated lymphocytes. The idea of reducing inflammation by sequestering T cells in lymphoid tissue is consistent with the activities of the immunosuppressant drug, FTY720, which prevents T cells from exiting lymphoid organs—effectively sequestering them and preventing their recirculation through peripheral tissues (42, 43). In fact, treatment with FTY720 reduces airway remodeling and pulmonary inflammation in a rat model of OVA-induced asthma (44). Interestingly, iBALT areas are expanded in the lungs of FTY720-treated animals, suggesting that the FTY720-mediated sequestration of lymphocytes can occur in either conventional lymphoid organs or in areas of iBALT in the lung (13).

Another physical change that occurs in the lung concomitantly with the development of iBALT is the formation of additional lymphatic vessels surrounding the iBALT follicles (45). Live imaging of iBALT suggests that these lymphatic vessels may facilitate the collection of DCs from the airways (46). Static imaging also shows that iBALT areas collect inhaled antigens and particulates (47), suggesting that iBALT may sequester antigen as well as T cells. In this context, it is interesting to note that mice that spontaneously develop iBALT in the context of rheumatoid lung disease are highly resistant to developing fibrosis following pulmonary challenge with bleomycin (48). If iBALT areas efficiently collect and sequester intratracheally administered bleomycin or remove it from the lung via lymphatics, then one would expect to observe reduced fibrosis. Similarly, if iBALT areas collect and sequester pulmonary antigens like OVA and remove them from the lung parenchyma, one would expect reduced pulmonary inflammation. Thus, iBALT may protect the lung by collecting antigens and inflammatory substances as well as T cells.

Our data are also consistent with observations that iBALT attenuates inflammatory responses and improves clinical outcomes following infection with a variety of pulmonary pathogens. For example, the presence of iBALT promotes the survival of mice that are challenged with normally lethal doses of influenza virus, pneumovirus and SARS corona virus (24) and attenuates the pulmonary pathology associated with these infections. Much of the clinical pathology, such as weight loss, associated with pulmonary viral infections is linked to the production of inflammatory cytokines by T cells. Thus, if iBALT sequesters virus-specific effector T cells, it may limit the exposure of the rest of the lung to inflammatory cytokines and chemokines and reduce the recruitment of additional inflammatory cells—thereby attenuating pathology. However, iBALT-mediated resistance to pneumovirus is associated with impressive increases, rather than decreases, in the mRNA expression of IFNγ, CXCL10, and CCL3 in the lung (12). These responses were measured by PCR using mRNA extracted from whole lungs, so it is difficult to know whether the increases were predominantly confined to iBALT areas or not. In addition, it is not clear whether the reported increase is due to an overall increased magnitude of the response or altered kinetics, such that more T cells are responding earlier. This last possibility seems plausible, given that accelerated antibody responses are also observed in mice with iBALT (24). Interestingly, we also observe altered kinetics of effector T cell recruitment to the lungs following pulmonary challenge with allergen. However, we find that fewer effector Th2 cells accumulate in the lungs at early times after allergen exposure. The differences between our results and those reported for pneumovirus may be due to the types of antigens (replicating virus vs. inert allergen) or to the types of T cells (virus–specific CD8 and Th1 cells vs. allergen-specific Th2 cells). In any case, the presence of iBALT clearly has an impact on the kinetics of pulmonary immune responses.

T cells are often imprinted with particular effector functions that differ depending on the secondary lymphoid organ in which they were primed (49, 50). Thus, one could envision that iBALT skews CD4 T cell differentiation away from a Th2 pathway and thereby attenuates the symptoms of allergic disease. However, we found equivalent numbers and frequencies of Th2 cells primed in mice with or without iBALT, suggesting that CD4 T cell differentiation is not deviated toward an alternative effector function. Moreover, we observed reduced pathology in mice with iBALT following the adoptive transfer of in vitro differentiated Th2 effector cells, demonstrating that even when T cell priming occurs in vitro, the functional outcome of the effector response is altered beneficially in mice with iBALT. Interestingly, naïve T cells primed in aorta–associated lymphoid tissues in Apoe−−/−− mice preferentially differentiate into Tregs that suppress atherosclerosis (51). Although the preferential formation of Tregs in iBALT areas would help to explain the reduced inflammation and pulmonary pathology in mice with iBALT following OVA sensitization and challenge, we did not observe changes in either the number and frequency of Tregs in the lung, regardless of whether iBALT was present. Nevertheless, we did find that Tregs were preferentially concentrated in iBALT areas and co-localized with effector T cells, suggesting that Tregs in iBALT may more effectively suppress the inflammatory functions of effector T cells in this location. Thus, in the context of pulmonary sensitization with allergens such as OVA, iBALT seems to alter the placement of T cells rather than changing their differentiation pathways.

Considering that many of the adoptively transferred Th2 cells are being sequestered in the iBALT areas and seem to be located in the B cell follicle, it is possible that they are converting to IL-4-expressing Tfh cells (52). This possibility would be consistent with the large GCs and high frequencies of GC B cells that we observe in the lungs following adoptive transfer of Th2 cells and sensitization with antigen. In addition, iBALT-induced resistence to influenza and SARS corona virus is associated with accelerated antibody responses (24), suggesting that local Tfh cells are promoting B cell differentiation. Although Th2-Tfh cells in B cell follicles are potent producers of IL-4 (53), they are directing cytokine secretion toward B cells rather than pulmonary epithelial cells, which would likely lead to accelerated antibody secretion, but reduced pulmonary pathology. Thus, iBALT may be sequestering T cells and directing cytokine secretion toward alternative cell types, both of which should attenuate pulmonary pathology.

In summary, our data show that the presence of iBALT does not exacerbate pulmonary pathology following sensitization and challenge with an allegen, but rather attenuates Th2-induced inflammatory responses. This same mechanism may also explain the ability of iBALT to ameliorate pulmonary pathology in the context of infection and may be a general mechanism by which ectopic follicles in a variety of tissues attempt to cope with chronic inflammatory responses. Thus, we may want to develop treatments that promote, rather than prevent, ectopic follicle formation in the context of chronic inflammatory conditions.



MATERIALS AND METHODS


Mice

C57BL/6, B6.SJL–PtprcaPepcb/BoyJ (CD45.1) and B6.Cg–Tg(TcraTcrb)425Cbn/J (OTII) mice were originally obtained from Jackson Laboratories. These strains were interbred to generate CD45.1–OTII mice. B6.129–Il4tm1Lky/J (4get) mice were obtained from M. Mohrs. All mice were on a C57BL/6 background and were bred at the University of Rochester or University of Alabama at Birmingham animal facilities and all experimental procedures were approved by the University of Rochester University Committee on Animal Resources (UCAR) or University of Alabama at Birmingham Institutional Animal Care and Use Committee (IACUC) and were performed according to guidelines outlined by the National Research Council.



Induction of iBALT, Ova Sensitization, and Challenge

To induce iBALT, pups were intranasally administered 10 μg LPS from Escherichia coli (055:B5; Sigma) in 10 μl PBS every other day starting on day 2 after birth for a total of 5 times. In control experiments, pups were intraperitoneally injected with 10 μg LPS in 10 μl PBS every other day starting on day 2 after birth for a total of 5 times. Control mice received 10 μl PBS or nothing according to the same schedule. To induce allergic airway inflammation, adult mice were sensitized intranasally with 100 μg OVA (Sigma) plus 0.1 μg LPS in 100 μl PBS and subsequently challenged intranasally with 25 μg OVA in 100 μl PBS according to the schedule indicated in each experiment. In the DC labeling experiments, we intratracheally administered 25 μg OVA labeled with Alexa Flour® 647 (Invitrogen).



OTII Purification, Th2 Differentiation, and Adoptive Transfer

CD4+ T cells were purified from the spleens of naive CD45.1+ B6 congenics using LS columns and anti–CD4 MACS beads (Miltenyi Biotec) according to the manufacturer's instructions. Single T cell preparations were > 95% pure as determined by flow cytometry. Th2 effectors were generated by activating naïve T cells for 48–72 h with plate–bound anti–CD3 (2 μg/ml; 145–2C11; BioXcell) and anti–CD28 (0.5 μg/ml; 37.51; eBioscience) in the presence of IL−4 (50 U/ml; DNAX) and anti–IFNγ (10 μg/ml; XMG1.2; eBioscience) followed by feeding with IL−2 (20 U/ml; Peprotech) for additional 48 h. Naïve and effector CD4+ (CD45.1+) T cells (1 x 106/mouse) were injected intravenously into no iBALT and iBALT recipients that were subsequently immunized with OVA.



Cell Preparation and Flow Cytometry

Lungs were cut into small fragments and digested with 0.6 mg/ml collagenase A (Sigma) and 30 μg/ml DNase I (Sigma) in RPMI 1640 medium (Gibco) at 37°C for 45 min to obtain single–cell suspensions. Digested tissues were mechanically disrupted by passage through a metal strainer. Cell suspensions from lungs and mediastinal LNs were centrifuged and resuspended in 150 mM NH4Cl, 10 mM KHCO3, and 0.5 mM ethylenediaminetetraacetic acid (EDTA; Lonza) for 5 min to lyse red cells. Cell suspensions were then filtered through a 70 μm nylon cell strainer (BD Biosciences), washed, and resuspended in phosphate–buffered saline (PBS) with 5% donor calf serum and 10 μg/ml Fc Block (2.4G2; Trudeau Institute) on ice for 10 min before staining with fluorochrome–conjugated antibodies against the following antigens: CD4 (RM4–5), CD11b (M1/70), CD25 (PC61), CD45R (B220; RA3–6B2), CD95 (FAS; Jo2), CD138 (281–2), Siglec–F (E50–2440), and I–Ab (AF6–120.1; all from BD Biosciences); CD11c (N418), CD44 (IM7), CD45.1 (A20), CD103 (2E7), and Foxp3; (FJK−16s); all from eBioscience; CD19 (6D5); from BioLegend; CD38 (NIMR−5); from SouthernBiotech; and goat anti–rabbit–Alexa Flour® 647 (Invitrogen). For intracellular staining, single–cell suspensions from the lungs were stimulated on plates coated with anti–CD3 (2 μg/ml; 145–2C11; BioXcell) in the presence of Brefeldin A (12.5 μg/ml; Sigma) for 4 h. The restimulated cells were surface stained, then fixed in 4% paraformaldehyde, made permeable with 0.1% Triton™ X−100 (Sigma), and stained with anti–IL−4 (11B11), anti–IL−5 (TRFK4; all from BD Biosciences) or anti–IL−13 (13A; eBioscience). Cells were analyzed with a LSR II (BD Biosciences) or FACSCanto II (BD Biosciences) located at the University of Rochester and University of Alabama at Birmingham Flow Cytometry Core Facility.

To isolate lung epithelial cells, we perfused the lungs with PBS containing 0.05 mM EDTA (Lonza), instilled with 1 ml Dispase (160 μg/ml; Corning), and incubated them in a shaker at 37°C for 15 min. Using forceps, lungs were torn into small pieces, and put back in the shaker at 37°C for an additional 30 min in Dispase (160 μg/ml; Corning) and DNaseI (250 μg/ml; Worthington Biochemical). Digested tissues were red cell lysed, filtered through a 70 μm nylon cell strainer (BD Biosciences), resuspended in PBS with 5% donor calf serum, 10 μg/ml Fc Block (2.4G2; Trudeau Institute) and anti-CD45 MACS beads (Miltenyi Biotec) on ice for 10 min. Cell suspensions were depleted of CD45-expressing cells using LS columns (Miltenyi Biotec) according to the manufacturer's instructions. The flow through cells were stained with anti-CD31 (390; Invitrogen); anti-CD45.2 (104) and anti-CD326 (EpCAM; G8.8; all from Biolegend) and anti-Sca-1 (Ly6A/E; D7; Invitrogen). Lung epithelial cells were sorted with FACSAria II (BD Biosciences) located at University of Alabama at Birmingham Flow Cytometry Core Facility.



BAL Fluid Collection and Differential Cell Counts

Lungs were instilled with 3 ml Hank's balanced salt solution (HBSS; Corning) containing 0.05 mM EDTA (Lonza) and cell suspensions (≈10,000 cells in 100 μl) were centrifuged at 800 rpm for 5 min in a Shandon CytoSpin 3 cytocentrifuge (Cell Preparation System). The cytospin pellets were air dried on glass slides, stained with Shandon Kwik–Diff™ Stain kit (Thermo Scientific) and were mounted with Richard–Allan Scientific™ Cytoseal™ 60 (Thermo Scientific).



Enzyme–Linked Immunosorbent Assay (ELISA)

Total IgE levels were determined by coating plates with 1 μg/ml purified rat anti–mouse IgE (R35–72; BD Biosciences). Standard curve was prepared with purified mouse IgE κ (C38–2; BD Biosciences) and bound Abs in serum samples were detected with biotin rat anti–mouse IgE (R35–118; BD Biosciences) and streptavidin–alkaline phosphatase (Invitrogen). Alkaline phosphate substrate (Moss, Inc.) was added, and color development was detected with SpectraMax® M2 (Molecular Devices) at 405 nm.



Histology and Immunofluorescence

Paraffin–embedded sections (5 μm in thickness) were stained with hematoxylin and eosion (H&E) for standard histology and Periodic acid–Schiff (PAS) for airway mucus production. Frozen sections (8 μm in thickness) were prepared from lungs perfused with a mixture of optimum cutting temperature (OCT) compound (Sakura Finetek) in PBS at a 1:1 ratio. Sections were fixed in cold acetone for 10 min and blocked with Fc Block (10 μg/ml) and 5% (vol/vol) normal donkey serum in PBS at 25°C for 30 min. Sections were then stained with the following primary Abs in PBS at RT for 30 min: goat anti–CD3ε (M−20; Santa Cruz Biotechnology), anti–CD11c (HL3), and anti–CD45R (B220; RA3–6B2; all from BD Biosciences); anti–CD21/CD35 (7E9; BioLegend); and peanut agglutinin (PNA; Sigma). Primary Abs were detected with donkey anti–goat–Alexa Flour® 568, rabbit fluorescein–Alexa Fluor® 488, streptavidin–Alexa Fluor® 555, and streptavidin–Alex Flour® 488 (all from Invitrogen) at RT for 30 min. Slides were mounted with SlowFade® Gold Antifade Mountant with 4′,6–diamidino−2–phenylindole (DAPI; Invitrogen). Images were collected with a Zeiss Axiocam digital camera (Zeiss) or Nikon Andor Clara camera (Nikon). The images were obtained with a 20x objective for a final magnification of x200. T cells in immunofluorescent images were quantified by counting CD45.1+ cells in iBALT areas (defined manually using the outline tool) and by counting CD45.1+ cells in non–iBALT areas (excluding large empty airways). The mean number of T cells per μm2 was determined using a mosaic of images obtained from control and iBALT–containing lungs that were sectioned at a similar depth and orientation. Data were obtained from multiple sections from each mouse and 5 mice per group.



RNA Isolation and Quantitative Real–Time PCR (qPCR)

Total RNA was extracted from lungs with TRIzol according to the manufacturer's specifications (Invitrogen) and was repurified with an RNeasy mini kit (Qiagen). Ribonucleic acid (RNA; 2.2 μg) was reverse–transcribed with Superscript II and random primers (Invitrogen) and complementary deoxyribonucleic acid (cDNA; 25 ng) was amplified with following primers and probes: glyceraldehyde−3–phosphate dehydrogenase (Gapdh; Trudeau Institute), Il4, Il5, Il13, Chi3l4, Muc5ac. Tnfaip3, and Tslp (all from Applied Biosystems), with TaqMan® Gene Expression Master mix (Applied Biosystems) and all reactions were run on a Lightcycler 480 Real–time PCR System (Roche). The relative level of messenger RNA (mRNA) expression for each gene was first normalized to the expression of Gapdh and then compared to the average level of mRNA expression in lungs from naïve B6 mice. Data is expressed as logarithmic fold changes in mRNA expression.



Quantifying Cytokines in BAL Fluid

Lungs were instilled with 1 ml HBSS (Corning) containing 0.02 mM EDTA (Lonza) and SIGMAFAST™ Protease Inhibitor Cocktail Tablets (Sigma). Total protein levels of cytokines IL−4, IL−5, and IL−13 in lavage were quantified by mouse–specific Milliplex® multi–analyte kits (EMD Millipore) using a MagPix® instrument platform and related xPONENT® software (Luminex Corporation). The readouts were analyzed with the standard version of the Milliplex Analyst software (EMD Millipore).



Statistical Analysis

The difference in mean values between two groups was analyzed with a two–tailed Student's t–test. If three or more groups were compared, Tukey's multiple comparison test was used (GraphPad Prism Version 6.0). P-values of less than 0.05 were considered statistically significant.
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Lipopolysaccharide responsive beige-like anchor protein (LRBA) deficiency is a primary immunodeficiency disorder (PID) that can cause a common variable immunodeficiency (CVID)-like disease. The typical features of the disease are autoimmunity, chronic diarrhea, and hypogammaglobulinemia. Neurological complications are also reported in patients affected by LRBA deficiency. We describe a 7-year old female with an acute cervical longitudinally extensive transverse myelitis (LETM) as a feature of LRBA deficiency. This is the first case of LETM associated with LRBA deficiency described in literature.
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INTRODUCTION

Lipopolysaccharide responsive beige-like anchor protein (LRBA) deficiency is a primary immunodeficiency disorder (PID) described as a cause of common variable immunodeficiency (CVID)-like disease (1). Several genes responsible of different subgroups of CVID have been identified (2), but the majority of patients with CVID have an unknown genetic etiology. CVID is a diagnosis of exclusion and so it is not surprising that CVID has heterogeneous clinical and laboratory presentations (3). This disease can be caused by LRBA gene defects (1). LRBA is a member of BEACH-WD40 protein family and it is expressed in several tissues (1, 4). The LRBA gene is located on 4q31.3, contains 57 exons and encodes a protein containing 2851 amino acid residues (5). The LRBA protein is widely expressed in several cell types including hematopoietic, neural, gastrointestinal, and endocrine cells1 with an high expression especially in lymphocytes (1, 6). This intracellular protein regulates the lysosomal degradation of cytotoxic T lymphocytes antigen-4 (CTLA-4), an inhibitory checkpoint receptor on T cells (6). For this reason patients with LRBA deficiency present an increase in CTLA4 degradation with clinical signs similar to CTLA4 haploinsufficient individuals (7, 8). An increase expression of LRBA is also described in many cancers, suggesting that the protein promotes cell survival by inhibiting apoptosis (9). The clinical features in patients affected by LRBA deficiency are heterogeneous with age of presentation ranging from 2 months to 12 years. There is not a genotype-phenotype correlation (10). LRBA deficiency can present with a wide spectrum of clinical manifestations such as inflammatory bowel disease (IBD)-like enteropathy, splenomegaly, pneumonia, autoimmune disease (AID) like immune thrombocytopenia purpura (ITP) and autoimmune hemolytic anemia (AIHA), hypogammaglobulinemia, B-cell deficiency, reduction in numbers of CD4+ T cells and regulatory T cells and autophagy (1, 6, 10–13). LRBA deficiency is suspected on the basis of heterogeneous clinical manifestations and immunological dysregulation that can be found through blood tests. The diagnosis currently relies on gene sequencing approaches or on the detection of LRBA protein by flow cytometry (14). The conventional treatment options for this disease have included various immunosuppressive agents such as corticosteroids, sirolimus, abatacept (soluble CTLA4- immunoglobulin fusion protein) (6, 13, 15) or Hematopoietic Stem Cell Transplantation (HSCT) (16). Neurological complications in patient affected by LRBA deficiency are described (6, 10, 17) even if they are not one of the typical features of the disease. We describe a 7-year old female with an acute cervical longitudinally extensive transverse myelitis (LETM) as a feature of LRBA deficiency. This is the first case of LETM associated with LRBA deficiency described in literature.



CASE REPORT

A 7-year-old female affected by LRBA deficiency was referred to our hospital for fever, stiff neck, and right cervical lymphadenopathy, that were unresponsive to anti-inflammatory drugs and oral antibiotic therapy.

The patient was born to unrelated parents after a full-term gestation. The birth weight was 2,420 g. The girl had normal psychomotor development. From 6 months of age she began to present recurrent severe infections during neutropenia associated with diffuse lymphadenomegaly (inguinal, abscellar, laterocervical, and mesenteric) and a diagnosis of autoimmune neutropenia was made. At 18 months she was hospitalized for cholelithiasis and hepatomegaly with autoimmune hepatitis and initial signs of cirrhosis. At 2 years she developed chronic diarrhea, hypertriglyceridemia, diffuse lipodystrophy, and splenomegaly. Double negative T cells resulted high (2.6% of total lymphocytes, normal value NV < 1.7%) and FAS-mediated apoptosis was abnormal. Genetic tests for autoimmune lymphoproliferative syndrome (ALPS) were negative (FAS, FAS ligand and caspase 10). In the suspicion of (ALPS)-like phenotype disease a therapy with mycophenolate mofetil was started. After one year, for the worsening of the lipodystrophy, anakinra, and then canakinumab were administered with initial but temporary clinical improvement. For persistent hypogammaglobulinemia the patient needed monthly administrations of immunoglobulins. At 4.5 years she underwent splenectomy for splenic abscess and started prophylaxis with amoxicillin/clavulanate and antiplatelet therapy with aspirin. At 5 years a mutation of Insulin Receptor Substrate 1 (IRS-1) which could lead to insulin resistance, leptin deficiency, and steatohepatitis, was detected. Therefore, leptin was administered with reduction of liver dimension, improvement of triglycerides level and no longer needing of insulin. The patient started empirical immunosuppressive therapy with prednisone (max 1 mg/kg/day) and sirolimus due to poor response to previous therapy. After few months the LRBA deficiency was identified by next generation sequencing (NGS) demonstrating double heterozygosity for two LRBA mutations; one inherited from the father (non sense c.7681 C>T: p.Q2561X) and one from the mother (splice disruption, c.1359 + 1G>A). Only sirolimus therapy was ongoing at the time of admission to our department.

On admission, she was conscious alert and oriented. Her heart rate, respiratory rate, blood pressure and body temperature were within normal range. She presented severe cervical pain associated with left deviation of the neck. The low-grade fever (37.6–37.8°C) and the stiff neck appeared 10 days earlier, but the pain was initially moderate and the patient was treated with anti-inflammatory drugs and oral antibiotic therapy. She received the last administrations of immunoglobulins 2 days before hospitalization. On examination, a right laterocervical lymphadenomegaly was observed. After few hours she developed right upper limb hyposthenia and fecal incontinence. Blood exams showed an increase of white blood cells (WBC) with low inflammatory markers (Table 1). Microbiological analysis were negative (blood cultures, urine culture, stool culture; Cytomegalovirus (CMV), Epstein Barr Virus (EBV), Adenovirus and Toxoplasma gondii serology; antistreptolysin antibodies, EBV, and CMV DNA copy number quantification by real-time polymerase chain reaction). Magnetic Resonance Imaging (MRI) was performed and showed extensive spinal cord T2- hyperintense lesion extending from the medulla oblongata to D3 level, with significant spinal cord swelling and marked contrast enhancement at C3–C5 level which was compatible with acute Longitudinally Extensive Transverse Myelitis (LETM) (Figure 1). Cerebrospinal fluid (CSF) analysis revealed an increase of white blood cells (100% lymphocytes), proteins and IgG levels with high CSF/serum albumin quotient and normal IgG-index (Table 2). CSF analysis for bacterial and viral infections yielded negative results (Escherichia coli, Haemophilus influenzae, Listeria monocytogenes, Neisseria meningitidis, Streptococcus agalatiae, Streptococcus pneumoniae, EBV, CMV, Herpes simplex Virus 1 (HSV1), Herpes simplex Virus 2 (HSV2), Human parechovirus, Varicella zoster virus (VZV), Enterovirus and Cryptococcus neoformans). Serum antibodies to myelin oligodendrocyte glycoprotein (MOG live cell-based assay) and aquaporin-4 (AQP4 fixed cell-based assay, Euroimmune commercial kit-4) were negative. Isoelectrofocusing revealed the presence of oligoclonal bands in both serum and CSF type 4 “mirror” pattern. An extensive autoimmune screening was negative [antinuclear antibodies (ANA), anti-double stranded DNA antibodies (anti-ds-DNA), anti-neutrophil cytoplasmic antibodies (ANCA, p-ANCA, c-ANCA, a-ANCA, anti PR3, anti myeloperoxidase antibodies MPO), anti-saccharomyces cerevisiae antibodies (ASCA), anti-smooth muscle antibody (ASMA), anti-liver-kidney microsome antibodies (LKM), anti-insulin antibody, TSH receptor antibodies (TRAb)]. The patient received intravenous dexamethasone at the dosage of 0.15 mg/kg for 27 days followed by a 9-week tapering dose of oral steroids which resulted in a rapid clinical improvement. Follow-up MRIs, performed after 20 and 55 days, respectively, (Figure 2), showed progressive improvement of spinal cord oedema and enhancement in parallel with a complete clinical recovery. The patient was then transferred to another institution for stem cell transplantation and the last follow-up MRI before transplant she was referred completely negative (image not available).


Table 1. Blood exams.
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FIGURE 1. Cervical Magnetic Resonance Imaging (MRI) at clinical onset demonstrating a longitudinally extensive signal abnormality involving the cervical spinal cord, extending from the obex to D3. The cord appears markedly swollen, both gray and white matter are involved, and post-contrast sequences demonstrate marked cord enhancement between C3 and C5 (red arrows). Findings are compatible with acute longitudinally extensive transverse myelitis (LETM).



Table 2. Cerebrospinal fluid (CSF) analysis.
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FIGURE 2. Follow-up MRI scans at 20 (A) and 55 (B) days, showing progressive reduction of the spinal cord swelling and contrast enhancement. In (B), contrast enhancement has completely regressed, due to blood-brain barrier restoration, and the spinal cord shows a near-normal appearance with no residual disease. No spinal cord atrophy is noted.




DISCUSSION

Patients with LRBA deficiency typically present immunodeficiency, inflammatory bowel disease (IBD)-like enteropathy, and autoimmune disease (AID) (1, 11–13). Some studies report an imbalance in Th subsets, in particular in Th1-like Th17 and Treg cells and their corresponding cytokines in LRBA deficiency. This condition might be important in the immunopathogenesis of autoimmunity and enteropathy (18). According to some publications a defect of LRBA can be associated with an IPEX-like (19) or ALPS-like (20) clinical presentation thus similar to our patient's phenotype. Neurological complications of the disease have been described (6, 10, 17). Alkhairy et al. (10) reported that neurological features occur in 23% of patients. The authors, with the exception of myasthenia gravis which has an autoimmune etiology, describe patients with cerebral lesions and nervous tissue atrophy. They report two patients with cerebral granulomas, one with granuloma-like lesion with demyelination resulting in unilateral optic nerve atrophy, one with unilateral optic nerve atrophy, one with cerebral and cerebellar atrophy and another with parietal lobe lesion complicated by seizures (10). Tesi et al. described a patient with LRBA deficiency complicated with an acute disseminated encephalomyelitis (ADEM) who underwent hematopoietic stem cell transplant (17). ADEM has also been described in one CTLA-4 haploinsufficient patient (7) and in patient with CVID (21). To the best of our knowledge this is the first ever reported patient with LETM associated with LRBA deficiency. We believe that the high value of white blood count is a consequence of inflammation. The exclusion of infectious and neoplastic nature of the lesion, together with the good response to steroid treatment, allow us to consider it an inflammatory seronegative LETM. This condition is observed in a group of inflammatory autoimmune disorders, often in the context of neuromyelitis optica spectrum disorders (NMOSD) (22–25). These disorders are mostly related to the presence of antibodies against aquaporin (AQP4) or against myelin oligodendrocyte glycoprotein (MOG) (24–26). However, in some patients AQP4-Antibodies and MOG-Antibodies are lacking, thus these patients are usually labeled “double seronegative LETM” or “seronegative LETM” (26, 27). We consider LETM as one of the possible immune-mediated manifestations that compose the clinical spectrum of LRBA deficiency.
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Children with chronic mucocutaneous candidiasis (CMC) experience recurrent infections with Candida spp. Moreover, immune dysregulation in the early life of these patients induces various autoimmune diseases and affects normal growth and development. The adaptive and innate immune system components play a significant role in anti-fungal response. This response is mediated through IL-17 production by T helper cells. Inborn errors in IL-17-mediated pathways or Candida spp. sensing molecules are known to cause CMC. In this review, we describe underlying immune mechanisms of monogenic primary immune deficiency disorders known to cause CMC. We will explore insights into current management of these patients and novel available therapies.
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INTRODUCTION

Children with chronic mucocutaneous candidiasis (CMC) experience recurrent infections with Candida spp. Infections can be mucosal or invasive, and isolated or associated with other infections. CMC can involve the vagina, esophagus, skin, and other organs. Moreover, severe immune dysregulation in the early life of these patients induces various autoimmune diseases and affects normal growth and development. Medical care is complex and usually warrants a combination of systemic anti-fungal and immunosuppressive agents (1–3).

Advances in genetic tests in the recent decade have expanded our knowledge of underlying immune mechanisms in CMC, elucidating an increasing number of newly defined primary immune-deficiency disorders (4). An in-depth characterization of the impaired immune pathways associated with CMC is critical in order to offer treatment tailored to the individual patient.

In this review, we describe monogenic primary immune-deficiency disorders known to cause CMC. Based on insights into underlying immune mechanisms, we explore different targeted therapies currently available or under development for these patients.



IMMUNE MECHANISMS UNDERLYING MONOGENIC CHRONIC MUCOCUTANEOUS CANDIDIASIS

The discovery of monogenic causes for CMC has enabled us to expand our knowledge of fundamental immune mechanisms (Figure 1).


[image: Figure 1]
FIGURE 1. Underlying mechanisms of immune responses against Candida spp. (A) Candida spp. recognition and initial immune response involve key molecules of the innate system. (B) Adaptive response against Candida spp. includes activation and differentiation of naïve CD4+ T cells into effector T helper 17 (Th17) cells. TLR, toll-like receptor; PKC-δ, Protein kinase C-δ; MYD-88, Myeloid differentiation primary response 88; NFκB, Nuclear factor kappa-light-chain-enhancer of activated B cells; IL-Interleukin; APC, Antigen presenting cell; TGF-β, Transforming growth factor beta (TGF-β); JAK-Janus Kinase; STAT, Signal transducer and activator of transcription; RORγT, RAR-related orphan receptor gamma.


Immunity against Candida spp. consists of innate and adaptive responses. The innate response involves recognition of pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs) found in different cells of the innate immune system, such as monocytes and natural killer (NK) cells (5). Various PRRs are known to induce pro- and anti-inflammatory cytokine production in response to PAMP ligand binding. These PRRs include toll-like receptors (TLRs) 2, 3, 4, 6, and 9, as well as other receptors, such as dectin 1–3 (5). PAMP ligand binding to Dectin-1 leads to signal transduction via adaptor-molecule caspase activation and recruitment domain-containing 9 (CARD9) (5).

The adaptive immune system components also play a significant role in anti-fungal response. This includes pathways mediated by interleukin (IL)-17 and IL-22, which are produced by Th17 cells (6). Indeed, defective fungal sensing by the innate system, as well as abnormalities in IL-17-mediated pathways can induce CMC (Table 1). Impairments in the adaptive response can be further subdivided into decreased IL-17 cytokine production, impaired IL-17-mediated intracellular signaling or increased peripheral neutralization by anti-IL-17 autoantibodies.


Table 1. Reported genes associated with chronic mucocutaneous candidiasis.
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Production of Neutralizing Autoantibodies Against IL-17 and IL-22

T cell development in the thymus includes clonal deletion of self-reactive T cells. This is achieved by the introduction of self-antigens to naive T cells by medullary thymic epithelial (mTEC) and dendritic cells. mTECs express autoimmune regulator (AIRE), an important facilitator of self-antigen gene expression (7).

AIRE deficiency is characterized by loss of self-tolerance and the presence of autoreactive T cells and multiple severe autoimmune diseases. AIRE loss-of-function (LOF) induces autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED). APECED is characterized by a classical triad of CMC, hypoparathyroidism, and Addison's disease (8), but other systems can be affected by autoimmunity in APECED, which can induce type 1 diabetes, hypothyroidism, hypogonadism, vitiligo, and various other autoimmune diseases (8). CMC in APECED patients is explained by decreased IL-17 and IL-22 cytokine serum levels, with corresponding increased titers of anti-IL-17 and anti-IL-22 neutralizing autoantibodies (9, 10). Thus, anti-IL-17/22 autoantibody production in APECED demonstrates the important association between immune dysregulation and CMC susceptibility.



Inborn Errors in IL-17 Production or IL-17 Receptor Surface Expression

IL-17R-mediated signaling has been shown in murine models to be essential in the immune response against Candida spp. (11, 12). In 2011, a single patient was reported to have a homozygous c.850C>T mutation in IL-17RA that caused reduced surface expression of IL-17RA on peripheral blood mononuclear cells (PBMC), reduced lymphocyte response to IL-17A/F stimuli, and increased susceptibility to Candida spp. infections (13). Two other patients with CMC had impaired IL-17F cytokine production due to IL-17F gene mutation (13, 14). Since then, several cohorts of CMC patients with IL-17R deficiencies have been reported, including 21 patients from 12 unrelated families with IL-17RA deficiency (15) and three patients with IL-17RC deficiency (16).



Defective Th17 Differentiation or Intracellular Signaling

Antigen-presenting cells produce IL-6, IL1-β, and IL-23, as well as activate transforming growth factor (TGF)-β in response to fungal infections. These cytokines bind to naïve CD4+ T cells and trigger STAT3 followed by RAR-related orphan receptor (ROR)γT-mediated transcription. RORγT enhances production of IL-17A, IL-17F, and IL-21 by lymphocytes, through which they differentiate into Th17 cells. In turn, IL-21 further self-amplifies Th17-mediated immune responses (17, 18).


STAT1 Gain of Function

Inborn errors in any of the key players in Th17 differentiation can result in CMC. STAT1 is such a key component as was demonstrated from the study of autosomal dominant (AD) gain-of-function (GOF) mutations. STAT1 mutations are probably the most common cause of monogenic CMC. These patients present with a wide clinical spectrum of immune dysregulation and increased susceptibility to bacterial, viral and fungal infections (19). Delayed dephosphorylation of STAT1 in these patients impairs the function of IL-6 and IL-21, thus decreasing STAT3-dependent differentiation of naïve CD4+ T cells into Th17 cells (20). Of note, a recent report suggests that some STAT1 GOF mutations may cause STAT1 levels to be high, although phosphorylation is normal (21). Disease severity appears to vary according to the mutation. For example, patients with the T385M mutation are somewhat phenotypically different from others. The T385M clinical spectrum consists of chronic candidiasis, recurrent severe invasive infections with bacterial pathogens, severe viral infections such as cytomegalovirus and John Cunningham virus and, last but not least, severe autoimmune phenomena reminiscent of a combined immunodeficiency disease. These patients show progressive loss of T and B cell function (22).



Hyper IgE Syndromes

Another striking example of impaired Th17 differentiation is STAT3 LOF mutations known to cause autosomal dominant hyper immunoglobulin E syndrome (AD-HIES). These patients have severe eczema, skin abscesses, staphylococcal infections, and decreased or absent Th17 cells, resulting in increased susceptibility to Candida infections (23, 24). Markedly increased IgE levels and eosinophilia are indicative of immune dysregulation in these patients (25). STAT3 LOF patients are distinctive by their non-immunologic features, which include dysmorphic facial features, retained primary teeth, vascular aneurysms, scoliosis, osteoporosis, and other musculoskeletal manifestations (26).

Autosomal recessive (AR) HIES is caused by mutations in dedicator of cytokinesis (DOCK) 8, ZNF341, and tyrosine kinase (TYK)2. DOCK8 plays an important role in T cell activation and proliferation via its role in T cell cytoskeleton and actin reorganization. DOCK8 mutation results in abnormal Th17 polarization and function (27). Clinical manifestations include an immune dysregulation phenotype consisting of allergic disorders, such as atopic dermatitis and food allergies, as well as increased susceptibility to staphylococcal, sino-pulmonary and viral infections (26).

Other gene mutations causing AR-HIES have been reported in ZNF341. This factor regulates the transcription of STAT3, therefore patients with ZNF341 deficiencies are clinically similar to HIES with STAT3 LOF. They are reported to have low levels of STAT3, reduced numbers of Th17 cells, and high risk for CMC (28). TYK2, a JAK family member, is critical for normal IL-12 and type I IFN expression. Mutation of TYK2 can also cause AR-HIES. A patient with a homozygous TYK2 mutation was reported to have increased susceptibility to viral infections due to an impaired IFN-mediated response, and increased risk for fungal infections most probably due to defective IL-12/IL-23-mediated responses (29).

In addition, we should mention phosphoglucomutase (PGM)3 and CARD11 deficiencies, both reported in some studies to induce CMC and HIES. PGM3 deficiency is an AR-HIES disorder characterized by glycosylation defects that have multi-systemic manifestations including a neurodegenerative course. Sassi et al. reported occurrence of CMC in four out of nine patients (30), whereas Zhang et al. and Stray-Pederson et al. did not describe such findings (31, 32). LOF mutations in CARD11 were associated with severe atopy and immune dysregulation (33). In both disorders, it appears that Th17 cells are present, rather than absent. Therefore, the defect is probably functional and in the context of global T cell defects.



IL-12/IL-12 Receptor Pathway

Inborn errors in IL-12-mediated pathways are known to play a major cause for Mendelian susceptibility to mycobacterial disease (MSMD), increasing the risk for mycobacterial and viral infections. Interestingly, impaired defective IL-12 or IL-12R may underlie abnormal IL-23-mediated signaling, thus also exposing these patients to risk of developing CMC (13). Defective IL-23- and IL-12-mediated pathways were previously reported in patients with IL-23R and IL-12Rβ2 deficiencies, respectively. Impaired signaling in these patients induced MSMD; however no CMC was observed (34).



RORC, ACT1, and MAPK8 Mutations

STAT3 induces RORγT transcription, which leads to Th17 differentiation. AR mutations in RORγT have been demonstrated to decrease Th17 cell counts and result in CMC. Interestingly, these patients also presented with increased susceptibility to mycobacterial infections due to impaired interferon (IFN)-γ-mediated immunity, which also requires RORγT (35).

Regarding the IL-17-mediated pathway, one should also remember other proteins downstream. ACT1 is an intracellular adaptor protein in the IL-17-mediated signaling pathway. Several human mutations in ACT1 are known to impair Th17 function and induce CMC (36, 37). Staphylococcus aureus blepharitis (37) and recurrent pneumonia (36) were also noted in these patients, who display characteristics of primary immune deficiency with dysregulation.

Finally, we should also mention mutations in MAPK8. AD MAPK8 mutations resulting in c-Jun N-terminal kinase 1 (JNK1) deficiencies were previously reported to induce CMC. Impaired Th17 differentiation and decreased responses to IL-17A and IL-17F stimuli were shown. Interestingly, JNK1-deficient patients with CMC were also found to have a novel connective tissue disease, thus distinguishing mutant MAPK8 from other monogenic inducers (38).




Decreased Recognition of Candida Infections

The innate response against Candida spp. is complex. Recognition of fungal PAMPs by PRR is critical for Candida spp. sensing, as is the Dectin-1–Syk–CARD9 signaling pathway. Biallelic mutations in CARD9 are reported to induce CMC and general increased susceptibility to fungal infections (39–45). In comparison with IL-17-associated inborn errors, CARD9 deficiency is thought to induce a more severe and invasive candidiasis, affecting various tissues including even the central nervous system (CNS) (46).

Dectin-1 deficiency has also been shown to induce reduced recognition of β-glucans with increased susceptibility to Candida spp. infections. However, an important feature of this disorder is the lack of susceptibility to other infections, which defines it as an isolated CMC (47). Impairment of the Dectin-1–Syk–CARD9 pathway also affects the differentiation of CD4+ naïve T cells into Th17 cells, thereby interfering with the adaptive immune response to Candida spp. (6). Indeed, Tyr238X mutation in dectin-1 was previously described to cause CMC and onychomycosis phenotypes, as well as decreased IL-17 levels. However, phagocytosis and killing of Candida spp. in these patients were intact (47). Although dectin-1 deficiency is not included in International Union of Immunological Societies (IUIS) 2019 classification (4), the Tyr238X mutation can be found in gnomAD1.




CURRENT MANAGEMENT OF MONOGENIC CHRONIC MUCOCUTANEOUS CANDIDIASIS

Current management of CMC consists mainly of prophylactic anti-fungal agents, such as fluconazole (1). However, other therapeutic modalities are currently available. Granulocyte-macrophage colony-stimulating factor (GM-CSF) production by PBMC is suggested to be reduced in CARD9-deficient patients. A patient with a hypomorphic CARD9 mutation presenting with CNS candidiasis was found to achieve clinical remission after GM-CSF administration (46), and GM-CSF has been found to be effective in other patients with CARD9 deficiency (48).

Histone deacetylase (HDAC) inhibitors were also examined in the management of CMC, especially in patients with STAT1 GOF mutations. Inhibition of histone acetylation is thought to affect the adaptive and innate immune systems. Indeed, HDAC inhibitors were found to rescue STAT3-mediated pathways in STAT1 GOF patients (49). Moreover, in-vitro treatment with HDAC inhibitors resulted in increased IL-22 production in response to Candida spp. (49).

Hematopoietic stem cell transplantations (HSCT) have some efficacy in CMC. For example, in two patients with CARD9 deficiency, HSCT from haploidentical and fully matched donors was successful, although a second HSCT was required in the first patient. Complete clinical resolution of fungal infections was noted in both patients (45). There are reports of successful HSCT in STAT1 GOF patients as well, with complete resolution of immune dysregulation and rescue of Th17 differentiation and function (50). However, the results of HSCT in STAT1 GOF are generally not favorable, with high rates of secondary graft failure (51).

Targeted immunotherapies for CMC-inducing inborn errors are therefore warranted. Ruxolitinib, a Janus kinase (JAK)1/2 inhibitor, is reportedly effective in STAT1 GOF. Ruxolitinib treatment of a STAT1 GOF child presenting with a clinical picture of CMC and autoimmune cytopenia was shown to directly intervene with the impaired immune pathways. It improved Th17 differentiation, decreased Th1-mediated responses, and attenuated CMC and immune dysregulation (52). Another study found that ruxolitinib in STAT1 GOF patients can rescue NK cell maturation. Moreover, it was effective in restoring perforin expression on NK cells, thus rescuing NK cytotoxic function (53). Other reports of children with STAT1 GOF mutations have confirmed the efficacy and safety of ruxolitinib in this disorder (54–56).



CONCLUSIONS

Current advances in next-generation sequencing have revealed various monogenic inducers of CMC. Understanding the impaired immune pathways involved in CMC is critical in the management of these patients. CMC is strongly associated with immune dysregulation and autoimmunity in early childhood. Therefore, a joint collaboration between immunologists, endocrinologists, and infectious disease and other specialists is needed in order to offer a personally tailored, effective, treatment to these patients.
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Many premature babies who are born with neonatal respiratory distress syndrome (RDS) go on to develop Bronchopulmonary Dysplasia (BPD) and later Post-Prematurity Respiratory Disease (PRD) at one year corrected age, characterized by persistent or recurrent lower respiratory tract symptoms frequently related to inflammation and viral infection. Transcriptomic profiles were generated from sorted peripheral blood CD8+ T cells of preterm and full-term infants enrolled with consent in the NHLBI Prematurity and Respiratory Outcomes Program (PROP) at the University of Rochester and the University at Buffalo. We identified outcome-related gene expression patterns following standard methods to identify markers for oxygen utilization and BPD as outcomes in extremely premature infants. We further identified predictor gene sets for BPD based on transcriptomic data adjusted for gestational age at birth (GAB). RNA-Seq analysis was completed for CD8+ T cells from 145 subjects. Among the subjects with highest risk for BPD (born at <29 weeks gestational age (GA); n=72), 501 genes were associated with oxygen utilization. In the same set of subjects, 571 genes were differentially expressed in subjects with a diagnosis of BPD and 105 genes were different in BPD subjects as defined by physiologic challenge. A set of 92 genes could predict BPD with a moderately high degree of accuracy. We consistently observed dysregulation of TGFB, NRF2, HIPPO, and CD40-associated pathways in BPD. Using gene expression data from both premature and full-term subjects (n=116), we identified a 28 gene set that predicted the PRD status with a moderately high level of accuracy, which also were involved in TGFB signaling. Transcriptomic data from sort-purified peripheral blood CD8+ T cells from 145 preterm and full-term infants identified sets of molecular markers of inflammation associated with independent development of BPD in extremely premature infants at high risk for the disease and of PRD among the preterm and full-term subjects.
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Introduction

Acute and chronic respiratory morbidities are common in extremely premature infants (1). Increased survival of very premature infants is leading to increasing numbers of children with chronic lung disease. Since the end of the last millennium, the rate of premature births <34 weeks of gestation have consistently increased in the United States, and in 2008 it was 12.3% (2). Among the extremely preterm infants, 20%–35% die before their discharge to home (1, 3). Prematurity-related deaths accounted for 35% of all infant deaths in 2010, more than any other single cause. Preterm birth cost the U.S. health care system more than $26 billion in 2005 (4). Among NICU survivors, approximately 40% develop Bronchopulmonary Dysplasia (BPD), a chronic lung disease of the newborn. BPD has both genetic and environmental risk factors. It is characterized by varying degrees of lung injury potentially due to required supplemental oxygen, exposure to inflammatory conditions in utero, and mechanical ventilation and is often associated with infection (5, 6). BPD results from abnormal repair and impaired lung development after acute lung injury. Airway function may even deteriorate during the first year of life in infants with BPD (7). A key component of BPD is persistent inflammation of the lung (8, 9). Infants with BPD are more likely to die than those without chronic lung disease, even if they survive the initial hospitalization. However, improved medical treatment plans have been developed that have led to a lower hospital mortality rate, however, the respiratory sequelae into childhood remain poorly defined (10). By developing a better understanding of the inflammatory process of infants with BPD, we could potentially identify biomarkers that relate to respiratory sequelae. Using such information, certain pathways could be targeted for drug development to improve the health of infants with BPD (11).

The NIH NHLBI Prematurity and Respiratory Outcomes Program (PROP) enrolled 835 extremely premature infants across the US and collected multiple biospecimens over time and extensive data including BPD and respiratory morbidity outcomes over the 1st year of life. PROP investigated the molecular mechanisms contributing to the risk of respiratory disease in premature neonates over the first year of life. A set of clinical and non-invasive respiratory assessments were performed, based on the respiratory status of the infant at the time of testing, and was used to predict the severity of respiratory outcomes in the first year of life. The primary goal of the PROP studies was to identify biomarkers (biochemical, physiological, and genetic) that are associated with, and thus potentially predictive of, respiratory morbidity in preterm infants up to 1-year corrected age. A validated, objective measure of pulmonary outcome at 1 year does not currently exist. In addition to the identification of markers of BPD, one of the primary outcomes in the PROP study was defined as presence or absence of Post-Prematurity Respiratory Disease (PRD) (12). In order to be classified as having PRD, infants were required to have a positive response in at least one of the four morbidity domains [(1) hospitalization for respiratory indication, (2) home respiratory support, (3) respiratory medication administration, and/or (4) respiratory symptoms without a cold] during at least two separate parental interviews conducted at 3-, 6-, 9-, and 12-months corrected age (13).

High throughput sequencing for genome-wide transcriptomic analysis, by RNA-Seq or microarrays, is an unbiased approach applied to identify biomarkers that may provide predictive value. These approaches have been proven to be powerful tools capable of biomarker discovery for various disease states including BPD. We have previously presented an analysis of lung tissue gene expression in subjects with BPD (14). Application of blood-based gene expression profiling can potentially provide novel biomarkers for diagnosis and therapeutic management of BPD. Previous studies have used whole blood–derived peripheral blood mononuclear cells (PBMC) as a means of mining for novel markers for BPD (15). PBMCs are relatively easy to obtain from whole blood and can be sorted into leukocytes, including B cells, T cells, monocytes, and natural killer cells (16). The use of peripheral blood has identified changes in CD4+ T cell populations in subjects with diagnosed with BPD (17, 18). Additional studies have identified that patterns of proinflammatory cytokines in blood from subjects with BPD were associated with the phenotype of BPD (19). Our study was funded to complete transcriptomics analyses of the CD8+ T cell population.

Emerging data suggest an important role for T lymphocytes in the pathogenesis of chronic lung disease in babies born prematurely. CD8+ T cells, TNF-α, TNF receptors, and NK cells provide protection from viral infection but also contribute to the immunopathology, by contact-dependent effector functions (perforin and FasL). IFN-γ and particularly TNF-α are thought to be primary perpetrators of T-cell-mediated lung injury (20). Furthermore, one study shows that CD8+ T cells isolated from blood of infants with BPD exhibited lower levels of surface CD62L, which is consistent with an activated phenotype (21). CD8+ T cells have shown adaptive immune insufficiency in newborn mice infected with influenza A within 1 week of birth (22). RSV infected neonatal mice recruited CD8+ T cells defective in IFN-γ production in association with mild symptoms. Re-infection as adults however resulted in limited viral replication but enhanced inflammation and T cell recruitment, including Th2 cells and eosinophils (23, 24). Depletion of CD8+ T cells (but not CD4) cells during the primary neonatal infection was protective against the adult challenge. We have previously shown that CD8+ T cells appear to play a pathogenic role in subjects with BPD, and may be associated with overall risk for lung morbidity (25). In related studies, we have observed that CD8+ T cells are increased in both mouse and human lungs exposed as neonates to hyperoxia, and have a hyper-responsive, fibrotic and destructive response to subsequent viral infection (14, 26). Further, these cells have a predominant role in direct cytotoxicity in the lung, via interactions with epithelial cells and as regulators of macrophage responses, as well as in general human resistance to viral infection. In a separate population of premature infants, enrolled in the PROP study, phenotyped T cells at birth, at 36 weeks of adjusted gestational age, and at 12-months corrected age, were associated with a PROP-defined respiratory morbidity at 12 months (27). The goal for the current study was to demonstrate that transcriptional profiling of CD8+ T cells, obtained from premature infants at discharge, can identify disease-related gene expression patterns informative for pathogenesis and capable of predicting risk of future respiratory distress. We hypothesized that transcriptomic analysis of sorted lymphocyte sub-populations could identify predictive markers and pathways associated with respiratory outcomes. We followed a cohort of 157 infants, ranging from 23 to 41 weeks of gestation at birth, enrolled in the Prematurity and Respiratory Outcomes Program (PROP) at the University of Rochester Medical Center and Children’s Hospital of Buffalo (12).

Here, we present a novel gene expression RNA-seq data set generated from CD8+ T cells from 145 subjects with varying levels of premature birth and report the identification of disease biomarkers for BPD and PRD. In subjects who were diagnosed with BPD, we identified pathways associated with TGFB signaling (Regulation of Epithelial-Mesenchymal Transition Pathway) and T cell activation and polarization (e.g., IL-2, IL-17, IL-4, and iCOS signaling). In subjects who developed PRD at one year of life, we also identified the TGFB pathway as being important as well as the Cell2Cell pathway (which includes genes important for CD8+ T cell activation). Given that TGFB has been identified as an important factor for controlling CD8+ T cell mediated inflammation (28–32), we provide new makers in CD8+ T cells that are associated with the BPD and PRD. Such information will be of interest to researchers who are trying to develop a better understanding of factors associated with inflammatory pediatric lung disease.



Methods

This study aimed at generating transcriptomic profiles of CD8+ T cells from newborn human blood. This study was approved by the Institutional Review Board of University of Rochester with a Memorandum of Understanding executed with the University of Buffalo IRB. Subjects were enrolled within gestational age at birth (GAB) epochs, in order to characterize the relationship among prematurity, disease risk, and gene expression. The steps involved in the process, starting from sample collection to isolation of total RNA have been described in detail in our previous publication (16). Additional steps relevant to this study are shown in Supplemental Figure 1.


Oxygen Exposure, BPD Diagnosis, and PRD

The traditional categorical approach of classifying BPD as absent or present is likely an oversimplification. Tooley (33) recommended that oxygen use at 28 days of age would identify preterm infants with BPD. Almost a decade later, Shennan and colleagues proposed that the best predictor of abnormal pulmonary outcomes among very low birth weight premature infants was the clinical use of oxygen at 36 weeks postmenstrual age (PMA) (34). A workshop convened by the National Institutes of Health (NIH) proposed severity-based diagnostic criteria for BPD (35) that included the use of oxygen for at least 28 days (not necessarily consecutive) and an assessment of respiratory support at 36 weeks PMA, recognizing that some infants breathing room air at 36 weeks PMA may have residual lung disease. The majority of infants with birth weights less than 1 kg will have a diagnosis of at least mild BPD by the Consensus Conference definition based on 28 days in oxygen (35). Given clinical variations in oxygen administration, a structured trial of room air test was developed by the NICHD Neonatal Research Network (36), the frequency of BPD among the subjects was determined using two previously published definitions: the Shennan definition (34), which defines BPD as supplemental oxygen requirement at 36 weeks PMA in infants born with birth weight (BW) less than 1,500 grams, and a physiologic definition with a room-air challenge (RAC) which defines BPD as requirement of oxygen support (>21% O2) for at least 28 days and a subsequent assessment at 36 weeks PMA or discharge, whichever comes first (13, 36).

NICU oxygen exposure was calculated, as previously reported, from the FIO2 recorded in the medical record once each noon for the first 14 days of life. FIO2 was corrected to Effective FiO2 for low nasal cannula flow using established tables (37). Oxygen utilization or OxygenAUC was calculated by the formula defined in Benaron and Benitz (37) using information recorded in the daily respiratory flowsheet data (FIO2, respiratory support mode, and applied airway pressure or cannula flow) through the first 28 days of life. We chose to look at OxygenAUC at 14 days of postnatal age (OxygenAUC14) to include the second postnatal week to capture pulmonary deterioration as presented in BPD (38).

The infants enrolled in the study were followed up periodically for up to 12 months of age, corrected by gestational age (CGA) at birth. At the 12-month CGA follow-up visit they were assessed for persistent respiratory distress based on the frequency of hospitalization due to any kind of respiratory distress. Persistent Respiratory Distress (PRD) was diagnosed if there were positive responses in at least one of the following domains: (1) hospitalization for respiratory indication, (2) respiratory support at home, (3) respiratory medication administration, and/or (4) cough or wheeze without a cold, reported on at least two caregiver post-discharge surveys completed at 3, 6, 9, and 12 months CGA, as previously reported (13). The definitions and criteria for the different diagnoses have been listed in Supplemental Table 1.



Sample Collection and RNA Isolation

An average of 2.5 ml of venous blood was collected into sodium heparin glass vacutainers from premature infants enrolled with consent in the Prematurity and Respiratory Outcomes Program (PROP), at the time of hospital discharge at the University of Rochester and the University at Buffalo and shipped to a central laboratory in Rochester. Freshly purified PBMCs were isolated by Ficoll gradient (Amersham Pharmacia Biotech # 17-1440-03) centrifugation, from the whole blood diluted 1:2 with 1x dPBS, and counted according to previously established protocols (39). In subjects with at least 8 million cells, 5 million cells were stained with antibodies to individual lymphocyte markers, and sorted on a FACSAriaII sorter at the Flow Cytometry Core facility of the University of Rochester as previously reported (16). CD3+CD8+, CD3+CD4+, CD3-CD56+ (NK), or CD3-CD19+ (B) cells were collected separately. Non-marker positive and dead cells were discarded. Sorted cells were spun into pellets, which were further lysed and frozen. The steps from collection to lysis of each sample were completed within a 24-h period in order to preserve RNA quality and integrity. Frozen lysates were thawed and RNA was extracted using Agilent Absolute RNA Microprep kit (catalog #400805), with an on-column DNase digestion, as per manufacturer recommended protocol.



RNA-Seq and Data Generation

For the current study, RNA isolated from the sorted CD8+ T cells from 145 pre-term and full-term subjects, was used for transcriptomic profiling by RNA-seq. cDNA libraries were generated with 1 ng RNA, using the SMARter Ultra Low Amplification kit (Clonetech, Mountain, CA). cDNA quantity was determined with the Qubit Flourometer (Life Technologies, Grand Island, NY) and quality was assessed using the Agilent Bioanalyzer 2100 (Santa Clara, CA). Libraries were sequenced (single endreads) on the Illumina HiSeq2500 (Illumina, San Diego, CA) to generate 20 million reads/sample. Reads generated from the sequencer were aligned using the TopHat algorithm (40) and expression values were summarized using HTSeq (41). The data from this study has been provided in dbGAP. The dbGaP accession assigned to this study is phs001297.v1.p1.



Normalization and Filtering

Samples were excluded based on poor read count/mapped read numbers, or if they were extreme outliers in hierarchical clustering and Principal Components Analysis (PCA). Genes were excluded if they were not consistently identified as expressed (a count of zero in over 1/3 of subjects). Subjects with high prevalence (>75%) of zero/low reads (raw count value ≤5) were excluded. Genes with high prevalence (>75%) of low counts (normalized count value ≤3) across subjects were excluded.

The subject-specific conditional upper quartile (UQ, 75th percentile) among non-zero reads was computed. The subject-specific normalization factor was calculated by dividing the UQ for a given subject by the mean UQ across all subjects. The normalized gene values for a given subject were calculated by dividing the raw count values by the normalization factor for that subject. After adding 1 to all values to account for zeros, the normalized counts were log2 transformed.



Selection of Univariately Differentially Expressed Genes

Differences in gene expression between subject groups was assessed by SAM-Seq (42) and Likelihood Ratio Test (LRT). SAM-Seq was used to identify genes with expression patterns significantly (FDR<0.05) associated with BPD, RAC. LRT for log (normalized RNA-Seq), adjusted for GAB via logistic regression, was used to identify genes with expression patterns significantly (FDR<0.05) associated with BPD in subjects born at less than 29 weeks of age. For quantitative analysis, the correlations between normalized counts and oxygen utilization at 14 days were estimated. Expression changes of the genes, identified as significantly different in BPD by the tests, were assessed in transcriptomic profiles of PBMCs obtained from infants with BPD, and age matched controls generated from an independent cohort (15), using the data available on Gene Expression Omnibus (GSE32472).



Prediction of Bronchopulmonary Dysplasia (BPD) via Screened Principal Components

The following method is our minor variant of Screened Principal Components Analysis (sPCA) (43), where the genes were univariately screened, and those with a nominal Wilcoxon p < 0.10 were used for further analysis. The first principal component (PC1) of the genes was derived, and genes with loadings close to 0 were removed. Genes most strongly univariately associated with BPD (with or without adjusting for gestational age) were selected using a screening threshold chosen by cross-validation (CV). The first Principal Component (PC1) of the genes passing the univariate screen was constructed and a logistic regression model was fit to predict BPD as a function of PC1 (and optionally gestational age). Receiver Operating Characteristic (ROC) curves depicting sensitivity and specificity along with associated AUC were estimated without (naïve AUC) and with an outer loop of nested CV (CV-AUC).



Prediction of Post-Prematurity Respiratory Disease (PRD) via Canonical Pathways

We have used canonical pathway analysis where we grouped our 13,434 genes into 1,330 biologically-relevant pathway-based gene sets of molecular signature database (mSigDB) (44), where each gene belongs to 0, 1, or more pathways. We then reduced the constituent genes in each pathway to their PC1. Genes belonging to 0 pathways were thus excluded from consideration, while CV screened logistic forward selection (or LASSO) was applied to the 1,330 pathway-based PC’s. Bivariate CV was used to simultaneously select both the threshold for univariate logistic likelihood ratio test screening of pathways (with or without adjusting for gestational age) and the final number of pathways chosen by forward selection (or the LASSO penalty). The entire procedure was then nested within an outer loop of nested CV in order to estimate performance via the Receiver Operating Characteristic (ROC) curve and its associated Area Under the ROC Curve (CV-AUC). This method has been described in details in our previous publication (45).



Functional Classification

Genes identified as differentially expressed in individual comparisons were used for independent functional classification through canonical pathway analysis, and upstream regulators identification using Ingenuity Pathway Analysis (IPA; Qiagen, Carlsbad, CA). Pathways and upstream regulators were identified as significantly associated with the diagnoses by Fisher’s exact test (p < 0.05 or -log(p-value) > 1.3) as calculated by IPA.



Quantitative Reverse Transcriptase–Polymerase Chain Reaction (qPCR)

cDNA was synthesized from 100 ng RNA using iScript cDNA synthesis kit (Biorad, HerculesCA) and quantitative reverse transcriptase–polymerase chain reaction (qPCR) was performed with a Viia7 (Applied Biosytems, Carlsbad, CA) using SYBR green chemistry as previously described (14) using noncommercial (http://pga.mgh.harvard.edu/primerbank) assays. Gene expression levels were calculated relative to GAPDH as an internal, endogenous control, according to the ddCT method.




Results


Subject Demographics

Peripheral blood was collected at the time of first hospital discharge, from 145 preterm and full-term infants enrolled in the NHLBI Prematurity and Respiratory Outcomes Program (PROP) at the University of Rochester and the University at Buffalo. Of the 145 subjects, 72 were extremely premature having been born at less 29 weeks of gestation. There was insufficient evidence that the distribution of race (p=0.64) or sex (p=1) differed between BPD and non-BPD subjects, while as expected gestational age at birth was lower for those with BPD (p=0.03). Similarly, among all subjects (n=130) there was insufficient evidence of any difference in race (p=0.70) or sex (p=1) by PRD status, while as expected gestational age at birth was lower for those with PRD (p=0.01; Table 1). The age (in days) at the time of sample collection varied by subject, and it ranged from four days to 6 months after birth, depending on the gestational age at birth. However, age was consistent in terms of corrected gestational age, which ranged between 39 to 41 weeks. Detailed diagnostic and demographic information for the individual subjects in provided in Supplemental Table 2.


Table 1 | Subject demographics.



Transcriptomic profiles were generated from sorted and purified CD8+ T cells obtained from the blood collected at discharge. The analytical data set includes values from 13,455 genes for 130 samples, post filtering. As reported previously, the average number of sequence reads in the samples were high (9.93 ± 3.69 million sequence reads). Overall, approximately 60% of possible genes showed detectable transcript as expected for a subset of differentiated cell type (16) as shown in Supplemental Figure 2.



Molecular Markers for BPD

Gene expression patterns associated with cumulative oxygen exposure (over the first 14 days of life) in subjects at greatest risk for BPD (born at GAB<29 weeks; n=72) was assessed. Rank correlation analysis identified 501 genes to be significantly associated (at pFDR<0.1) with oxygen exposure, of which 403 were upregulated in BPD, while 98 genes were downregulated in BPD. The magnitude of change, however, was not large, with only 1 gene (GPCPD1) induced by 2.3 fold, while all other changes were less than 2-fold, irrespective of the directionality. Twelve of these genes (RETN, EPHX2, CD27, NOSIP, APOA1BP, TMCO6, KLHL3, B3GALNT1, SLC9A4, PRKCD, ZNF791, and B3GNT2) were also identified as differentially expressed in BPD in an independent study studying BPD markers in PBMCs (15). The 501 genes, when further assessed for functional classification by Ingenuity Pathway Analysis (IPA), were found to be associated with 104 pathways and 300 upstream regulators (Figure 1). The pathways associated with oxygen utilization included TGFB signaling (epithelial-mesenchymal transition), and multiple immune signaling pathways, while tubule formation associated and immunologic molecules were present among the upstream regulators.




Figure 1 | Functional analysis using 501 genes associated with oxygen utilization at day 14 (OxygenAUC14) identified with 104 pathways and 300 upstream regulators. Shown here are selected significant canonical pathways (A) and upstream regulators (B), along with their significance level (-logP) as generated by Ingenuity Pathway Analysis (IPA).



Data from 72 subjects born at <29 weeks CGA was used to identify gene expression associated with BPD as defined by physiologic challenge (RAC) or by Shennan criteria. Using SAM-Seq (at mFDR<0.1), 571 genes were differentially expressed in subjects receiving a diagnosis of BPD (Shennan). While all of the 571 genes were upregulated in BPD, only five genes (GPCPD1, TMEM2, USP2, TSPYL2, and ELL2) showed a magnitude of induction of greater than 2.0 fold. Fourteen of these genes (RNF125, FEM1C, FAM54A, ZNF791, AXIN2, B3GNT2, ZNF565, SPON1, TIPARP, ZBTB3, FAM115C, PELO, MXD1, and PFKFB3) were also identified as differentially expressed, and over expressed in BPD in an independent study looking at BPD markers in PBMCs (15). These 571 genes, when further assessed for functional classification by IPA, identified 113 canonical pathways and 409 upstream regulators to be associated with BPD. In addition, 105 genes were differentially expressed (SAM-Seq at mFDR<0.1) in subjects who failed a room air challenge. While all of the 105 genes were upregulated in BPD, only two genes (GPCPD1 and TSPYL2) showed a magnitude of induction of greater than 2.0 fold. These 105 genes when analyzed by IPA, identified 18 canonical pathways and 415 upstream regulators (Figure 2). Among the pathways associated with BPD, PEDF, CD40, PI3K/AKT, VEGF and NF-kB signaling were predicted to be activated, while p53 signaling was inhibited in BPD. Among the BPD associated upstream regulators, CD23, CD28, PTEN, and TCR, are inhibited, while NFκB inhibitor, camptothecin, and dexamethasone were activated in BPD.




Figure 2 | Functional analysis of genes associated with bronchopulmonary dysplasia (BPD). Separate analyses were performed for gene sets identified from analysis of 571 genes associated with BPD (Shennan) and 101 genes associated with room-air challenge (RAC) as identified by SAM-Seq, and 92 genes identified by Screened Principal Components Analysis (sPCA) [adjusted for gestational age at birth (GAB)] to be associated with BPD (Shennan). Selected canonical pathways (A) and upstream regulators (B) identified are listed for each analysis (columns), with significance (-logP) and directionality (activated/inhibited) as generated by Ingenuity Pathway Analysis (IPA).



When adjusted for gestational age at birth, 75 genes were associated with the diagnosis of BPD (Shennan) as identified by the Likelihood Ratio Test (LRT at FDR<0.1), and were upregulated in BPD. On further analysis by IPA, the genes provided 113 canonical pathways and 409 upstream regulators (Figure 3), of which neuroinflammation pathway appeared to be inhibited, while upstream regulators, CD23, CD28, and TCR, are inhibited, and camptothecin, and dexamethasone were activated in BPD. Screened Principal Components Analysis (sPCA), with screening adjusted for GAB, outperformed both screened LASSO and forward selection and identified a classifier gene set consisting of 92 genes (naïve AUC=0.86; CV-AUC=0.71) associated with BPD (Shennan), representing 21 canonical pathways and 253 upstream regulators (Supplemental Figure 3). All of the 92 genes were upregulated in BPD, however, none of the genes except GPCPD1 had a magnitude of induction of greater than two-fold. These 92 genes were also inclusive of all the 75 genes identified by LRT. We subsequently assessed gene expression changes in BPD based on multiple physiologic and clinical definitions and were successful in identifying nine genes (GPCPD1, MTSS1L, USP15, DDX24, KLF9, CLK1, ZC3H7A, ITCH, and PIK3R1) that were consistently different, and upregulated in BPD, irrespective of definitions, or analytical approaches (Supplemental Figure 4).




Figure 3 | Functional analysis of 75 predictor genes for bronchopulmonary dysplasia (BPD) defined by Likelihood Ratio Test (LRT), identified 113 canonical pathways and 409 upstream regulators. Selected significant canonical pathways (A) and upstream regulators (B) identified are shown, along with their significance level (-logP) as generated by Ingenuity Pathway Analysis (IPA).





Classifiers for PRD Status

Gene expression data from all subjects with PRD status (n=116), was used to identify a set of marker genes, based on our novel canonical pathway analysis (45), in order to classify the subjects by PRD status (PRD: n=70 and No PRD: n=46). Screened logistic forward selection outperformed both screened LASSO and sPCA, and gestational age was excluded since it did not improve performance. This process identified a set of 28 genes, derived from four canonical pathways (Table 2), which predicted PRD status with a moderately high degree of accuracy (naïve AUC=0.85; CV-AUC=0.70) (Figure 4). Interestingly, gene predictors of PRD were associated with pathways involving TGFB signaling, and organic ion transport. Several genes identified are also involved in T cell skewing and activation (e.g., PRKCZ and FKBP1A).


Table 2 | Canonical pathway based analysis selected four pathways including a total of 28 genes using cross-validated screened logistic forward selection for prediction of Post-Prematurity Respiratory Disease (PRD) status.






Figure 4 | Receiver Operating Characteristic (ROC) curves for gestational age and our four-pathway 28-gene model, with associated Area Under the ROC Curve (AUC).





qPCR Validation

Molecular validation of the BPD-associated transcriptomic changes, was attempted on a set of eleven genes selected based on their magnitude of difference or biological relevance, by quantitative reverse transcriptase-polymerase chain reaction (qPCR) (Table 3). For each gene, the UQ normalized RNA-seq counts were correlated with the gene expression levels determined by qPCR of the CD8+ T cell cDNA as defined by the dCt. GAPDH was used as the endogenous control or housekeeping gene, whose Ct was subtracted from gene Ct to determine the dCT values for each of the genes tested. Spearman’s rank correlation coefficient was estimated along with an associated p-value for each gene. We observed validation of the sequence data for nine of the 11 genes, as defined by a significant Spearman rank correlation (p<0.05) in expression between sequence-based and qPCR-based expression levels. Three genes (KLF9, DLG5, and ZNF44) differed in expression between BPD and non-BPD subjects (p<0.05), while one additional gene (PSME4) had borderline yet insufficient evidence of a difference (0.05<p<0.10).


Table 3 | Validation of bronchopulmonary dysplasia (BPD) markers.






Discussion

Premature birth is defined as birth taking place prior to 37 weeks of GAB. Prematurity associated lung diseases have been reported to affect not only children as newborns but to also predispose to prolonged respiratory morbidity later in life. Unfortunately, not much is known about the pathophysiology of the prematurity associated lung diseases, such as BPD, and other chronic and prolonged childhood respiratory diseases. BPD is a complex disorder involving genetic–environmental interactions, with each preterm subject having a range (e.g., 1%–99%) of both hereditary and environmental risks (46). We have previously published data on hereditary components to BPD risk by genetic analysis in the PROP cohort, including some of the subjects described in the current manuscript (47, 48). Transcriptomic assessment using gene-expression microarrays has previously been used to identify markers for normal lung development as well as BPD (14, 49, 50). As an alternative to lung tissues, gene expression analyses using peripheral blood have been used in lung diseases to study pathogenesis, severity, and recently as a diagnostic tool (45, 51). In this study, we have used high-throughput sequencing to explore peripheral gene-expression changes associated with prematurity and helps to add to the literature base on potential defects in the immune system of infants with BPD (11). Our analysis identified 571 genes differentially expressed in subjects with diagnosed instances of BPD when compared to extremely low birth weight (ELBW) controls born at less than 29 weeks of GAB by SAM-Seq. An independent study also that examined BPD marker genes from bulk PBMCs identified 12 genes (RETN, EPHX2, CD27, NOSIP, APOA1BP, TMCO6, KLHL3, B3GALNT1, SLC9A4, PRKCD, ZNF791, and B3GNT2) that were differentially expressed in BPD (15). Thus, our results are consistent with published literature.

Our gene list is further restricted to 92, when we adjust for gestational age at birth (sPCA) as shown in Supplemental Figure 4. In addition, we have identified markers, pathways and upstream regulators putatively associated with cumulative oxygen utilization. The pathway most closely associated with oxygen utilization involves several TGFB signaling genes (epithelial-mesenchymal transition pathway), which is important for helping to diminish CD8+ T cell activation (28–32). Additional pathways involved with T cell activation (e.g., T cell receptor signaling) and differentiation (e.g., IL-12 signaling). Thus, we have identified pathways that could be useful for identifying new therapeutic targets to treat the postnatal inflammation of preterm infants and to improve the health of children with BPD (52).

Among the differentially expressed genes associated with BPD, the PFKFB3 gene was not only consistently identified as differentially expressed in BPD subjects irrespective of the approach used, but was also identified as a BPD marker in an independent transcriptomic analysis of PBMCs derived from BPD subjects (15). Through murine studies PFKFB3 has been identified as potential therapeutic target for the treatment of Pulmonary Hypertension (PH) (53). Increased expression PFKFB3 in BPD is consistent with PH associated with BPD which is characterized by abnormal vascular remodeling, and vascular growth arrest, which are well documented pathophysiology associated with BPD (54). In vitro studies have reported that PFKFB3-kinase activity attenuates the activation of T cells, and demonstrated the effectiveness of PFKFB3 antagonists, even in small amounts, as T cell immunosuppressive agents (55). One of the differentially expressed genes, KLF9, has been previously identified as differentially expressed in T cells from patients with autoimmune rheumatoid arthritis (56), while another, DLG5, is involved in the HIPPO pathway and modulated TGFB signaling (57–59).

Pathway analyses indicate dysregulation of NRF2, HIPPO and CD40 pathways to be consistently associated with BPD. Another marker, PSME4, has been associated with tuberculosis through in vitro and in vivo cultures, and is also related to CD4, IFNβ1, and TGFBI pathways (60). Interestingly, NRF2 has been linked to the generation of reactive oxygen species that contributes to inflammation in a variety of diseases (61). The HIPPO has been shown to play a role in T cell receptor signaling and in Th17 differentiation (62, 63). Systemic administration of agonistic CD40 antibody has been shown to increase CD8+ T cell responses in the lungs of non-human primates (64). While IL2 signaling is expected, Gnaq is known to play a role in survival of immune cells (B and T-cells) (65, 66). In addition, iCOS-iCOSL are known to be involved in T-cell skewing, and reduced SOD expression is related to impaired CD8+ T cell responses in tumor infiltrating lymphocytes (67). Interestingly, regulators associated by anti-survival, dexamethasone and camptothecin, appear to be activated in BPD, while T cell co-receptors, CD3 and CD28, appear to be inhibited in BPD. One study shows that T cells isolated from patients with chronic viral infection rely on topoisomerase activity to maintain DNA stability and inhibit apoptosis (68). It is well established that chronically activated T cells become hyporesponsive to T cell receptor mediated stimulation (69). These may indicate potential arrest in lung development as a consequence of BPD and indicate induced immune and stress response as a result of therapeutic responses to BPD, due to either oxidative stress, or surfactant treatment (70). Thus, we have identified significant differences in the expression of several genes and pathways in BPD subjects that are related to T cell signaling and effector function.

In addition to studying CD8+ T cell gene expression in relationship to BPD, we also explored multiple approaches to identify a set of genes whose expression may be useful for classification of markers associated with Post-Prematurity Respiratory Disease (PRD) respiratory morbidity. This included approaches to leverage biological priors as a means of identifying the most robust predictors since (1) expression changes at the individual gene level alone may not be sufficient to identify biologically meaningful data and (2) there exists substantial statistical advantages to dimension reduction strategies in the analysis of genome-wide data. We used a curated list of genes (71) to partition our transcriptomic data into 1,330 biologically-relevant gene sets. Using a novel data reduction approach, we identified a 28 gene set classifier that groups subjects according to their PRD status with a moderately high degree of accuracy. Similar to BPD, the TGFB pathway was also found to be associated with PRD status. Several genes identified control T cell function. For instance, SMURF1 accumulation in cells infected with RNA viruses leads to the downregulation of Type I Interferons (72). RhoA is a GTPase plays an essential role in the migration and activation of T cells (73). PRKCZ is a protein kinase C family member that is highly expressed in Th2 CD4+ T cells (74). PARD3 and PARD6A have been shown regulate the RhoA signaling pathway (75). PARD3 also modulates HIPPO signaling pathways (75). FKBP1A is a signaling molecule in the mTOR pathway that regulates memory CD8+ T cell formation (76). Expression of F11Rm which encodes for the protein junctional adhesion molecule A, plays a role in T cell adhesion and migration that is upregulated in T cells of lupus patients (77). Their association with persistent respiratory disease indicates propensity to future immunological complications, which may result in chronic lung disorders. Even with the limited set of predictive markers, it does appear that gene expression changes, in peripheral blood at the time of initial discharge after birth, are indicative of future respiratory diseases later in childhood.

One of the limitations of this study is the use of CD8+ T-cells in identifying biomarkers of a lung disease. While peripheral markers have been widely used in identifying expression based markers, it needs to be acknowledged that these hematopoietic cells are from different cell lineage from the pulmonary system, which is the primary organ system affected in BPD and subsequently in PRD. However, even with only one cell type of a different lineage, we have been able to identify previously known, as well as novel molecular markers, and pathways, associated with pulmonary disease due to premature birth. In a longitudinal study involving a subset of subjects from the current cohort, we were able to identify differences in T cell development, post birth, which were able to predict respiratory outcome at 1 year of age (25). Another limitation of the study is the usage of multiple definitions of BPD in order to assess transcriptomic changes caused by it. Despite the various definitions and analytical approaches used, we were able to identify a set of nine marker genes that were observed to be increased in BPD, irrespective of the diagnostic definition and approach used. By using approaches similar to those presented here, researchers will be able to develop better correlations between clinical courses of preterm infants with alterations in the immune system. Previously published data indicate that the patterns of cytokines in the blood of BPD patients relates to the subtype of disease (19). Through the current study we have established proof-of-principle that gene expression provides value for predicting respiratory morbidity following pre-term birth.

In conclusion, we have successfully generated genome-wide transcriptomic data from sort-purified peripheral CD8+ T cells obtained from early pre-term, late preterm, and term infants. We have identified molecular markers, pathways and upstream regulators putatively associated with cumulative oxygen utilization, BPD diagnosis, and PRD prediction. Further studies are needed to determine if the findings are unique to the circulating T cells sampled in this study, or reflective of similar effects in other cells including lung parenchymal cells.
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Since the first day of life, a newborn has to deal with various pathogens from the environment. While passive immune protection is provided by diaplacental maternal antibodies, the development of cellular immunity is ongoing. A mature immune system should be able not only to defend against pathogens, but should also be able to differentiate between self- and non-self-antigens. Dysregulation in the development of cellular immunity can lead to severe disorders like immunodeficiency, autoimmunity and chronic inflammation. In this review, we explain the role of T cell immunity in antigen detection and summarize the characteristics of a mature TCR repertoire as well as the current state of knowledge about the development of the TCR repertoire in ontogenesis. In addition, methods of assessments are outlined, with a focus on the advantages and disadvantages of advanced methods such as next generation sequencing. Subsequently, we provide an overview of various disorders occuring in early childhood like immunodeficiencies, autoimmunity, allergic diseases and chronic infections and outline known changes in the TCR repertoire. Finally, we summarize the latest findings and discuss current research gaps as well as potential future developments.
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Introduction: T Cell Immunity


The Role of T Cell Receptor in Antigen Recognition

The cellular immune system is based on the interaction between T cells and antigen presenting cells. Short peptides, that are presented by MHC-I molecules on the cell surface of antigen-presenting cells, are detected by the T cell receptor (TCR) of T cells. The TCR is a heterodimeric receptor, composed of α- and β-chains or γ- and δ-chains. Each chain is composed of a constant region and a variable region, which is either composed of a V- and a J-region (α chain) or a V, a D and a J region (β chain). The variable domain contains the complementarity determining region (CDR3), which mediates antigen binding and is mainly responsible for TCR diversity and antigen specificity. While each T cell expresses its unique TCRs, a high degree of diversity of TCRs is necessary to detect a broad spectrum of foreign antigens. The TCR gene loci on Chromosome 7 for TRB and on chromosome 14 for TRA comprises over 250 different genes encoding for the V, D, and J region and diversity is provided by somatic gene rearrangement. Additionally, single nucleotides are inserted and deleted randomly (1).

Despite a broad repertoire to defend pathogens, the discrimination between self and non-self is crucial for immunocompetence. The selection of T lymphocytes takes place in the thymus and is known as central tolerance. Premature T lymphocytes emerging from bone marrow immigrate to the thymus to undergo a differentiation process including positive and negative selection. First, in the thymic cortex, only T cells with sufficient ability to bind to MHC molecules are not sorted out by apoptosis, which is called positive selection. During subsequent negative selection, T cells with high affinity to self-antigens are eliminated and only T cells without significant self-reactivity leave the thymus and immigrate to peripheral lymphoid organs (2).

Thus, the organism of a newborn is armed with a highly efficient cellular immune system, capable to defend itself against infections as well as tolerate self-antigens. Every disturbance in this highly regulated process can lead to inflammatory and autoimmune disorders or severe immunodeficiencies (1, 3, 4). Recent advances have shown that viral infections play a role in the central tolerance process and can lead to an impaired self-tolerance. For example, thymus atrophy occurs in acute virus infections and direct infiltration of the thymus epithelial cells by virus antigens is observed (5, 6). Thus, viral infections can influence antigen presentation and increase susceptibility to autoimmune disorders (7).



Characteristics of the TCR Repertoire


Diversity and Clonality

In a healthy immune repertoire, T lymphocytes that underwent the selection process in the thymus show a highly diverse receptor repertoire (polyclonal) and are thereby capable to defend almost against every pathogen (see Figure 1). Theoretically, the number of possible TCRß-chains is nearly limitless, but model calculations assume a number of 1011 possible ß-chains (8). New methodological approaches estimated an individual repertoire of about 106 ß-chains (9). Once a suitable MHC-presented peptide is identified and binds to a TCR, the T cell changes to an effector cell and starts clonal expansion (see Figure 1). After a pathogen is eliminated, the count of clonal T cells declines and only a small amount of antigen specific T cells rest as memory cells in the circulating blood pool. These T cells can be reactivated in a second exposure to the same antigen with a higher and faster response. It is remarkable that the immune response shows significant differences between the primary and secondary antigen exposure. Bousso et al. could show that the selective expansion of specific T cells in the secondary response is independent from the relative frequency of memory T cell but may be associated to the epitope density (10). In chronic infections like EBV and CMV as well as in autoimmune diseases, a clonal expansion of T cells is observed and recent investigations showed that such TCR clones can serve as biomarkers (3, 11–13).




Figure 1 |  A healthy T cell receptor (TCR) repertoire is characterized by a high diversity and the ability to detect foreign antigens as well as tolerate self-antigens. These properties are mediated by genetic rearrangement of the VDJ-region, and positive and negative selection in the thymus (1.). Driven by antigen exposure, some TCR undergo clonal expansion, which leads to a reduced diversity of the overall repertoire. A high abundance of single clonotypes with reduced repertoire diversity is observed in chronic virus infections like Epstein-Barr virus (EBV) and cytomegalovirus (CMV), in allergy, in chronic inflammation and possibly in immunodeficiencies (2.). Diversity of the TCR repertoire may be mediated by random nucleotide insertion and deletion. In specific immunodeficiency disorders, a reduced CDR3-length is observed due to nucleotidedeletion (3.).





Private and Public TCR Clones

Considering the high diversity of an individual TCR repertoire, the statistical probability of finding the same clones in different individuals is rather low. Nevertheless, specific TCR clones are shared among individuals in a higher number than the statistical probability and are defined as “public”. It has been demonstrated that the quantity of public clonotypes is around 1% and that these TCRs are less dependent on inherited factors like the HLA alleles but influenced by antigen-exposure (9). On the other hand, some TCR clones are highly individual and thus called “private”. In some studies, public TCR clones are associated with autoimmune disorders. For example, a high amount of public TCR clones could be found in cerebrospinal fluid of patients with multiple sclerosis (14). In HIV-infected individuals, a high number of public TCRs is linked with a protective immune response (15, 16).




Use of Next Generation Sequencing (NGS) and Data Analysis

Due to the enormous diversity the characterization of the TCR repertoire is a challenging task. Over the past decades, various methods have been developed to investigate the TCR repertoire. Each method may decipher a smaller or larger part of the repertoire. Several reviews provide a broad overview of the available methods, their advantages and disadvantages (see Table 1) (1, 26, 28). The increasing use of next generation sequencing (NGS) techniques in this field has provided new and high-resolution insights into the TCR repertoire of healthy and diseased individuals. NGS offers several advantages for diagnostic applications. Compared to other methods the resolution of information is much higher using less input of biomaterial. However, several comparative studies have shown that the different approaches lead to significantly different results, even when using the same input material (27, 30). These studies indicate that there is still a need to standardize the analysis of TCR repertoires for clinical application. This is not only the requirement of a patient-specific TCR sequencing but also the customizable data analysis and evaluation. This point in particular is currently being addressed by many scientists. In addition to the development of different analysis tools for NGS data, different analytical approaches are compared in order to satisfy the great diversity of the TCR repertoire. Different approaches are summarized and compared by Miho and colleagues as well as by Bradley and Thomas (31, 32). In the following years, these further developments will increase the understanding of the diversity and evolution of the TCR repertoire and allow T cell receptors to become even more important in clinical diagnostics than they are today.


Table 1 | Methods of assessment.





Development of TCR Repertoire

Although random events do play a significant role during the rearrangement of the genes of antigen receptors, the development of the BCR and TCR repertoires is strictly regulated during ontogeny and during the establishment of lymphocyte subpopulations (33, 34). In humans, fetal prothymocytes with rearranged TCR genes occur as early as 7 weeks of gestation in the yolk sac and liver. In the fetal blood, naïve CD38+CD45RA+ T cells predominate and the CD4/CD8 ratio is elevated in comparison to adults. Studies of human fetal tissues and cord blood revealed that the maturation of the T cell repertoire is mainly characterized by an expansion of clonality and by an increasing addition of N nucleotides within the hypervariable CDR3 region (35–37). Interestingly, the entire gene loci of the TCR alpha, beta, gamma and delta chains are accessible in the second trimester fetus, and the use of variable, diversity and joining gene elements appears to undergo fewer changes during ontogeny when compared to the immunoglobulin heavy chain genes (38). Overall, TCR repertoires are functionally more similar in cord blood but diverge during later life, paralleling the exposure to extrauterine antigens (37).

Schelonka et al. observed that TCR transcripts were clonally restricted in the second trimester fetus and were polyclonal later in life. The length of CDR3 regions increased during the fetal development in TCR transcripts regardless of their V region usage, due to an increasing addition of N nucleotides (35). γδ-T cells bearing a TCR with the Vγ9 and Vδ2 variable region (Vγ9Vδ2 T Cells) are typically reactive to phosphoantigens and predominate both among fetal and adult circulating T cells (36, 39). However, fetal Vγ9Vδ2 T cells express divergent CDR3 repertoires. Taken together with functional differences, this indicates that in contrast to murine γδ-T cells, the human adult Vγ9Vδ2 do not arise from the abundant fetal Vγ9Vδ2 T cell population but from the small number of Vγ9Vδ2 T cells generated in the postnatal thymus (39). Moreover, Ben Youssed et al. found that Vα7.2+ CD161high mucosal-associated invariant T (MAIT) cells which are reactive to microbial riboflavin precursor derivatives, acquire a memory phenotype within a few weeks of life depending on their antigen specificity. Thus, during the antigen-driven T cell memory formation, fetal T cell populations with other reactivities are diluted out over a period of at least 6 years (40).




TCR Repertoire in Inflammatory Disorders


Asthma and Allergy

Bronchial asthma is a chronic inflammatory disease and affects over 330 million people worldwide (41). It is one of the most common chronic disorders in childhood with up to 10% of children in Western Europe being afflicted (42). The pathogenesis of allergic asthma is characterized by activation of a TH2-immune response with the secretion of proinflammatory cytokines like IL-4 and IL-5, which in turn leads to an increase in IgE production as well as activation of mast cells and eosinophils (43). There is some evidence that allergic asthma is associated with a skewed TCR repertoire. In 1998, Hodges showed that the TRBV5-5/5-6 subset of the CD4+ T cell population was increased in asthmatics compared to healthy controls, albeit there was a high inter-individual difference in specific TCR frequency in both groups (44). Wahlström also demonstrated an altered TCBV usage in patients with allergic asthma with similar results for peripheral blood and bronchoalveolar lavage (45).

Likewise, in regard to atopy, Kircher et al. (46) found an increased frequency of certain Vß and Vα-chains in individuals with house dust mite allergy. Sade and colleagues (47) could show that the usage of Vß subsets is altered by specific immunotherapy (SIT). Recently, Cao et al. demonstrated a higher diversity and increased clonality in the TCR ß repertoire of allergic children compared to healthy controls using NGS methods (48). Such findings support the hypothesis, that antigen exposure in early life alters immune responses and leads to atopy and related disorders like bronchial asthma.



Autoimmune Disorders

Autoimmune disorders are a heterogenic group of diseases, characterized by an altered immune response of auto-antibodies and self-reactive T cells that leads to inflammation and tissue damage in different organ systems. Studies based on methods like flow-cytometry and CDR3 spectratyping as well as recent research in NGS techniques demonstrate a decreased diversity of the TCR repertoire, as well as an increased number of public T cell clones in autoimmune disorders like systemic lupus erythematosus (SLE), arthritis and Crohn’s Disease (12, 49, 50), but these findings are not consistent For example, an animal model of autoimmune encephalomyelitis revealed that a reduced diversity of the TCRαβ repertoire is responsible for protection from autoimmunity (51). It is discussed that exposure to certain antigens leads to an increased susceptibility to autoreactivity. For example, in Myasthenia Gravis (MG) and in Typ1 diabetes, chronic viral infections with EBV and Coxsackievirus could be identified as a trigger for autoimmune responses (52–54). These findings of a skewed TCR repertoire with a clonal pattern in TCRß spectratyping could be confirmed by other authors with some evidence towards a more pronounced effect in systemic autoimmune disorders like SLE or juvenile polyarthritis compared to organ-specific disorders such as diabetes mellitus (49, 55).

So far, studies using high throughput sequencing methods in children are rare. Dokai et al. found a preferential use of Vß families in children with MG in the development and relapse phase, but not in the remission phase, supporting the hypothesis of antigen-driven selection of T cell clones (56). Eugster et al. used NGS in children with autoantibodies (e.g., pre-diabetes), revealing a highly diverse repertoire (57). This may be due to early investigation before the onset of disease and such findings should be reevaluated in other autoimmune disorders in children.



Immunodeficiency

Primary immunodeficiencies are a group of rare diseases that leads to severe infections and often to a shortened lifespan. Susceptibility to bacterial infections is mainly mediated by a decreased number of B-cell and thus reduced numbers or total absence of immunoglobulins. Moreover, various defects in the cellular immune system such as lymphopenia and impaired T lymphocyte function are described. While the early onset of infections may lead to sepsis and is often a cause of death at a young age, the patient clinical characteristics include autoimmune manifestations such as granulomatosis, enteritis, dermatitis, and vitiligo (58, 59).

With regard to the TCR repertoire, an oligoclonal pattern of the TRBV chain was detected in children with DiGeorge-Syndrom and bone marrow failure (60, 61). In recent studies, oligoclonality could be confirmed using NGS in patients with Wiscott-Aldrich-Syndrom, common variable immune deficiency and X-linked agammaglobulinaemia (58, 59, 62). Additionally, results show a reduced junctional diversity with less nucleotide deletions and insertions in the CDR3 region and a reduced CDR3 length (62). Whether these changes are due to inherited defects or signs of reduced thymic output and subsequent peripheral expansion of T cells is still under research.



Chronic Infections

Human immunodeficiency virus (HIV), Epstein-Barr virus (EBV), and Cytomegalovirus (CMV) cause lifelong infections in the human host. Their replication is tightly controlled by virus-specific CD8+ T cells (63). In the US, the overall seroprevalence is 50.4% and 66.5% for CMV and EBV, respectively (64, 65). While the role of effector memory T (TEM) cells in CMV- and EBV-infected children has recently been evaluated (66), studies on the TCR repertoire in early childhood are lacking. However, in adults, it is known that the CD8+ T cell repertoire in response to CMV infection is highly skewed, due to public TCR that are often dominant within an individual and germline (TCRα chain) or nearly germline-encoded (TCRβ chain) (67). Similar findings have been reported for EBV (11, 68, 69). Further, it has been shown that public recognition of immunodominant EBV epitopes is mainly driven by the TCRα chain (11).

It is already known that HIV-exposed uninfected children have a reduced CD4+/CD8++ ratio, as well as CD4+ and CD8+ naïve T cell percentage, but an increased rate of activated CD8+ T cells, and that these abnormalities persist over time (70). Further, their thymic output is reduced, which, together with the lower number of CD4+ cells, is caused by decreased cloning efficiency of their progenitors (71). Newer investigations yielded that human immunodeficiency virus (HIV)-exposed uninfected infants (HEU) has a significantly reduced TCRβ diversity and identifiable clonotypes compared to HIV not-exposed (HU) children and that this reduced diversity is associated with greater numbers of high abundance clonotypes (15).



Other Chronic Inflammatory Disorders

Celiac disease (CeD) is a chronic inflammatory disease caused by an increase in gut intraepithelial γδT cells due to cereal gluten exposure. Compared to healthy individuals, CeD patients have a more extensive and more diverse γδTCR repertoire, a higher usage of TRGV1 and TRDV3, and different patterns of TCRγ and TCRδ- pairing. However, no CeD-specific γδCDR3 motifs could be detected (72).

Also, for inflammatory bowel disease (IBD), a persistent inflammatory response to gut bacteria, a significant increase in TCR in circulating lymphocytes of IL10/IL10R-deficient patients was observed. The authors found shorter CDR3β length and altered hydrophobicity in T cells but could not find specific TCR clones unique to each patient (73). Further, it has been shown that intestinal TCR repertoires show a lower clonotype diversity and a stronger clonal expansion than those in blood. This loss of diversity is caused by the selective bias of V and J gene usage (74).

For other chronic inflammatory disorders like bronchopulmonary dysplasia (BPD) or idiopathic pulmonary fibrosis (IPF), only little is known about the role of the TCR repertoire. For BPD, it has been shown that the TCR receptor pathway in infants suffering from BPD is significantly down-regulated in comparison to healthy individuals (75). Regarding IPF, it is known that T cells in IPF infants were relatively decreased, but the CD4+ memory T cells, the memory T cells relative to naïve T cells, as well as the CD4/CD8 ratio increased compared to the healthy control group (76).




Discussion

The development of the human immune system starts within the first weeks of gestation. From about 7 weeks onwards, fetal prothymocytes with rearranged TCR genes occur in the yolk sac and liver. Besides random insertion and deletion of single nucleotides, the genetic rearrangement of the BCR and TCR repertoire is a highly regulated process. In the fetus, the TCR repertoire is limited by clonal restriction and by short CDR3-regions. During ontogeny, these restrictions are gradually released in a controlled manner under the influence of extrauterine antigens. Soon after birth, such changes in the repertoire show a rapid increase, probably dependent on one’s individual microbiome. Ravens et al. could show an increase in γδ T cell subsets in European and African children and a high number of public clonotypes, independent on inherited factors. This increase was reinforced by acute infections but not by vaccination, leading to the hypothesis that only severe immunological challenges leads to a change in the repertoire (77).

In adults, recent research reveals a consistent pattern of oligo- or monoclonal TCR repertoire due to clonal expansion of single TCR clones and a skewed CDR3 length in autoimmune disorders and chronic viral infections. It could be demonstrated that investigations in the TCR repertoire can help to develop new biomarkers. Furthermore, new therapeutic options were established in cancer therapy using engineered T cell subsets (78, 79). Whether these advantages are suitable for clinical application and could be transferred to chronic infections and autoinflammatory diseases is still a topic of research (80).

Until now, there are only a few studies in children focussing on the TCR repertoire and the underlying causes of many chronic disorders in childhood remain unclear. However, chronic disorders in childhood are common and lead to a high burden of disease and often permanent injuries. Some studies in children showed similar findings to the research in the elderly, but findings are not consistent and studies using NGS are still rare. NGS techniques can provide new and high-resolution insights into the TCR repertoire of healthy and diseased individuals. Studies in children using NGS techniques have the potential to unravel the relevance of antigen exposure and the subsequent changes in the TCR repertoire. Understanding the role of fetal/neonatal imprinting and the relevance of specific antigen exposure in early childhood can lead to new diagnostic approaches or even prevention strategies such as vaccination. New studies in infancy and childhood, regarding the age of onset, stage of disease and ongoing therapy are necessary for a better understanding of immune protection on the one hand and dysregulation of the immune response on the other hand.
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Objective

To first describe and estimate the potential pathogenic role of Ig4 autoantibodies in complement-mediated thrombotic microangiopathy (TMA) in a patient with IgG4-related disease (IgG4-RD).



Methods

This study is a case report presenting a retrospective review of the patient’s medical chart. Plasma complement C3 and C4 levels, immunoglobulin isotypes and subclasses were determined by nephelometry, the complement pathways’ activity (CH50, AP50, MBL) using WIESLAB® Complement System assays. Human complement factor H levels, anti-complement factor H auto-antibodies were analyzed by ELISA, using HRP-labeled secondary antibodies specific for human IgG, IgG4, and IgA, respectively. Genetic analyses were performed by exome sequencing of 14 gens implicated in complement disorders, as well as multiplex ligation-dependent probe amplification looking specifically for CFH, CFHR1-2-3, and 5.



Results

Our brief report presents the first case of IgG4-RD with complement-mediated TMA originating from both pathogenic CFHR 1 and CFHR 4 genes deletions, and inhibitory anti-complement factor H autoantibodies of the IgG4 subclass. Remission was achieved with plasmaphereses, corticosteroids, and cyclophosphamide. Following remission, the patient was diagnosed with lymphocytic meningitis and SARS-CoV-2 pneumonia with an uneventful recovery.



Conclusion

IgG4-RD can be associated with pathogenic IgG4 autoantibodies. Genetic predisposition such as CFHR1 and CFHR4 gene deletions enhance the susceptibility to the formation of inhibitory anti-Factor H IgG4 antibodies.





Keywords: thrombotic microangiopathy, atypical hemolytic uremic syndrome, IgG4-related disease, antibodies, complement factor H-related protein, complement factor H, anti-factor H auto-antibodies, SARS CoV2



Introduction

IgG4-related disease (IgG4-RD) is a protean fibro-inflammatory condition characterized by tumefactive and hyperplastic lesions with storiform fibrosis and dense lymphoplasmocytic infiltrates rich in IgG4-positive plasma cells (1). Depending on the referenced cut-off level, elevated serum IgG4 concentrations can be detected in up to 80% of the cases, but are not exclusive to IgG4-RD being also present in a broad spectrum of other autoimmune diseases, allergic conditions, neoplasia, and Castleman’s disease (2). Histopathological analysis of biopsy specimens remains, therefore, the cornerstone of diagnosis of IgG4-RD. Current diagnostic criteria are based on organ involvement (dysfunction, localized, or diffuse swelling), serum IgG4 concentration (> 1.35 g/l), number of IgG4-positive plasma cells in tissue (>10 IgG4+ cells per high-power field) or the ratio of IgG4 to IgG (3). In comparison, IgG4 is the rarest of all four IgG subclasses, representing only 3–6% of total IgG; despite sharing more than 95% homology, differences in the amino-acid sequence in the second constant domain lead to weak or negligible binding to both C1q (classical complement pathway activation) and Fcγ receptors (4). Thus, IgG4 is believed to have mainly neutralizing and anti-inflammatory functions due to limited complement fixation and crosslinking, although this remains controversial (1).

Thrombotic microangiopathy (TMA), also known as atypical hemolytic uremic syndrome, is characterized by hemolytic anemia, thrombocytopenia, and organ failure (often renal) related to vascular damage provoking arteriolar and capillary thrombosis (5, 6). Complement-mediated TMA, an urgent life-threatening syndrome, results from uncontrolled activation of the alternative pathway of complement. In most cases, a hereditary origin can be identified, related to genetic abnormalities such as single nucleotide polymorphisms in the genes of complement factor H (CFH) and CD46, copy-number variations in the CFH-related 1 and 3 genes (CFHR), and fusion or deletion of genes in the CFHR region caused by non-allelic homologous recombination (5). In addition, mutations that can lead to lower activity levels of other complement inhibitor factors such as MCP and Factor I have been described. In contrast, 6-10% of complement-mediated TMA are acquired and linked to the presence of inhibitory autoantibodies directed against CFH (7).



Case Report

A 45-year-old woman, born in Cameroon, presented in December 2019 at the Emergency Department (ED) with a three-day history of epigastric abdominal pain, nausea, vomiting, and macroscopic hematuria. The patient had a clinical history of IgG4-RD diagnosed in 2015 with elevated serum IgG4 (5.3 g/l), plasmablast counts (57,000/ml), and tubulointerstitial nephritis with more than 10/HPF IgG4+ plasma cells. She was treated with corticosteroids and rituximab but had multiple relapses, as summarized in Figure 1. Other comorbidities included IgA lambda monoclonal gammopathy of undetermined significance (MGUS), α-thalassemia minor and a pituitary microadenoma with hyperprolactinemia. Four months before ED consultation, the patient had complained of worsening fatigue associated with cervical and submaxillary swellings. Flow cytometry revealed increased peripheral blood plasmablast counts (3,010/ml, normal: < 900), while the serum IgG4 level was normal (1.1 g/l, Figure 1). A relapse of IgG4-RD was suspected and treatment with oral prednisone 20 mg/d initiated with partial clinical regression despite an incomplete adherence to the treatment. An infusion of rituximab (1,000 mg) was prescribed but had to be discontinued due to a grade III anaphylactic reaction.




Figure 1 | Time course depicting the clinical presentation of IgG4RD, laboratory results and treatment plans from 2009 to 2020. Chronic phase of the patient’s disease: the upper part summarizes the specific features of clinical findings, biopsy, imaging, and immunological laboratory results; the lower part shows the therapy, specifying dose, duration, and dates for Rituximab infusions (deep red diamonds) and steroids (sky blue bars). Pulse treatment with methyl-prednisone (500mg i.v.) is represented by the bottom scale blue bars and was usually followed by oral Prednisone (top scale blue bars); the dashed bar corresponds to the period when the patient did not adhere thoroughly to the prescribed therapy.



On admission, blood tests revealed hemolytic anemia (hemoglobin 100 g/l) with undetectable haptoglobin, increased LDH levels at 992 U/l, 2% of schistocytes on the blood smear, thrombocytopenia (35 G/l), and acute kidney injury with creatinine measured at 369 µmol/l for a baseline value of 77 µmol/l (KDIGO stage 3). Leucocyturia, glomerular hematuria, and nephrotic range glomerular proteinuria (estimated over 6.6 g/day) were present. Blood albumin levels were 28 g/l. Specific coagulation parameters (TP, PTT, and fibrinogen) were in the normal range. ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13) activity was normal (78%), and antiphospholipid antibodies were absent. Antinuclear antibodies (ANA) titers were at 1/5,000 with homogenous and nucleolar pattern without anti-nucleoprotein or -nucleosome specificities. Total IgG and IgG4 levels were at normal range, 11.1 and 1.2 g/l, respectively. Plasma complement C3 was significantly decreased, 0.14 g/l (0.66–1.35), with normal plasma C4 levels 0.16 g/l (0.08–0.34); the results of the last control two years earlier were 1.19 and 0.21 g/l, respectively. Activity of all three complement pathways, classical, alternative and lectin, was decreased: CH50 25% (Normal: 70–140), AP50 0% (Normal > 71), MBL 27% (Normal > 49). Detectable complement factor H (CFH) levels were low at 49 µg/ml (400–800, Figure 2) with high levels of anti-CFH antibodies detected at 801 AU/ml (Normal < 30, Figure 2). Intriguingly, elevated levels of anti-CHF antibodies and decreased FH activity were already present in frozen stored samples from 4 months before the clinical manifestation of TMA (Figure 2), but not from 1 year earlier (data not shown). Plasma complement C3 and C4 were determined by nephelometry while the determination of the complement pathways activity (CH50, AP50, MBL) were done using WIESLAB® Complement System assay (SVAR life science AB.SE.) in the serum. Human Complement factor H levels were determined using ELISA-Hycult biotech. Com. in the plasma and anti-CFH antibodies were measured using ELISA-VIDITEST from VIDIA.CZ in the serum.




Figure 2 | In the acute phase, the upper part shows the laboratory values for CFH (black, μg/ml), anti-CFH (pink, AU/ml), left y-axis, and thrombocytes (green, G/l) at the right y-axis. The normal reference values are shown with shades matching the colors of the different parameters. The lower part depicts the therapy including methylprednisolone/prednisone (sky blue bars, mg/d), plasma exchanges (deep blue arrows), and cyclophosphamide (purple triangles, 500 mg i.v.). The time when TMA and COVID-19 were diagnosed are shown with symbols. AU, arbitrary units; BM, bone marrow; Covid-19; coronavirus disease 2019; CT, computed tomography; CTX, cyclophosphamide; HPF, high-power field; IgA, immunoglobulin A; IgG4-RD, immunoglobulin G4-related disease; i.v., intra venous; PET-CT, positron emission tomography-computed tomography; PLEX, plasma exchange; RTX, Rituximab; SARS-CoV-2 severe acute respiratory syndrome coronavirus 2; TMA, thrombotic microangiopathy.



Both clinical and laboratory features were compatible with a diagnosis of complement-mediated TMA caused by inhibitory antibodies against CFH. While waiting for the results of CFH and anti-CFH antibodies levels, the patient was treated with daily plasma exchanges (PLEX, 13 cures in total) by fresh frozen plasma twice the plasma volume and corticosteroids (methylprednisolone 500 mg iv, followed by oral prednisone 1 mg/kg/day) with gradual tapering until May 2020 (Figure 2). Treatment with eculizumab was considered but not retained due to stabilization of laboratory parameters, including CFH and anti-CFH antibodies levels (263 µg/ml and 19 AU/ml, respectively). Withholding eculizumab was based on a joint decision between the medical staff and the patient after presenting the risks, benefits, and economic burden. However, the patient was vaccinated against meningococci and eculizumab was retained as a second line treatment option in case of non-response or premature relapse. To treat the underlying immunological condition iv cyclophosphamide was initiated one week later for a total of six infusions (500 mg each) over three months. Kidney function, proteinuria, hemolysis, thrombocytopenia, and complement activity progressively normalized. After five weeks of treatment, the patient achieved global clinical response and laboratory remission. In March 2020, the patient was diagnosed with lymphocytic meningitis and bilateral pneumonia due to SARS-CoV-2 infection with an uneventful recovery. Rituximab maintenance therapy (1,000 mg infusion) was administered in August 2020 using an induction of tolerance protocol and upon her last follow up in November 2020 the patient is free of symptoms with normal laboratory levels.

In the context of IgG4-RD we further elucidated whether the anti-factor H inhibitory antibody belonged to the IgG4 subclass. Results are presented in Figure 3A demonstrating a significant anti-CFH total IgG elevation mainly of IgG4 subclass. Of note, the total serum IgG4 level was 1.2 g/l at that time. In the light of the known MGUS of the patient with IgA lambda paraproteinemia (6.4 g/l) and a previously published case (9), specific anti-CFH IgA antibodies were measured. Results indicate an absence of specific anti-CFH IgA (Figure 3B). Finally, genetic analyses were performed by sequencing the exome of 14 gens implicated in complement disorders (Twist Human Core Exome+RefSer_V1 EF Multiplex, Illumina NextSeq500), as well as multiplex ligation-dependent probe amplification looking specifically for CFH, CFHR1-2-3 and 5 (kit MRC Holland SALSA p236_A3 + kit custom by V Fremeaux-BAcchi, Paris). Deletions in the genes of CFHR 1 and CFHR 4, GRCh37/hg19 chr.1:g.(196789032_196794607)_(196887536_196913011)del, were identified that are known risk factors for complement-mediated TMA (10).




Figure 3 | Identification of IgG4 anti-factor H autoantibodies: Plasma samples were analyzed for anti-factor H antibodies by a previously reported specific ELISA which was developed using Horse Radish peroxidase (HRP)-labeled secondary antibodies specific for human IgG, IgG4, and IgA, respectively (8). Data are shown as optic density at 490 nm (OD). (A) The patient’s serum was tested in duplicates at different dilutions 1:100, 1:400, and 1:1,000 for both IgG (black bars) and IgG4 (grey bars). Controls included a normal human serum (NHS), a serum with known elevated anti-CFH IgG levels, and a serum with elevated IgG4 but no anti-CFH activity. (B) Absence of IgA anti-factor H autoantibodies: Specific anti-CFH IgA antibodies were measured in the patient’s serum (total IgA level of 6.4 g/l), NHS, and another serum with a high total IgA concentration of 12.4 g/l.





Discussion

To our knowledge, we present here the first case of complement-mediated TMA secondary to deletions in the CFHR 1 and CFHR 4 genes associated with pathogenic IgG4-type anti-CFH antibodies in a patient suffering from IgG4-RD with major salivary gland enlargement, orbital disease, lymphadenopathy, and IgG4 nephritis.

IgG4-RD physiopathology is still not well elucidated. Nevertheless, effectors mechanisms may include B and T cell interactions, with a pathogenic role of CD4+ cytotoxic T lymphocytes (CTL) balanced by B-lymphocytes, as well as T helper lymphocytes (Th-2) and regulatory T cells (Treg) that also regulate B-cell differentiation and TGF-β-mediated tissue fibrosis. IgG4 overexpression and accumulation could be inflammatory leftovers of chronic inflammation that results from massive plasma cell production. IgG4 antibodies are supposed to be nonpathogenic in IgG4-RD (1). However, tissue IgG4 accumulation could modulate local inflammatory responses. Tissue fibrosis evolution may be the product of this accumulation in association with CD4+ CTL and Treg cytokines production (11).

On the other hand, pathogenic autoreactive IgG4 antibodies have been observed in other autoimmune diseases such as myasthenia gravis, directed against muscle-specific tyrosine kinase (MuSK) receptor subtype, pemphigus vulgaris, directed against desmoglein 1, and idiopathic membranous glomerulonephritis, directed against M-type phospholipase A2 receptor (1). Moreover, in patients with acquired thrombotic thrombocytopenic purpura (TTP) related to anti-ADAMTS13 autoantibodies, specific IgG subclasses have all been detected but with a clear predominance of IgG4 (12, 13). Interestingly, IgG4 pathogenic autoantibodies directed against ADAMTS13 were reported in a patient with IgG4-RD causing acquired TTP (14). Our observation illustrates the potential pathogenic role of IgG4 and adds complement-mediated TMA to the list of diseases possibly caused by autoreactive IgG4 antibodies. Finally, since IgG4 polyclonal proteins have been reported incorrectly as M-protein bands in electrophoretic analysis (15) and the patient had longstanding stable IgA lambda MGUS, it was important to clearly distinguish IgG4 from IgA in our analysis. To this end, the concurrent presence of IgA MGUS and elevated IgG4 levels was confirmed by specific nephelometry and ELISA assays.

Complement-mediated TMA results from uncontrolled activation of the alternative pathway, and CFH autoantibodies are found in approximately 10% of reported cases. CFH is a major complement regulatory factor that acts as a cofactor for complement factor I (serine protease) converting C3b to an inactive form, as a decay-accelerating factor via competing with complement factor B in binding to C3b, and dissociates the alternative C3 convertase with formation of C3b and Bb. CFH-related protein 1 (CFHR1) is likely to inhibit the formation of C5 convertase and may compete with CFH for binding to C3b. Deficiency of CFHR1 can arise from homozygote CFHR1/4 gene deletions (10). The majority of patients with CFH autoantibodies exhibited complete deficiency of CFHR1 and CFHR3 secondary to homozygous genes deletion (10). Our case revealed both acquired anti-CFH IgG4 autoantibodies and a genetic predisposition with CFHR 1 and CFHR 4 gene deletions. The later are considered as risk factors for complement-mediated TMA (10), since they may lead to structural changes that increase the antigenicity of CFH, or decrease the basal levels of effective CFHR (both in quantity and in function). CFHR alterations could therefore lead to a lower threshold for complement-mediated TMA in the presence of inhibitory anti-CFH IgG4 antibodies. Uncontrolled activation of the complement cascade triggers endothelial dysregulation, inflammatory reactions with leucocyte recruitment, and platelet activation resulting in tissue damage and thrombus formation, especially in the kidney (16, 17).

Therapeutic strategies for complement-mediated TMA are evolving with the recent introduction of complement inhibitors in particular eculizumab, a monoclonal antibody that binds complement component C5 and prevents its cleavage by C5 convertases and formation of the membrane attack complex (MAC) (18). In our case, eculizumab was considered early in the treatment strategy but was not administered due to a rapid and satisfactory clinical and biological response to plasma exchanges and corticosteroids. Our intention was to treat the underlying disease, ie IgG4-RD, in order to efficiently suppress further production of inhibitory anti-CFH IgG4 autoantibodies by induction with cyclophosphamide followed by maintenance treatment using rituximab.

Severe infections such as HIV, influenza, and pneumococcus are known causes of TMA and related to relapse (19). In our patient, COVID-19 infection was uneventful without any signs of clinical or biological relapse during a six-week follow up. According to the recent finding that severe COVID-19 infection is associated to systemic endotheliitis (20), the fact that our patient was immunosuppressed might have been a protective factor. Nevertheless, this hypothesis requires more research on the mechanisms of severe COVID-19 and the role of immunosuppression.

In conclusion, we describe for the first time a pathogenic role of IgG4 autoantibodies directed against CFH causing complement-mediated TMA in a patient with IgG4-RD and a genetic predisposition with homozygote CFHR1/4 gene deletion.
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Detection of DNA is an important determinant of host-defense but also a driver of autoinflammatory and autoimmune diseases. Failure to degrade self-DNA in DNAseII or III(TREX1)-deficient mice results in activation of the cGAS-STING pathway. Deficiency of cGAS or STING in these models ameliorates disease manifestations. However, the contribution of the cGAS-STING pathway, relative to endosomal TLRs, in systemic lupus erythematosus (SLE) is controversial. In fact, STING deficiency failed to rescue, and actually exacerbated, disease manifestations in Fas-deficient SLE-prone mice. We have now extended these observations to a chronic model of SLE induced by the i.p. injection of TMPD (pristane). We found that both cGAS- and STING-deficiency not only failed to rescue mice from TMPD-induced SLE, but resulted in increased autoantibody production and higher proteinuria levels compared to cGAS STING sufficient mice. Further, we generated cGASKOFaslpr mice on a pure MRL/Faslpr background using Crispr/Cas9 and found slightly exacerbated, and not attenuated, disease. We hypothesized that the cGAS-STING pathway constrains TLR activation, and thereby limits autoimmune manifestations in these two models. Consistent with this premise, mice lacking cGAS and Unc93B1 or STING and Unc93B1 developed minimal systemic autoimmunity as compared to cGAS or STING single knock out animals. Nevertheless, TMPD-driven lupus in B6 mice was abrogated upon AAV-delivery of DNAse I, implicating a DNA trigger. Overall, this study demonstrated that the cGAS-STING pathway does not promote systemic autoimmunity in murine models of SLE. These data have important implications for cGAS-STING-directed therapies being developed for the treatment of systemic autoimmunity.

Keywords: cGAS/STING, SLE, pristane, DNaseI, TLRs


INTRODUCTION

Systemic lupus erythematosus (SLE) is a heterogeneous autoimmune disease with a number of clinical manifestations including systemic inflammation, development of pathogenic antibodies, deposition of immune complexes and finally end organ damage (1). Genetic predisposition, environmental factors as well as both innate and adaptive arms of the immune system play an important role in initiation and amplification of this disease. Innate immune sensors present in endosomal compartments and in the cytosol, such as TLR9 and cGAS, respectively, can detect both microbial and host nucleic acids. It's been established in numerous murine models, that the endosomal TLRs, TLR7, and TLR9, play a critical role in SLE and related systemic autoimmune diseases (2, 3), while the role of STING in SLE is more controversial. Importantly, loss of function (LOF) mutations in the extracellular DNAse, DNAse1L3, originally identified in SLE patients (4–6), results in the accrual of DNA/RNA-associated microparticles in the blood (7–9). In mice, genetic deletion of DNAse1L3 promotes an SLE-like disease through a mechanism that is dependent on TLR7 and TLR9 and not STING (7, 9).

By contrast, LOF mutations of cytosolic DNAses such as DNAse II or DNAse III (Trex1) in patient populations are associated with systemic monogenic autoinflammatory diseases (10, 11). Genetic deletion of these cytosolic nucleases in mice, leads to embryonic lethality (DNAse II) (12) or myocarditis (TrexI) (13) through mechanisms dependent on the cGAS-STING pathway (14, 15). These data suggest that SLE is driven by extracellular DNA that is delivered to endosomal TLRs through receptors such as the BCR, LL37, or FcγRs while monogenic autoinflammatory diseases are driven by the aberrant accumulation of DNA in the cytosol that is detected by the cGAS/STING pathway. Autoantibody production has been detected in both Trex1 and DNAse II/IFNAR double deficient mice however, autoantibodies in DNAse II/IFNAR double defiicent mice have been shown to be Unc93B1 dependent (16). In addition, autoimmunity in DNAseIL3-deficient mice is dependent on endosomal MyD88 and endosomal TLRs (17).

Nevertheless, the cGAS/STING pathway has been postulated as a driver of lupus pathogenesis, although direct evidence for this is still limited. STING was recenlty implicated in the autoimmune phenotypes that develop in FcγR2-/- mice on a 129 background. However, since these mice were intercrossed with B6 STINGgt mice, the potential contribution of 129-associated risk alleles linked to the STING locus need to be considered (18). cGAMP, the cyclic dinucleotide generated by cGAS that activates STING, has been shown to be modestly elevated in the serum of a limited number of SLE patients (19). Most recently, UVB exposure which can drive lupus flares leads to an elevated type I IFN-I gene signature in the skin of mice which is dependent on the cGAS pathway and enhanced when cGAMP hydrolysis is blocked (20). Elevated STING activity has further been associated with increased expression of type I IFNs and ISGs (21, 22) and the degradation of damaged mitochondrial DNA by autophagy in patient populations (23). Moreover, while point mutations in human TREX1, that eliminate catalytic activity, cause the autoinflammatory disease Aicardi-Goutieres, point mutations in the N-terminus of TREX1, that retain DNAse activity, are associated with SLE and other unrelated conditions (24). The N-terminal mutations disrupt STING localization, and also disrupt the activity of the ER-resident enzyme oligosaccharyltransferase (OST) (25). In the absence of OST activity, immunogenic glycans accumulate in the ER and are the likely explanation for the association between the N-terminal mutations and SLE (24).

Murine models of C-terminal and N-terminal TREX1 mutations also develop distinct phenotypes. Patients heterozygous for a mutation that abrogates TREX1 catalytic activity, D18N, develop a skin disease that resembles familial chilblain lupus, while mice homozygous for this mutation develop myocarditis, multi-organ inflammation and autoantibody production, similar to TREX1−/− mice (26). By contrast, mice homozygous for C-terminal frameshift mutation, D272fs, previously associated with SLE (27), exhibit no clinical manifestations of disease but do develop high autoantibody titers primarily directed against non-nuclear antigens, and thus distinct from the autoantibody specificities associated with SLE (28). Therefore, the association between TREX1 mutations and murine lupus is weak.

We previously generated STING/Fas double deficient autoimmune prone mice and found that STING deficient mice developed more severe, not less severe, disease compared to Fas-deficient autoimmune prone controls (29). Mechanistically, we showed that STING-deficient macrophages expressed decreased levels of negative regulators of immune activation and therefore were hyper-responsive to TLR ligands (29). Together, our data indicated that the STING pathway does not promote, but rather constrains, TLR-driven lupus-like diseases. However, our prior work used STING-deficient autoimmune mice that were generated by intercrossing STING-deficient B6/129 and MRL/Faslpr mice; a limitation to these F2 studies was the potential contribution of risk alleles derived from the B6/129 background, that could be linked to the STING locus in the STING-deficient mice. Moreover, a critical question that remained unexplored was whether the regulatory effects of STING were dependent on the upstream DNA sensor cGAS. To address these issues, we have now further defined the role of STING and cGAS by directly targeting MRL/lpr mice using CRISPR/Cas9 genome editing. There has also been some concerns in the literature regarding the relevance of the MRL/lpr model to human disease. To address this concern, we have also expanded our analysis to the chronic model of TMPD-induced SLE in both cGAS- and STING-deficient B6 mice. We found that neither cGAS- nor STING- deficiency protected MRL/lpr mice. We also found that neither cGAS- nor STING-deficiency prevented TMPD-induced lupus. These studies further confirm our original observations and demonstrate that STING does not promote murine SLE in either genetically programmed or inducible models of SLE.

One caveat to the TMPD model is that it is thought to be driven predominantly by the RNA-sensing TLR, TLR7 (30, 31) bringing into question the actual role of DNA sensors in these mice. To evaluate the potential role of DNA sensors in the TMPD model, we overexpressed DNAseI using an AAV9 gene therapy approach by injecting an AAV9-DNAse I vector i.p., prior to the TMPD inoculation. The DNAseI expressing mice developed much less severe clinical manifestations than mice injected with the vector control. Thus, DNA contributes to systemic inflammation in TMPD injected mice, along with TLR7 ligands. Overall, our study shows that the cGAS-STING pathway is not a driver of disease in TLR-dependent models of SLE, but instead constrains disease activity, presumably by limiting TLR activation. Nonetheless, DNA sensing still plays an important role in mediating autoimmune pathologies and depleting extracellular DNA can rescue TMPD-injected mice from SLE.



MATERIALS AND METHODS


Mice

Wild-type C57BL/6 mice were purchased from the Jackson Laboratory. STINGKO mice, fully backcrossed to the C57BL/6 background, were kindly provided by Dr. Daniel Stetson University of Washington, Seattle, WA (32). cGASKO mice on a B6 background were generated using cryopreserved embryos obtained from the European Conditional Mouse Mutagenesis Program (EUCOMM). cGASKO MRL/MpJ-Faslpr mice were generated via CRISPR/Cas9 genome editing at Merck & Co., Inc., Kenilworth, NJ using two gRNA sequences “AGGACCAGAACACCTTGTAG” and “TGACCGCACGACTTACCCTG” targeting exon 2. The deletion of exon 2, resulting in 581bp deletion, was confirmed using common forward primer 5′CCTAGCCTTGGCTATGTGGT3′ and reverse primer 5′AACAGTTCTAAATAACCGCTTTCG3′ for WT and 5′GAGCTGTAGATGCCCAAGTG3′ reverse primer for cGASKO. Unc93B1KO mice were provided by Eicke Latz, University of Massachusetts Medical School, Worcester, MA (33). All mice were bred and maintained at the Department of Animal Medicine of the University of Massachusetts Medical School in accordance with the regulations of the American Association for the Accreditation of Laboratory Animal Care, and all protocols were approved by the Institutional Animal Care and Use Committee.



TMPD and AAV Injection

12–16-week-old mice received a single intraperitoneal injection of 500 ul of 2,6,10,14-Tetramethylpentadecane (TMPD, Sigma) and were analyzed 5–6 months after TMPD injection (34). In some experiments, C57BL/6 mice were injected with either AAV9-GFP or AAV9-DNAse1 10 weeks prior to TMPD injections (35). Each mouse received 1011 virus particles in 200 uL PBS delivered by intraperitoneal injection and AAV expression was measured by qPCR.



Flow Cytometry

Peritoneal exudate was collected in Hanks' Balanced Salt Solution (HBSS) media. Single cell suspensions obtained from the peritoneal cavity were stained with the following antibodies: anti-CD11b PercpCy5.5, anti-F4/80 PECy7, anti-Ly-6C APC, anti-Tim4 PE and anti-Ly-6G FITC. Flow cytometric analysis was carried out using a BD LSRII with Diva software (BD) and FlowJo Software (Tree Star). Live and single cells were gated to identify CD11b+ cells which were then gated to identify Ly6Chi monocytes and Ly6Ghi granulocytes. Macrophages post TMPD injections were identified as live and single cells that were Ly6C− Ly6G− Tim4− CD11b+ and F4/80hi expressing cells. Splenocytes were stained with anti-CD11c pacific blue, SiglecH PE, anti-Bst2 APC, anti-CD3 PerCPCy5.5, anti-B220 Pacific blue, anti-CD4 PECy7 and anti-CD8 PE.



Generation of Bone Marrow Derived Macrophages

Bone marrow extracts were differentiated in vitro into bone marrow derived macrophages (BMDMs) in the presence of L929 supernatants for 7 days. The rested BMDMs were then transfected with ISD (interferon stimulatory DNA) (5 μM) overnight using Lipofectamine 2000 from Invitrogen.



Measurement of Serum Autoantibodies

HEp-2 human tissue culture substrate slides (MBL Code # ANK-120) were incubated with serum samples and bound antibodies were detected with DyLight 488-coupled detecting reagents as described in Christensen et al. (2). Anti–nucleosome concentrations were measured by ELISA with absorbance at 405/630 nm and compared with PL2-3 (in-house) as previously described (2). Autoantibodies reactive with dsDNA were measured by ELISA. Calf thymus DNA (Sigma) treated with S1 nuclease (ThermoFisher) was incubated for 1 h at room temperature on to poly-L-lysine treated ELISA plates. 1:50 diluted mouse sera was used and goat anti-mouse IgG H&L (HRP) (ab205719) was used as a secondary antibody. Anti-ds DNA antibody (ab27156) was used as standard.



Proteinuria and Cytokine Measurement

An anti-mouse albumin ELISA kit was used to measure urine protein as per manufacturer's protocol (Bethyl Laboratories). Serum cytokine levels were determined using ELISA kits as per manufacturer's protocol: anti-mIFNγ and anti-mIL-17 (BD Biosciences), anti-mIL-10 (eBioscience) and anti-mTNFa (R&Dsystems). The IFN-β level in media supernatant was determined as previously described (36).



Nanostring Analysis

Total RNA was isolated (Qiazol; Qiagen) and quantitated via a Nanodrop ND-1000 spectrophotometer (Thermo Scientific). Next, 50 ng of RNA was hybridized and quantified with a custom probe set using the NanoString nCounter analysis system (NanoString Technologies). Gene-expression data were normalized to housekeeping genes. All values were scaled by a log2(x – min(x) + 1) function and a heatmap generated using R-based software.



Western Blot

Cells were lysed in 50 μL of ice-cold Pierce RIPA lysis buffer (ThermoFisher Scientific) supplemented with 1× complete protease and phosphatase mixture inhibitor (Sigma). Protein concentration was measured using a protein DC assay kit. Whole-cell lysates were denatured for 5 min at 85 °C in presence of 1× Sample Buffer and reducing agent (Invitrogen). Fifty micrograms of samples were separated by SDS/PAGE on 10% gels. Each gel was run initially for 15 min at 80 V and then at 120 V. Transfer onto nitrocellulose membranes (Bio-Rad) was done using a Trans-Blot Turbo Transfer system for 10 min. Membranes were blocked for 1 h with 5% skim-milk (Sigma Aldrich) at room temperature in PBS supplemented with 0.05% Tween-20 (PBST). Membranes were probed overnight at 4°C with the following primary antibodies: anti-cGAS (31659; CST) and anti–beta-actin Peroxidase (A3854; Sigma-Aldrich). All membranes were washed with PBST and exposed using the SuperSignal West Pico PLUS chemiluminescent substrate (ThermoScientific) on ImageQuant LAS4000 mini Imager (GE Healthcare).



H & E Staining of Tissues

All tissues were fixed in 10% neutral buffered formalin for 24–48 h before being processed and paraffin-embedded. Five-micrometer-thin sections were stained by H&E in an automated stainer (Leica Autostainer XL). Histomorphology of each H&E slides was evaluated by Applied Pathology Systems at low and high-power field on Olympus BX40 microscope, and the images were captured with Olympus cellSens Entry software at indicated magnifications.



Statistical Analysis

All data were analyzed by non-parametric Mann-Whitney test using GraphPad Prism Software (GraphPad Software, San Diego, CA). Experiments are reported as mean +/– SEM. Differences are designated as one asterisk if p < 0.05, as two asterisks if p < 0.01 and three asterisks if p < 0.001.




RESULTS


Overexpression of DNAseI Enzyme Ameliorates Inflammation in Chronic TMPD Mediated Peritonitis

TMPD (2,6,10,14-Tetramethylpentadecane) or pristane is a naturally occurring hydrocarbon oil, which when introduced into the peritoneal cavity induces features of SLE in non-autoimmune prone mice (34). These include systemic inflammation, autoantibody production and glomerulonephritis. TMPD-driven lupus in B6 mice is highly dependent on TLR7 (30, 31), while the role of TLR9 is less straightforward. In general, TLR9 is required for the production of anti-dsDNA autoantibodies (2), but TLR9−/− SLE-prone mice invariably develop more severe autoimmunity, and TLR9−/− TMPD-injected BALB/c mice develop much more severe renal disease than their TLR9-sufficient littermates (37). Since TMPD induces cell death, DNA- and RNA-associated-cellular debris is likely to accumulate in the peritoneal cavity and other tissues throughout the body (34, 38). In addition, dysregulation of extracellular enzymes like DNAseI and DNAse1L3 that degrade DNA and DNA-associated complexes (microparticles) released from dying cells have also been implicated in SLE (9). DNAse1 is the most abundant secreted endonuclease, that is primarily expressed in the salivary glands, kidneys and gut. To explore the role of extracellular DNA in TMPD-induced lupus, we overexpressed DNase I using AAV9 that leads to widespread expression in order to test whether it could limit DNA uptake and thereby prevent or enhance clinical manifestations of SLE.

B6 mice were first inoculated with AAV-9 expressing either GFP or DNaseI, and then injected with TMPD 10 weeks later. 6 months post-TMPD injection, these mice were evaluated for both DNAseI expression and features of systemic autoimmunity. The levels of DNAseI were examined in multiple tissues and found to be expressed at high levels in both the kidney and peritoneal lining in mice that were injected with AAV-9 expressing DNaseI as compared to mice that received AAV-GFP. Similarly, high level of GFP expression was detected only in mice that received AAV-GFP and not in AAV-DNAseI injected mice (Figure 1A). TMPD leads to an inflammatory infiltrate in the peritoneal cavity that includes both CD11b+ Ly6Chi monocytes and CD11b+ Ly6Ghi granulocytes. We found that the frequency and total number of both CD11b+ Ly6Chi inflammatory monocytes and CD11b+ Ly6Ghi granulocytes in the peritoneal exudate was dramatically decreased in the AAV/DNAseI+TMPD mice compared to the AAV/GFP+TMPD mice (Figure 1B). We also evaluated the spleen of these mice and observed reduced frequency and number of CD11b+ Ly6Chi inflammatory monocytes in AAVDNaseI treated mice that received TMPD (Figure 1C). We next evaluated the autoantibody profiles of TMPD treated mice and observed that the mice expressing AAV DNAseI showed very different ANA patterns when compared to the AAV GFP treated mice. Fifty percent of the AAV/GFP+TMPD sera gave a homogenous nuclear staining pattern, indicative of autoantibodies reactive with dsDNA, while the sera from the AAV/DNAseI+TMPD mice gave either a cytoplasmic and/or a speckled nuclear pattern (Figure 1D). Finally, the AAV/DNAseI+TMPD mice developed less severe renal disease as indicated by proteinuria levels (Figure 1E). These results highlight the importance of DNA sensing in TMPD mediated systemic autoimmunity.
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FIGURE 1. Overexpression of DNAse I ameliorates inflammation in chronic TMPD mediated peritonitis. 8–10 weeks old female C57BL6/J WT mice were either injected i.p. with 1011 AAV/GFP or AAV/DNAseI particles in 200 uL PBS. 10 weeks later mice were either injected with 500 ul TMPD or un-injected and analyzed from two independent experiments 6 months after TMPD injection. All the experiments were performed using the following N's of mice- AAV/GFP (blue open bars) AAV/DNAseI (red open bars) are uninjected mice n = 3. AAV/GFP+TMPD (blue closed bars) n = 4 and AAV/DNAseI +TMPD (red closed bars) are injected mice n = 8. (A) qPCR was performed to measure DNAse1 and GFP gene expression in total tissue, peritoneal lining and kidney. AAV/DNAseI injected mice are indicated in red bars and AAV/GFP mice are indicated in blue. (B) CD11b+ peritoneal exudate cells stained to identify Ly6Chi monocytes and Ly6Ghi granulocytes. AAV/GFP (blue) and AAV/DNAse I (red) uninjected mice are indicated by open bars and TMPD injected mice are indicated as closed bars. The top panel shows representative flow plots and frequency/ numbers are graphed in the bottom panel. (C) CD11b+ splenic cells stained to identify Ly6Chi monocytes. AAV/GFP (blue) and AAV/DNAseI (red) uninjected mice are indicated by open bars and TMPD injected mice are indicated as closed bars. The right panel shows representative flow plots and frequency/numbers are graphed in the left panel (D) Sera was collected 6 months after TMPD injection and ANA was measured using HEp2 substrate slides. Representative image from uninjected mice and AAV/GFP +TMPD injected mice is shown. Representative image is shown for two patterns observed in AAV DNAseI TMPD injected mice at 20X magnification. (E) Urine samples collected 6 months after TMPD injection were screened for proteinuria using an albumin ELISA assay. AAV/GFP (blue) and AAV/DNAseI (red) uninjected mice are indicated by open bars and TMPD injected mice are indicated as closed bars. Statistical significance is represented by *P < 0.05, **P < 0.01.




STING and cGAS Deficiency Exacerbate Disease in a Chronic Model of TMPD Induced Autoimmunity

The development of autoimmunity progresses over a 6-month time course following administration of TMPD. To evaluate the role of STING and/or cGAS in disease progression, we injected WT, STINGKO and cGASKO with TMPD and assessed them 6 months later for various features of autoimmune disease. While B6 mice do not develop kidney pathology, they do develop immune cell abnormalities and modest proteinurea. We evaluated several parameters of inflammation, focusing first on the inflammatory infiltrate in the peritoneal cavity. We found a comparable frequency and number of CD11b+ Ly6Chi monocytes and CD11b+ Ly6Ghi granulocytes in the TMPD-injected STING and cGAS deficient animals as in the TMPD-injected WT mice (Supplementary Figure S1A). However, within the cells that were CD11b+ Ly6C− Ly6G− we found a myeloid subset that was CD11b+ and F4/80hi (Figure 2A). This subset of cells was Tim4+ in uninjected mice but Tim4− in all TMPD injected mice indicating that these are not resident macrophages (Supplementary Figure S1B). This CD11b+F4/80hi macrophage subset was increased in STING and cGAS deficient mice as compared to the WT mice both in frequency and number (Figure 2A). Several studies have reported distinct macrophage subsets to be pathological and major contributors of renal disease in both SLE prone patients and mice (39, 40). We also analyzed different immune cell subsets in the spleen and found that the numbers of Cd11b+ Ly6Chi monocytes was increased in the spleen of STING and cGAS deficient pristane injected mice as compared to the WT. Moreover, we observed an increased percentage of CD3+ B220+ (CD8 CD4 double negative) T cells in the STING and cGAS deficient pristane injected mice as compared to the WT pristane injected mice (Figure 2B and Supplementary Figure S1C). These double negative cells are expanded in SLE patient populations and contribute to kidney disease (41, 42). Overall, we found increased frequency and number of cellular subsets that contribute to disease pathology both in the peritoneal lavage and in the spleen of the STING and cGAS deficient mice.
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FIGURE 2. STING and cGAS deficiency exacerbate disease in chronic model of TMPD induced autoimmunity. 12–16 week-old female WT, STINGKO or cGASKO mice were either uninjected (open bars, n = 5) or injected with 500 ul of TMPD (closed bars, n = 15) were analyzed from two independent experiments. (A) 6 months later, peritoneal exudate cells were evaluated by flow cytometry. Live and single Ly6C−Ly6G− cells were gated for CD11b+ and F4/80hi. The top panel indicates representative flow plots from uninjected mice (WT = blue open bar, STINGKO = green open bar and cGASKO = red open bar). The middle panel shows representative flow plots from injected animals (closed bars) and the graphs for both frequency and numbers of CD11b+ and F4/80hi cells are shown in the bottom panel. (B) Flow cytometry was performed on splenocytes and double negative T cells (CD4− CD8−) were identified as CD3+ B220+ and CD11b+ and Ly6Chi cells were identified as inflammatory monocytes. The frequency of double negatives and cell numbers for inflammatory monocytes are graphed. (C) Sera was collected 3 months after TMPD injection and ANAs were detected using HEp2 substrate slides at 1:50 serum dilution. The representative images from each genotype and condition are shown at 20X magnification in the top panel. The slides were scored for fluorescence intensity and the scores are graphed at the bottom. Anti-ds DNA antibodies were measured in the serum at 3 months after TMPD injection (closed bars, n = 6). Sera from a WT/Faslpr strain was used as a positive control. (D) Proteinuria was assessed in urine collected 6 months after TMPD injection by using an albumin ELISA assay. Statistical significance is represented by *P < 0.05.


To further evaluate TMPD-injected WT, STINGKO and cGAS KO mice we examined serum for autoantibody production by immunofluorescent staining of HEp2 cells. Both STING- and cGAS-deficient mice developed detectable autoantibody levels by 12 weeks post TMPD injection, while the WT mice did not, as quantified in the bottom panel (Figure 2C left). We also quantified the production of anti-ds DNA antibodies in the serum and observed that the STINGKO and cGASKO TMPD injected animals had increased anti-dsDNA antibody titers as compared to WT injected mice (Figure 2C right). We also measured the status of serum cytokines in these animals and found increased levels of IL10, IL17, IFNγ and TNFα in STINGKO and cGASKO TMPD injected animals compared to WT mice (Supplementary Figure S1D).

Renal function was evaluated by assaying albumin titers in urine samples and both STINGKO and cGASKO injected mice showed evidence of increased proteinuria as compared to the WT injected mice (Figure 2D). Taken together, our data suggests that STING- or cGAS-deficient mice were not protected from TMPD-induced SLE, and even exhibited features of autoimmunity that were severe than their wild type counterparts.



Exacerbation of TMPD-Induced SLE in cGAS or STING Deficient Mice Is Dependent on Endosomal TLRs

Our previous study showed that STING deficient macrophages when stimulated with TLR9 and TLR7 ligands CpGB and CL097, respectively, produced increased levels of the proinflammatory cytokines IL6 and TNFα as compared to STING sufficient cells (29). This hyper-responsiveness correlated with reduced expression of genes involved in negative regulation of TLR signaling such as A20, suppressor of cytokine signaling 1 (SOCS1) and 3 (SOCS3) (29). To determine whether the STING-exacerbated features of SLE were dependent on endosomal TLRs in vivo, we generated STINGKO Unc93B1KO and cGASKO Unc93B1KO double deficient lines. We then injected single Unc93B1KO, the double deficient mice, and their Unc93B1-sufficient counterparts with TMPD, and evaluated them for features of systemic autoimmunity 5 months later. As above, the number of CD11b+ F/480hi macrophages in the peritoneal cavity was increased in STINGKO and cGASKO mice as compared to WT mice and significantly reduced in cGASKO UNC93B1KO and STINGKO Unc93B1KO double-deficient mice (Figure 3A). We also found that again both STINGKO and cGASKO mice developed higher levels of autoantibody than the WT mice, but failed to produce autoantibodies if they were Unc93B1-deficient (Figure 3B). Moreover, the proteinuria levels of STING and cGAS deficient mice were significantly higher than the WT mice, but STING/Unc93B1 and cGAS/Unc93B1double deficient mice failed to develop detectable proteinuria (Figure 3C). Collectively, these findings indicate that the elevated features of autoimmunity observed in cGAS or STING-deficient mice was abrogated when endosomal TLR signaling was abolished by deletion of Unc93B1 in vivo.
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FIGURE 3. Exacerbation of TMPD-induced SLE in cGAS or STING deficient mice is dependent on endosomal TLRs. 12–16 week old female WT (blue), STINGKO (red), cGASKO (green), UNCKO (blue with dots), UNCKO STINGKO (red with dots), and UNCKOcGASKO (green with dots) mice were injected with 500 ul of TMPD (n = 10). Uninjected controls are indicated as open bars (n = 4 per genotype). The mice were analyzed 5 months post injection from two independent experiments. (A) Peritoneal exudate cells were evaluated by flow cytometry. Live and single Ly6C−Ly6G− cells were gated for CD11b+ and F4/80hi. Representative flow plots for WT STINGKO, cGASKO injected mice are shown in the top panel, the double deficient injected mice in the middle panel and the graphs for cell frequency and cell numbers are shown in bottom panel. (B) Sera was collected 3 months after TMPD injection and ANA were detected using HEp2 substrate slides at 1:50 serum dilution. The representative images from each genotype and condition are shown at 20X magnification in the top and middle panels and the scores for fluorescence intensity are graphed in the bottom. (C) Proteinuria was assessed in urine collected 5 months after TMPD injection by using an albumin ELISA assay. Statistical significance is represented by *P < 0.05.




cGAS Deficiency Does Not Rescue SLE-Prone MRL/Faslpr Mice

We had previously reported exacerbation of autoimmune features in STING-deficient Faslpr mice generated by intercrossing B6/129 STING-deficient mice with MRL/Faslpr mice (29). To avoid any risk alleles that could be linked to the cGAS locus and modify disease outcome, we directly generated cGAS deficient MRL/Faslpr mice using a CRISPR/Cas9 genome editing strategy in MRL/lpr mice. We confirmed cGAS deficiency in the gene-edited strain by stimulating cGAS-deficient and control bone marrow derived macrophages (BMDMs) with ISD and measuring interferon production. cGASKO/ Fas lpr cells failed to produce Interferonβ (IFNβ) compared to WT/Faslpr cells in response to ISD, confirming that the CRISPR generated strain was functionally cGAS deficient (Figure 4A left). We also immunoblotted lysates obtained from WT/Faslpr and cGASKO/Fas lpr BMDMs. As expected, we found no detectable levels of cGAS protein in macrophages from cGASKO/Fas lpr mice whereas WT/Faslpr macrophages expressed cGAS protein (Figure 4A right). cGASKO/Faslpr and WT/Faslpr littermate controls were then evaluated for various SLE features and WT and cGAS deficient mice on a C57BL/6 background were used as negative controls since they do not develop autoimmunity spontaneously. Survival of the cGASKO/Faslpr mice was slightly compromised as compared to their WT/Faslpr littermates (Figure 4B). The cGASKO/Faslpr mice developed significantly higher levels anti-nucleosome antibodies in the serum as compared to WT/Faslpr littermate controls (Figure 4C). The cGASKO/Faslpr mice show increased proteinuria in the urine and increased cellular infiltrate in the kidneys as compared to the WT/Faslpr littermate controls (Figure 4D). However, splenomegaly or lymphadenopathy showed only trending increases in cGASKO/Faslpr as compared to littermate controls (Figure 4E). Similarly, the percentage of CD3+ B220+ (CD8 CD4 double negative) T cells or pDC were only modestly increased in the cGASKO/Faslpr mice compared to WT/Faslpr (Figure 4F). In addition, we also performed gene expression analysis in the total splenocytes obtained from these mice and we did not see any significant diffrences between the cGASKO/Faslpr mice compared to WT/Faslpr (Supplementary Figure S2A). Importantly, our data indicates that neither STING nor cGAS deficiency rescue MRL/lpr mice from SLE and are therefore unlikely to sense the extracellular DNA that accumulates in this model. Thus, the importance of the cGAS/STING pathway in the promotion of autoinflammation does not necessarily translate to the promotion of SLE.
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FIGURE 4. cGAS deficiency does not rescue SLE-prone MRL/Faslpr mice. (A) BMDMs were isolated from WT/ Faslpr and cGAS KO/ Faslpr mice. These cells were either transfected or un-transfected with ISD 5 uM and interferon β ELISA was performed after overnight treatments. (B) BMDM cell lysates were prepared and western blot was performed to detect cGAS levels. Actin was blotted as loading control. (B) WT/Faslpr (n = 10) and cGASKO/Faslpr (n = 18) mice were observed until the time of death and Kaplan Meier survival analysis was performed. (C) Anti-nucleosome ELISA was performed for 12–16 week old mice B6 WT and B6 cGASKO mice (open bars), WT/Faslpr littermates (blue bar, n = 16), cGASKO/Faslpr mice (green bar, n = 16). (D) Urine samples from 16 week old B6 WT and B6 cGASKO mice (open bars), WT/Faslpr littermates (blue bar, n = 16), cGASKO/Faslpr mice (green bar, n = 18) were screened for proteinuria using an albumin ELISA assay. H&E staining was performed to analyze cellular infiltrate WT/Faslpr littermates (blue bar, n = 7), cGASKO/Faslpr mice (green bar, n = 7). (E) Spleen and lymph nodes weights were determined at 12 weeks of age (n = 16 mice each for WT/Faslpr and cGASKO/Faslpr). (F) Flow cytometry was performed on splenocytes and double negative T cells (CD4− CD8−) were identified as CD3+ B220+. To enumerate pDCs, B220− CD3− CD11c+ splenocytes were gated for SiglecH+ and Bst2+ cells. Representative flow plot is shown for each cell type and corresponding genotype in the top/middle panels and the frequency of cells is graphed in the bottom. All the flow analysis was performed on 12 week old female mice, (n = 16 mice each for WT/Faslpr and cGASKO/Faslpr). Statistical significance is represented by *P < 0.05.





DISCUSSION

Engagement of cGAS and the endosomal DNA sensor TLR9, can lead to the production of type I IFNs and proinflammatory cytokines. Stressed, damaged, or dying cells can provide sources of endogenous ligands that can activate both pathways. The importance of TLRs in SLE disease pathogenesis has been demonstrated by both loss-of-function and gain-of-function mutations in multiple animal models of SLE (3, 43–45), whereas DNA sensing mediated by the cGAS-STING pathway has been implicated in several human monogenic autoinflammatory diseases (46–48), as well as in mouse models of type I interferonopathies (49–51). In contrast to autoinflammatory diseases, where STING activation amplifies inflammation, our initial study showed that the STING pathway can attenuate clinical manifestations of SLE (29). We have now extended our initial observation to a chronic inducible model of SLE (TMPD induced SLE) as well as gene-targeted MRL/lpr SLE-prone mice, where we can monitor the progression of the disease without the caveat of additional risk alleles due to mixed genetic backgrounds. Our findings show that STING or cGAS deficiency does not cure lupus in either case. Rather, consistent with our earlier work (29), STING or cGAS deficiency leads to an earlier onset of SLE as measured by autoantibody levels in the serum and proteinuria in the urine. These data provide a cautionary note for the use of cGAS-STING targeted therapies for the treatment of SLE.

We have now also shown that neither Unc93B1/STING nor Unc93B1/cGAS mice develop TMPD induced SLE. These data further demonstrate that even in mice that fail to express STING, SLE is still dependent on endosomal TLRs. To determine whether DNA plays a role as an instigator of TMPD-induced lupus, we generated mice with increased levels of extracellular DNAse I using a one-time i.p. injection of AAV encoding DNAse I. We initially set out to test the premise that the protective role of STING (and TLR9) was DNA-dependent, and if this were the case, depletion of DNA should have resulted in an amplified TLR7 signal and led to a more severe clinical outcome. Instead, DNAseI-AAV-treated mice did not make autoantibodies against dsDNA, as indicated by the ANA staining pattern, and did not even develop other clinical manifestations of SLE. These data point to a critical role for a DNA sensor, possibly TLR9, in promoting the development of TMPD-induced SLE, and suggest that there may be a bimodal interplay between TLR7 and TLR9 in disease initiation and then disease progression. Alternatively, a DNA sensor other than cGAS or TLR9 may be involved. DNAseI-treated mice injected with TMPD show an overall reduction in inflammation and proteinuria but a very different autoantibody profile which could be more RNA driven, a phenomenon similar to the impact of TLR9-deficiency. TLR9- and TLR7-deficient SLE prone mice fail to make autoantibodies reactive with DNA and RNA, respectively, while TLR7-deficient and TLR7/TLR9 double deficient mice develop much less severe clinical phenotypes and exhibit markedly prolonged survival (2). It is also important to mention, that although DNAse1 is the most abundant secreted endonuclease expressed in some tissues including the kidneys, the AAV gene delivery approach here could have led to a more widespread expression of DNAseI than that seen under physiological conditions.

Although the mechanisms remain unresolved, this study reinforces the importance of investigating both proinflammatory and anti-inflammatory activities of nucleic acid-sensors. Both the TLR9 and STING pathways promote the IFN- and NFκB-driven expression of proinflammatory cytokines and chemokines, but at the same time induce negative regulators of these pathways. Thus, the outcome of nucleic acid sensor engagement will depend on the balance between positive and negative regulators of inflammation and transcriptional regulation of the relevant genes which is likely to reflect activation status of the receptor expressing cells. The dual functionality for cytosolic pathways is not surprising since a published study showed that the cytosolic RNA sensor, RIG-I also dampens TLR responses in myeloid cells by suppressing TLR driven interleukin 12 (IL-12b) gene transcription (52). The evidence of increased autoantibody production due to STING deficiency is also seen in a DNAse1L3-deficient mouse model used to evaluate SLE, where DNAse1L3 another extracellular DNAse clears microvesicle-associated DNA. The DNAse1L3 knockout mice were crossed with STING-deficient mice and serum titers of anti-dsDNA IgG as determined by ELISA, were higher in DNAse1L3/ STING double knockout mice than in single DNAse1L3 knockout mice (7).

More recently, several groups have described a role for the STING pathway in the clearance of DNA by autophagy (53, 54), suggesting that STING deficiency could lead to reduced clearance of DNA. The ensuing accumulation of DNA in endosomal compartments of these cells could then enhance TLR dependent cytokine production through a cell intrinsic mechanism. DNAse II-deficient mice provide another example of excessive DNA accrual leading to the activation of multiple nucleic acid sensing pathways since the cGAS-STING, AIM2, and endosomal TLRs all have been shown to contribute to the development of autoimmunity or autoinflammation in this model (16, 55, 56). It is also possible that different DNA sensors may function in tissue specific manner for instance cGAS STING pathway can still contribute to certain aspects of disease such as the cutaneous lupus features as suggested by Skopelja-Gardner et al. (20). A better understanding of the interplay between cells responding to endogenous nucleic acid ligands will provide important insights for preventing the onset and progression of both autoinflammatory and autoimmune diseases in patients suffering from these conditions.
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Clinical Feature

Age of onset(y) median (IQR)

Gender
Male
Female

Manifestation
Recurrent fever
Oral ulcers
Ocular involvernent
Genital ulcers
Skin lesion
Gastrointestinal ulcers
Vasculitis:
Atrophic gastritis
Musculoskeletal disorders

Autoimmune thyroid disorder
Kidney injury

Liver injury

Recurrent respiratory tract infection
Interstitial lung disease

Dental anomaly

Total
(h=289)

592 (1-10)

40% (36/89)
60% (53/89)

42% (37/89)
70% (62/89)
7% (6/89)
36% (32/89)
38% (34/89)
40% (36/89)
6% (5/89)
3% (3/89)
34% (30/89)

19% (17/89)
6% (5/89)
8% (7/89)
9% (8/89)
4% (4/89)
4% (4/89)

OTU+2ZnF
(n =50)

6(1.165-7)

38% (19/50)
62% (31/50)

38% (19/50)
70% (35/50)
129% (6/50)
44% (22/50)
40% (20/50)
40% (20/50)
6% (3/50)
6% (3/50)
44% (22/50)

26% (13/50)
6% (3/50)
8% (4/50)
14% (7/50)
2% (1/50)
8% (4/50)

aComparison of the clinical manifestations between OTU+ZnF and OTU groups.
bComparison of the clinical manifestations between OTU+ZnF and ZnF groups.

¢Comparison of the clinical manifestations between OTU and ZnF groups.

oty
(n=13)

10 (8-14)

31% (4/13)
69% (9/19)

23% (3/19)
62% (8/13)
0% (0/13)
38% (5/13)
38% (5/19)
38% (5/19)
8% (1/13)
0% (0/13)
0% (0/13)

0% (0/13)
15% (2/13)
0% (0/13)
0% (0/13)
0% (0/13)
0% (0/13)

P23
(n=26)

25(0.6-5)

50% (13/26)
50% (13/26)

58% (15/26)
73% (19/26)
0% (0/26)
19% (5/26)
35% (9/26)
42% (11/26)
4% (1/26)
0% (0/26)
31% (8/26)

15% (4/26)
0% (0/26)
129% (3/26)
4% (1/26)
129% (3/26)
0% (0/26)

X2/
Fisher

18.269

1.615

4.707
0.552
3.810
4.600
0.211
0.083
0.622
1.440
10.239

4.736
3.555
1.213
2.691
3.240
2.007

p value

<0001

<0.001®
0.040°

<0.001¢
0.453

0.096
0.759
0.109
0.100
0.900
0.969

0.720
0.005
0.002*
0.327°
0.035°
0.089
0.118
0.659
0.233
0.173
0.354
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Initial diagnosis Total OTU+ZnF oTu ZnF Fisher P-value

of HA20 (n=89) (n=50) (=13 (n=26)
8D 43% (38/89) 48% (24/50) 77% (10/13) 15% (4/26) 15.044 0.001

0.116*

0.008°

<0.001¢

i8D 26% (23/89) 28% (14/50) 46% (6/13) 129% (3/26) 5.654 0,068
JA 129 (11/89) 169% (8/50) 0% (0/13) 129% (3/26) 2052 0.362
PFAPA 7% (6/89) 4% (2/50) 0% (0/13) 15% (4/26) 3526 0.172
co 6% (5/89) 4% (2/50) 0% (0/13) 129 (3/26) 2,087 0.418
RA 4% (4/89) 6% (3/50) 0% (0/13) 4% (1/26) 0508 1.000
SLE 4% (4/89) 6% (3/50) 0% (0/13) 4% (1/26) 0508 1.000
PsA 2% (2/89) 2% (1/50) 0% (0/19) 4% (1/26) 0920 1.000

“Comparison of the inital diagnosis between OTU+ZnF and OTU groups; ®Comparison of the nitial diagnosis between OTU-+ZnF and ZnF groups; °Comparison of the inital diagnosis
between OTU and ZnF groups. BD, Behcet's disease; iBD, intestinal Behcet's disease; JIA, juvenile idiopathic arthitis; PFAPA, periodiic fever with aphthous pheryngitis and adenitis;
CD, Crohn's disease; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; PsA, psoriatic arthritis.
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Case Clinical presentation Age onset Genetics Diagnosis Inheritance Intervention

1 Rash, growth 1y TREX1, ¢.505C>T, Aast AR Predhisone
retardation, intracranial pR169C; DMARD
calcification ©.900delA,

p.S301LIs'31

2 Rash, glaucoma, 3y TREX1, AGS1 AR JAK inhibitor
intracranial calcification, ©139G>A,
lupus p.G4TS

.458dupA
p.C154MIs8

3 Rash, mixed 3y TREXI, AGSt AD JAK inhibitor
connective tissue c65C>T,
disease, ILD pT22M

4 Lupus, rash, arthitis, 3y ADART, AGSE AD Predhisone
PAH, intracranial ©.305_306del, DMARD
calcification p.Q102RIs"22

5 Growth retardation, em IFIH1, AGS7 AD JAK inhibitor
rash, intracranial ¢.1016C>A,
calcification, leukopenia pA339D

6 Rash, growth m TMEM173 SAVI AD JAK inhibitor
retardation, PAH, ILD ©.463G>A,

p.Vi55M

7 Fever, bone dysplasia, 2y ACP5 SPENCD AR JAK inhibitor
nervous system ©.7984uC,
problems, autoimmune p.S267L1s°20;
disease C716G>A,

p.G239D

8 Fever, rash, PAH, 7m PSMBS3 PRAAS AR Death prior to
lipodystrophy, ©.224C>T, p.T75M; treatment
arthropathy, intracranial ©221C>T, p.T74
calcification, growth
retardation

AD, autosomal dominant; AGS, Acardi Goutieres synarome; AR, autosomal recessive; ILD, interstitallung disease; PAH, pulmonery artery hypertention; PRAAS, proteasome-associated
autoinflammatory syndrome; SAVI, STING associated vasculopathy with onset in infancy; SPENCD, spondyloenchondrodysplasia with immune dysregulation.
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Characteristics (N, %) NLRP3-AID (n = 12) NLRP12-AID (n = 4) FCAS3 (n =2) FCAS4(n=1) FMF (n=10) MKD (n = 4)

Male:Female 84 1:3 02 1:0 64 31
Age at onset 02m; 4;(0-10) 12; (10-14) 1 7.5;(4-12) 06;(0.25-1)
(median, range) ©1m-48y)
Age at diagnosis 4 1.5 15; (14-16) 2 10; (5-14) 2;(1-6)
(median, range) (0.1m-20y) (©-17)
Duration from onset to 4;(0-18) 7.5; (2-14) 3;(0-6) 1 1; (0-10) 1.6 (1-5)
diagnosis (median, range)
Family history 0(0) 0() 2(100) 00 0(0) 1(25)
Fever 11(92) 4(100) 2(100) 1(100) 10 (100) 4 (100)
Abdorninal pain 0(0) 1(25) 0(0) 0(0) 5(50) 1(25)
Chest pain 0(0) 00 0(0) 00 0(0) 00
Anthralgia/Arthritis 4(33) 2(50) 0(0) 00 5(50) 2(50)
Myalgia 0(0) 1(25) 0(0) 00 00 00
Cutaneous rash 12 (100) 3(75) 2(100) 1(100) 5(50) 3(75)
Cold-induced urticarial 2(17) 0(0) 2(100) 0(0) 2(20) 0(0)
Facial edema 0(0) 0 1(50) 1(100) 0(0) 0
Neurological abnormalities 7(58) 0 0(0) 0(0) 0(0) 0(0)
Oral ulcer 0(0) 0 1(50) 1(100) 1(10) 1(25)
Ocular manifestations 542) 1(25) 0 0 00 0
Lymphadenopathy 6(50) 1(25) 2(100) 00 1(10) 2(50)
Hepatosplenomegaly 2(17) 1(25) 1(50) 00 1(10) 1(25)
Otological abnormalities 5(42) 2(50) 0(0) 00 0(0) 0(0)
Vasculiis 0(0) 00 0(0) 0(0) 1(10) 00
Amyloidosis 0(0) 0 0(0) 0 0(0) 0(0)
Growth retardation 9(75) 0() 0(0) 0(0) 1(10) 2(50)
ANA positivity 2(17) 1(25) 1(50) 00 1(10) 00
Elevated ESR/CRP 12 (100) 4(100) 2(100) 1(100) 10(100) 4(100)
Genes NLARPZ NLAP12 PLCG2 NLAC4 MEFY MUK
Inheritance AD AD AD AD AR AR
Gene mutations/variants p.L266F p.LE58R p.W5B1X p.C1082R p.Gi728 pL110P PVBM/p.G33ES

p.D305N p.G730R pHATEK pPI1sR p.S118P/p.G211X

p.E306D 207242 pE148Q p.G219R/p.P263L

pF311S p.T350M dupT P.E280K
pK4BTN p.GSTIR p.GB04R

p.Y572C p.P369S

p.MBE4T p.PB3SL

p.Q705K p.Fe3sY

AD, autosomal dominant; AR, autosomal recessive; FCAS, familial cold autoinflammatory syndrome; FMEF, familial Mediterranean fever; MKD, mevalonate kinase deficiency; m, month;
y, year.
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Disease Age onset
(median, range)

Blau syndrome (n = 24) 1(0-4)

TRAPS (n = 4) 05(0-1)
ADA2 deficiency (n = 5) 32(0-9)
PAID (0 =2) 2(0-4)

A20 deficiency (n = 2) 4(0-8)

Majeed syndrome (0 = 1) 02

AD, autosomal dominant; AR, autosomal recessive; CTD, connective tissue disease.

Gender
(male: female)

11:13

4:0

32

02

Main clinical findings

Arthropathy (19/24),

rash (13/24),

wveitis (7/24),

growth retardation (7/24),
camptodactyly (6/24)

Periodic ever (4/4),
rash (3/4),

arthritis (3/4),
abdominal pain (2/4)
lymphadenopathy, (2/4)
Fever, rash, polyarteritis
nodosa, early-onset
recurrent stroke

Fever, hematological
problems, arthitis, rash

Fever, rash, arthralgia,
mucosal ulcers, bowel
inflammation, CTD.
Fever, osteomyelitis,
congenital anemia, skin
disorders

Genetic defects

NoD2
p.R334Q, p.R334W,
p.E383Q, p.G481D,
pMA91L, p.E498G,
p.D512Y, pM513T,
p.RSSTC, p.HB03D,
pHE69R
TNFRSF1A

p.Co9S

pI7OM

p.F141C

ADA2
p.N85I / p.Gosav
pH293P / p.YB8C
p.G5R / exon 7 deletion,
pR169Q/ pRIB1SHS'52
PY411C/p. N328l
PSTPIPT

p.E250K,

p.N236K

TNFAIP3

p.RASX,

p.R271X

LPINZ

©.232741G>C
©.1691_16940eIGAGA

Inheritance

AD

AD

AR

AD

AD

AR
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Treatments Total OTU+ZnF oty ZnF X2/ Pvalue
Fisher

Biological agents 86%(19/22) 94%(15/16) (©0) 67%(4/6) - 0.169

Glucocorticoid 71%(20/28) 69(11/16) 1009%(4/4) 63%(5/8) 1.681 0532

DMARDs: 70%(14/20) 67%(10/15) 100%(1/1) 75%(3/4) 0690 1.000

Immuno-suppressants 65%(11/17) 75%(9/12) 0%(0/1) 50%(2/4) 2716 0.344

Colchicine 45%(13/29) 67%(10/15) 0%(077) 43%(3/7) 8826 0,009
0.005°
0376
0.192¢

2Comparison of the treatment response between OTU+ZnF and OTU groups; ®Comparison of the treatment response between OTU+ZnF and ZnF groups; ®Comparison of the
treatment response between OTU and ZnF groups. DMARDs, disease-modifying antirheumatic drugs.





